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Motivation
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• Semi-Inclusive Deep Inelastic Scattering (SIDIS) experiments allow us to address 
questions about the 3D structure of nucleons

• Azimuthal modulations in unpolarized SIDIS cross-section for charged pion 
electroproduction can give access to the Cahn and Boer-Mulders effects

o Boer-Mulders Effect: Sensitive to the correlation between the quark's transverse 
momentum and intrinsic transverse spin in an unpolarized nucleon

o Cahn Effect: Sensitive to the transverse motion of quarks inside the nucleon

• A non-zero Boer-Mulders requires quark orbital angular momentum contributions to 
the proton spin (aspect of the proton missing spin puzzle)



SIDIS Cross-Section and Boer-Mulders
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The lepton-hadron Unpolarized SIDIS Cross-Section: 

The Boer-Mulders and Cahn effects are present 
in the Structure Functions:

Reaction Studied: ep→eπ+(X)



Analysis Procedure
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Requires Monte Carlo (MC) Simulation

Radiative effects will be introduced using RADGEN
Required switching from 'clasdis' (PEPSI) to a modified version of Pythia 6 

developed by HERMES/EIC (parameters tuned as in 'claspyth’)



• RADGEN is a MC generator for polarized and unpolarized DIS radiative events

• Can generate Radiative Corrections for inclusive, semi-inclusive and exclusive DIS processes

• The radiative corrections come from the sum of these contributions simulated in RADGEN:

• Events generated based on their contributions to the observed total cross-section:

• Where σnon−rad(∆) includes the Born process (can be simulated by MC without RADGEN – i.e. GENBorn)

•  GENRad and Data are the simulated and experimentally measured values of σobs

•  Therefore, the Radiative Corrected (Born Level) Cross-section (σcor) can be given by:
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Loop InterferenceBorn

RADGEN Explanation – Introduction

RC =
𝐺𝐸𝑁𝑅𝑎𝑑

𝐺𝐸𝑁𝐵𝑜𝑟𝑛
Radiative Correction Factor 𝜎𝒄𝒐𝒓 =

𝐷𝑎𝑡𝑎

𝑅𝐶
=

𝐺𝐸𝑁𝐵𝑜𝑟𝑛 𝐷𝑎𝑡𝑎

𝐺𝐸𝑁𝑅𝑎𝑑



RADGEN Implementation in Pythia
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1. RADGEN begins by taking what Pythia started to generate for the scattered lepton

2. Then chooses scattering channel (non-radiative, elastic, quasielastic, or inelastic)

• Choice based on total observed cross section

3. If a radiative channel is selected, the photon kinematics are then determined from a previously generated 

lookup table

4. The other kinematic variables (Q2 and 𝜈) are recomputed to obtain their true values:

• These true variables are equivalent to what would be calculated by using 𝒒 = 𝒆 − 𝒆′ − ɣ where e, e’, and ɣ are the 

4-vectors of the incoming beam, scattered electron, and radiated photon

• Used to generate the rest of the Pythia event after returning these variables and the radiated photon kinematics

5. New event weight given by ratio of the radiatively corrected and Born cross sections

• Recalculation of weights uses the Mo-Tsai approach for the unpolarized Monte Carlo



(Initial) Issues with Pythia to be Addressed
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The following issues were discovered in the implementation of RADGEN into Pythia when I 

started working with it in this analysis:

1. Did not flag whether the photon radiated from the incoming (ISR) or outgoing (FSR) electrons

2. Was not reporting the correct beam/scattered electron kinematics for events that radiated a 

photon (i.e., did not include the ISR/FSR effects on the electrons’ kinematics)

3. The photon’s kinematics were not reported in the same lab-frame as the other particles

4. Did not set the minimum photon energy parameter properly

5. The FSR photon’s azimuthal distribution around the scattered electron is not defined 

uniformly

Point 5 is the only issue above that is still currently unresolved



Issue 1: Did not flag whether the photon radiated from the incoming (ISR) or outgoing (FSR) electrons

• Pythia only was giving me the information in the green circles – Missing info to be found in red squares

• Pythia used the 10.6 GeV beam energy as the beam at the vertex with/without RADGEN (i.e., Issue 2)

• To distinguish ISR from FSR:

Compare the angles between the radiated 
photon and the scattered electron (θe-ɣ) and 
the beam (θbeam-ɣ)

Addressing Issues 1 and 2
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• If the radiated photon is more in-line with the scattered electron 
than the beam, (i.e., θe-ɣ < θbeam-ɣ) then the event is FSR

• If the radiated photon is more in-line with the beam than the 
scattered electron, (i.e., θbeam-ɣ < θe-ɣ) then the event is ISR

Once Flagged: Can resolve Issue 2 by applying momentum/Energy 
conservation to the 4-vectors of the electron that radiated the photon

FSR Events

ISR Events



Issue 3: The photon’s kinematics were not reported in the same lab-frame as the other particles

• RADGEN assumed that the photon kinematics being returned were in the lab-frame, however, they were 
actually closer to being in the Center-of-Mass Frame (used by Pythia when generating the event)

• Caused the FSR photon’s φ-angle to be anti-correlated with the scattered electron in the reported frame 

Addressing Issue 3
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Both angles are 
measured from 

around the 
incoming beam

Includes FSR 
Events Only



Issue 3: The photon’s kinematics were not reported in the same lab-frame as the other particles

• RADGEN assumed that the photon kinematics being returned were in the lab-frame, however, they were 
actually closer to being in the Center-of-Mass Frame (used by Pythia when generating the event)

• Caused the FSR photon’s φ-angle to be anti-correlated with the scattered electron in the reported frame 

Addressing Issue 3
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Both angles are 
measured from 

around the 
incoming beam

Includes FSR 
Events Only

(After Fixing Photon Rotation)

Fixed by rotating 
the photon’s 
kinematics 

around the x-axis 
(i.e., flipped the 

signs of the 
photon’s y and z 

momentum) 



Addressing Issue 4
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Issue 4: Did not set the minimum photon energy parameter (demin) properly

• The RADGEN parameter demin controls the minimum radiated photon energy generated (Eɣmin)

• Was set to 100 MeV for HERMES, but I later modified it to 5 MeV (to include photons near our MMN peak)

• Another issue was found while looking into Issue 5 (FSR φɣ around the scattered electron):

• For some reason, the distribution suddenly changed at around demin = 18-19 MeV (behavior to be shown 
in the following slides)

• Origin may come from the θɣ angle since it can be affected by a parameter called ∆ which is set by this 
implementation of RADGEN using Eɣmin 

• i.e., Changing demin effects both ∆ and Eɣmin (the RADGEN paper states that this is customary)

• Things impacted by changing ∆:

• The integration limit (θmax) of the cross section’s integration over θɣ is defined as θ𝑚𝑎𝑥 = min(𝜋, θ∆) 

where θ∆ can be found from 𝑊𝑡𝑟𝑢𝑒
2 = 𝑊2 − 2∆(𝜈 + 𝑀 − 𝜈2 + 𝑄2 cos θ∆)

• The radiative correction factor 𝛿𝑅 ∆ = exp −
𝛼

𝜋
ln

𝐸

∆
+ ln

𝐸′

∆
ln

𝑄2

𝑚2 − 1



Radiated Photon Energies
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Before Modifications to RADGEN After Modifications to RADGEN

Includes 
Radiated and 
Non-Radiated 

Events

Bin Size = 5 MeV/bin

Changes from 
demin = 100 MeV 
to demin = 5 MeV



φɣ of FSR Photons Around the Scattered Electron
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Larger demin value (19 MeV)
The behavior of this 

angle changes suddenly 
between demin=19 MeV 

an demin=18 MeV

(Checked other values to 
confirm that this transition is 

not gradual)

Both behaviors are still wrong 
(See Issue 5)

φɣ around the 

scattered electron 

Smaller demin value (18 MeV)



Eɣ vs φɣ of FSR Photons Around the Scattered Electron
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Larger demin value (50 MeV)

Changing demin is NOT 
the same as cutting on 

the Photon’s Energy

This parameter effects the 
all events generated with 

RADGEN, even those 
where Eɣ > demin

φɣ around the 

scattered electron 

Smaller demin value (5 MeV)



Addressing Issue 4: Fixing demin
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arXiv:hep-ph/9403238

• The RADGEN Paper states that ∆ should be “sufficiently large to avoid numerical instabilities because for ∆ = 0 
the contribution σin(∆) gets infinite” while also being “sufficiently small to reduce the soft photon region 
which is calculated only approximately”

• Claims that the best choice for ∆ is generally about 0.1% of the beam energy (Cites: arXiv:hep-ph/9403238)

• That paper states the following:

• Plotted the radiative correction factor 𝛿𝑅 ∆ = exp −
𝛼

𝜋
ln

𝐸

∆
+ ln

𝐸′

∆
ln

𝑄2

𝑚2 − 1  vs ∆ to determine its ideal value*

*The red text means that the paper that RADGEN cited defined this factor as the factor in the exponent 
while RADGEN defines it as the whole exponential term

https://arxiv.org/abs/hep-ph/9403238


Addressing Issue 4: Fixing demin
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Showing the Q2 and y dependences

• demin = 5 MeV is too low by 
these standards

• The cutoff point that seems to be 
reasonable is around 20 MeV 
(i.e., where the sudden change in 
the φɣ around the scattered 
electron begins)

• Conclusion: 

Set demin > 18 MeV and 
try to address Issue 5 
based on those plots



Issue 5: FSR φɣ Relative to Beam and Scattered Electron
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Includes FSR Events Only

φɣ around the 

scattered electron 

Looks Correct:
i.e., φɣ is 

generated 
evenly in the 

lab frame

Looks Incorrect:
i.e., φɣ is 

expected to be 
flat around the 

scattered 
electron as well

Could not find a fix via 
different rotations of 

the φ angles, and 
values of ∆ > 18 MeV 

do not change this 
behavior

φɣ 



∆θe-ɣ vs φɣ of FSR Photons Around the Scattered Electron
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Larger value of demin suppresses 
θel < θɣ in the Lab Frame

(i.e., negative values on the 2D x-axis)



(Attempted) Replication of the Plots from RADGEN
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Plots from the RADGEN Paper

https://arxiv.org/pdf/hep-ph/9906408

• Shows the kinematics of the 
radiated photon (ɣ)
• In Center-of-Mass (Tsai) frame

• Was based on a different 
experimental configuration and cuts
• My results on the next page will come from the 

DIS events but other kinematics may not be 
identical

• Used only DIS events (ep→e’(X)) in 
these slides

*Angles in these plots shown in radians

s-peak (ISR)

p-peak (FSR)

https://arxiv.org/pdf/hep-ph/9906408


(Attempted) Replication of the Plots from RADGEN
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Generated with:
• Beam Energy = 10.6 GeV
• 0.085 < xB < 0.115 (xB = 0.1)
• 0.585 < y < 0.615 (y = 0.6)
• 0.98 < Q2 < 1.42
• Used fixed Hydrogen Target

• RADGEN paper might 
have used 3He

• demin = 0.019 (19 MeV)
s-peak (ISR)

p-peak (FSR)



Current Status of Monte Carlo
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• ISR Effects have been added to the event generator

• The beam energy can now vary event-by-event based on the photon given by RADGEN

• Energy and Momentum are being preserved (i.e., implementation is working correctly)

• FSR Effects have been added to the final kinematic calculations

• These effects do not impact the rest of the event generation process, so they can be accounted for at any 

time before the events get processed by the detector simulation

• Modified RADGEN’s photon energy threshold (demin) based on more detailed investigation 

• Will use a value of demin > 20 MeV

• Things that still need to be fixed:

• The radiated photon’s angles as measured around the scattered electron (problem with the FSR events)

• Could it be related to some type of suppression of FSR events or some type of bug in the code?



Thank you
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Configuration of Pythia with RADGEN
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• Mainly used the configurations given by the ‘claspyth’ steering file: input.10.6gev.with-comments

• Changes to the configurations detailed below

*PARJ(33) defines the energy threshold stopping parton fragmentation and forming two hadrons.
*PARJ(41) gives the ‘a’ parameter of the symmetric Lund fragmentation function

https://github.com/JeffersonLab/claspyth/commit/3d99170beafcdf7b8170e10a46dffa305fac5e9d


(Attempted) Replication of the Plots from RADGEN
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Generated with:
• Beam Energy = 10.6 GeV
• 0.085 < xB < 0.115 (xB = 0.1)
• 0.585 < y < 0.615 (y = 0.6)
• 0.98 < Q2 < 1.42
• Used fixed Hydrogen Target

• RADGEN paper might 
have used 3He

• demin = 0.018 (18 MeV)

• p-peak is heavily suppressed 
above this demin value
• Fewer total events in this 

peak and the range is smaller 
(demin = 0.019 cuts off at 
about θɣ-Tsai = 0.28 rad)

s-peak (ISR)

p-peak (FSR)



φɣ of FSR Photons Around the Scattered Electron
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Changes from 
demin = 100 MeV 
to demin = 5 MeV

Larger (Original) demin value (100 MeV) Smaller (New) demin value (5 MeV)

φɣ around the 

scattered electron 

Both still look 
wrong, but in very 

different ways



φɣ of FSR Photons Around the Scattered Electron
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Confirmation that demin change 
is not gradual

Plots shown from left to right 
have demin = 15 MeV, 17 MeV, 

and then 20 MeV

φɣ around the 

scattered electron 



∆θe-ɣ vs φɣ of FSR Photons Around the Scattered Electron
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Larger demin value (50 MeV)

Larger value of demin 
suppresses θel < θɣ in the 

Lab Frame
(i.e., negative values on the 

x-axis shown here)

Result of soft photons?

Will be investigating 
how RADGEN generates 

θɣ to address this 
(looking for a reason to always 
generate the photon between 

the incoming/outgoing 
electrons, or a fix to remove 

this restriction)

Smaller demin value (5 MeV)



φEl vs φɣ in Lab Frame for All Radiated Events (New-After Fixing Photon Rotation)
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Both angles are 
measured from around 

the incoming beam

Includes All 
Radiated Events

φEl and φɣ 



φɣ Relative to Beam and Scattered Electron
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Includes All 
Radiated Events



Missing Mass without Radiative Corrections
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Includes 
Radiated and 
Non-Radiated 

Events

Blue line is without 
RADGEN

Bin Size = 50 MeV/bin

Before Modifications to RADGEN After Modifications to RADGEN
Missing Mass as 
Reported with 

Uncorrected Radiated 
Kinematics



Missing Mass with Radiative Corrections
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Includes 
Radiated and 
Non-Radiated 

Events

Blue line is without 
RADGEN

Bin Size = 50 MeV/bin

Missing Mass as 
Reported with 

Corrected Radiated 
Kinematics

Before Modifications to RADGEN After Modifications to RADGEN



Missing Mass with/without Vertex Calculations
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Generated Distributions of Missing Mass with/without 
Correct Vertex Kinematics

Missing Mass 
w/ INCORRECT 
Vertex 
Kinematics

Missing Mass 
w/ CORRECT 
Vertex 
Kinematics

Missing Mass WITH Correct Vertex Kinematics vs 
Missing Mass WITHOUT Correct Vertex Kinematics

Missing Mass WITHOUT Correct Vertex Kinematics
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Includes Radiated 
Events Only
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Energy/Momentum 

Conservation Details

What I did to verify that Pythia was only reporting the 

particles’ Vertex Kinematics



Checking Energy and Momentum Conservation
Done with calculations of the total initial and final state particles’ momenta and energies

• px, py, pz, and E are all handled separately (full conservation of each component of the particles’ 4-vectors)
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Initial State Particles:
• The beam electron and target proton
• Make up the 1st 2 (non-header) lines of each event

Final State Particles:
• Status Code = 1 corresponds to the stable final-state 

particles (that will not undergo further decays)

Radiated Photons:
• Status Code = 55-57 corresponds to the different types 

of radiated photons (i.e., ISR, FSR, unidentified)
• NOT INCLUDED IN CONSERVATION CALCULATIONS

Total (Missing) Momentum/Energy:
• Absolute differences between the initial and final state 

totals
• Energy and Momentum are conserved if these values

are equal to 0

Conservation Check:
• Threshold for conservation check is set to the total 

differences being less than 2.1*10-6 GeV (accounts for 
rounding errors at the maximum reported precision)



Checking Energy and Momentum Conservation
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Only 3 out of 500 (test) 
events failed (>0.6%)

Done with calculations of the total initial and final state particles’ momenta and energies

• px, py, pz, and E are all handled separately (full conservation of each component of the particles’ 4-vectors)



• Only off by 0.000003 GeV in most cases (likely still just due 
to rounding errors)

• These errors are not related to radiated photons/RADGEN 
(can happen to any event checked in this way)

• Conclusion: Energy and Momentum ARE conserved from 
the reported kinematics WITHOUT the radiated photons

• This means that the incoming/outgoing electrons 

naturally are the vertex kinematics used to generate 

the other final state particles (i.e., either the beam is 

supposed to be 𝒌𝒓𝒂𝒅 = 𝒆 − ɣ or the scattered electron 

is supposed to be 𝒌′ = 𝒆𝒓𝒂𝒅
′ + ɣ)

Checking Energy and Momentum Conservation
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Failed Events from test

Done with calculations of the total initial and final state particles’ momenta and energies

• px, py, pz, and E are all handled separately (full conservation of each component of the particles’ 4-vectors)
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Pythia+RADGEN Event 

Generation Details

How I modified the event generator to account of 

ISR/FSR effects



Coding Procedure for Implementing ISR/FSR Effects
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1) Pythia generates random values for Q2, y and φe’

New Q2 and y

New φe’



Coding Procedure for Implementing ISR/FSR Effects
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1) Pythia generates random values for Q2, y and φe’

2) Call RADGEN (using ‘call radgen_event’)

Variables from Pythia

Returns new Q2, 𝜈, radweight, and the 4-vector of the radiated photon (PhRAD)



Coding Procedure for Implementing ISR/FSR Effects
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1) Pythia generates random values for Q2, y and φe’

2) Call RADGEN (using ‘call radgen_event’)
• Gets the photon’s momentum, θ, and φ by using a 

previously generated lookup table and by integrating over 
probability densities 

• Generates these values in the Tsai-Frame

• Once generated, RADGEN then rotates the photon into the 
‘lab frame’ BUT it makes a convention error:

• RADGEN assumes that the beam is in the +z direction in the 
lab frame but Pythia sets the beam in the -z direction

• This rotation goes to the CM frame, not the lab frame

• This caused RADGEN to report the photon with a missing 
rotation → I add it after the photon is returned by rotating 
these momentum components around the x-axis

• (rotation around y-axis did not fix the issues caused by 
this mistake)



Coding Procedure for Implementing ISR/FSR Effects
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1) Pythia generates random values for Q2, y and φe’

2) Call RADGEN (using ‘call radgen_event’)

3) Return to Pythia (and rotate photon)
• Reset_Beam_Vars() is always called before RADGEN to make sure the beam is set appropriately (avoids reapplying ISR 

effects from prior RADGEN calls)

• BeamVary is a variable used to control whether my modifications are applied (BeamVary = 0 uses the original format)

• RadState flags ISR vs FSR events

• Rotating around the x-axis flips the signs of py and pz

Rotation of the 
Radiated Photon



Coding Procedure for Implementing ISR/FSR Effects
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1-3)…

4) Determine ISR, FSR, or No Radiation
• Check_I_or_F_SR_New() checks ISR vs FSR conditions and updates the flag (angles calculated using the dot product of 

the momentum vectors – replaces prior method of just using the polar angles) 

• Apply_ISR_Effects() sets the new beam energy/momentum using conservation laws with the photon kinematics given 
by RADGEN

FSR Events

ISR Events



Coding Procedure for Implementing ISR/FSR Effects
1-4)…

5) Calculate/update remaining kinematics and cuts (same as normal Pythia)

6) Update the Scattered electron’s φ angle
• Calculates a new angle by summing the x and y momentum components of the pre-RADGEN scattered electron and the 

radiated photon to calculate φ (prior versions did not account for the type of radiation or the frames of the particles)
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Old Version (no rotation or flag of 
ISR/FSR)

Sign of y momentum is flipped back to 
what RADGEN gave (used as CM frame)

RadState = 2 means 
that this is applied to 

FSR events only



Coding Procedure for Implementing ISR/FSR Effects
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1) Pythia generates random values for Q2, y and φe’

2) Call RADGEN (using ‘call radgen_event’)

3) Return to Pythia (and rotate photon)

4) Determine ISR, FSR, or No Radiation

5) Calculate/update remaining kinematics and cuts (same as normal Pythia)

6) Update the Scattered electron’s φ angle

7) Save and continue

8) Report the FSR scattered electrons (with status code 1) as the scattered electron recorded in 
the event record minus the radiated photon’s kinematics (as per 𝒆𝒓𝒂𝒅

′ = 𝒌′ − ɣ) 



• GREEN SQUARES → Used to Calculate MC GEN
• RED CIRCLES → Used to Calculate MC REC
• BLUE CIRCLES → Used in Both

1. Apply ISR effects within Pythia to change the beam momentum/energy at the vertex

• Effects the kinematics of the electron with status code 21 (1st particle in the event record)

• Done before calculating the scattered electron (and all other particle kinematics) to 
ensure that momentum/energy is conserved (as per the earlier slides)

2. Apply FSR effects before using GEMC to simulate event reconstruction

• Can be applied at the end of the Pythia event generation to the scattered electron as it is 
written to the event record

• Only need to apply to the scattered electron with status code 1 (another copy of the 
vertex scattered electron was already saved with a status code of 21 as the 3rd particle in 
every event record, but that one is generally ignored by GEMC)

RADGEN Explanation – How to Include into My Analysis
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e = 10.6 ≠ k
k’ = e’ 

k = e = 10.6
k’ ≠ e’ 

e’ e’
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