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Abstract

Due to the similarities between electron-nucleus (eA) and neutrino-nucleus scattering (νA),
eA data can contribute key information to improve cross-section modeling in eA and hence
in νA event generators. However, to compare data and generated events, either the data
must be radiatively corrected or radiative effects need to be included in the event gener-
ators. We implemented a universal radiative corrections program that can be used with
all reaction mechanisms and any eA event generator. Our program includes real photon
radiation by the incident and scattered electrons, and virtual photon exchange and photon
vacuum polarization diagrams. It uses the “extended peaking” approximation for electron
radiation and neglects charged hadron radiation. This method, validated with GENIE, can
also be extended to simulate νA radiative effects. This work facilitates data-event-generator
comparisons used to improve νA event generators for the next-generation of neutrino exper-
iments.

Keywords: Electron-Scattering; Radiative Effects; Neutrino-Scattering;

1. Introduction

Future long-baseline neutrino oscillation experiments, such as the Deep Underground
Neutrino Experiment (DUNE) [1], aim to measure neutrino oscillation parameters with un-
precedented precision. Such precision demands correspondingly precise reconstruction of
the incoming neutrino flux as a function of neutrino energy, which relies on comprehen-
sive neutrino-nucleus (νA) cross-section models, typically encapsulated in event generators.
In the absence of a comprehensive theoretical description of all νA scattering, these event
generators rely on a combination of nuclear theory, νA data [2], and electron-nucleus (eA)
data [3, 4].

Extracting cross-section information from the νA data is complicated by the broad energy
spread of neutrino beams and by low statistics. However, due to the similarities between νA
and eA interactions, we can use eA data to constrain νA cross section models. Neutrinos
interact via weak vector and axial-vector currents, whereas for electrons the electromag-
netic vector current interaction dominates. Both can interact through quasielastic scattering
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(QEL) on single nucleons, two-body currents knocking out pairs of nucleons (MEC), exciting
single nucleons to a ∆(1232) or higher resonance (RES) or by deep inelastic scattering from
a quark in the nucleon (DIS). Both eA and νA require precise knowledge of the nuclear
ground state and outgoing hadrons undergo final-state interactions (FSI) in the residual
nucleus. Several collaborations are working to provide eA data [3, 5, 6, 7, 8, 9].

Electron-nucleus scattering is significantly effected by radiative effects and QED nuclear
medium effects [10, 11, 12]. The incoming and scattered electrons, as well as any emitted
charged hadron, can radiate real and virtual photons, see Fig. 1. Real photon radiation,
Fig. 1(b-c), changes the observed event kinematics and hence the cross section by changing
the incident and/or scattered electron energy and angle. Virtual photon radiation, Fig. 1(d-
f) changes the cross section but not the event kinematics [13, 14, 15]. In charged-current
(CC) neutrino scattering, the incident neutrino does not radiate. However, the final-state
charged lepton exchanges virtual and real photons, leading to radiative effects of a similar
magnitude to those observed in electron scattering [16, 17].

Figure 1: Target-independent gauge-invariant set of radiative correction diagrams. (a) The incident electron
e(k1) exchanges a virtual photon γ∗(q) with the nucleus p(p), with a scattered electron e′(k2) and a nuclear
final state (shown as ph and pR). (b) and (c) emission of a real photon by the incident and scattered
electrons, respectively. (d) exchange of a virtual photon between the incident and scattered electrons (vertex
correction and (f) virtual pair production (vacuum polarization polarization). Not shown is the exchange of
a low energy second virtual photon from one of the electrons to the nucleus or the radiation of a real photon
by the nucleus or one of the hadrons.

Neutrino event generators aim to simulate νA interactions for all interaction mechanisms
and targets. Some neutrino event generators, such as GENIE [18, 3] and GIBUU [19], can
also simulate eA interactions with the analogous interaction models. They aim to utilize
consistent nuclear, interaction, and FSI models for both electrons and neutrinos. Other
neutrino event generators such as NEUT [20, 21], NuWRO [22] and Achilles [23] can describe
νA and eA QEL interactions and are working towards the implementation of eA RES and
DIS models. None of the existing neutrino event generators account for either νA or eA
radiative effects.

Published eA cross sections are typically corrected for radiative effects using event gen-
erators. The procedure to compute radiative effects for inclusive electron scattering was
first derived by J. Schwinger [13] and was later modified by Mo and Tsai for (e, e′p) reac-
tions [14]. A compilation of radiative correction programs can be found at the Jefferson
Laboratory (JLAB) website [24]. An widely used code is the SIMC Monte Carlo, used in
Hall C/A analyses [25]. However, existing radiative correction codes, such as SIMC, are usu-
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ally process, topology specific and are restricted to a limited phase space which matches
the spectrometer acceptance. Hence, they cannot be used to correct radiative effects for
more general semi-inclusive and exclusive eA measurements, which include a wide range of
reaction mechanisms.

Incorporating radiative effects in event generators is difficult and generator dependent.
Radiative effects are usually accounted for by applying weights to generated weighted events,
but this is not supported by all available event generators. The Electrons for Neutri-
nos collaboration (e4ν) is analyzing eA data [3, 5] using the large acceptance CLAS6 and
CLAS12 [26, 27] spectrometers at the Thomas Jefferson National Accelerator Facility. While
there is a lot of inclusive eA data, there is very little hadron electroproduction data [8, 6, 7].
e4ν focused on quasi-elastic like signatures [5, 28]. Ref. [5] used Ref. [29] approach to account
for radiative effects in QEL events using GENIE. Looking ahead, e4ν is working towards
a comprehensive electron scattering cross-section library that includes more complex final
states and nuclear targets with direct impact on the neutrino community. In order to ex-
tend Ref. [5]’s implementation to all interaction mechanisms and experimental conditions,
radiative effects must be implemented in a more general way.

In this paper we propose a general approach based on Ref. [29, 15] to implement radiative
effects for eA event generators without modifying the generators themselves. It accounts for
radiation of a real photon by the electron either before or after scattering, for radiation and
re-absorption of a virtual photon (vertex correction), and for virtual pair production by the
exchanged photon (vacuum polarization polarization), see Fig. 1. It includes both internal
radiation in the Coulomb field of the interacting nucleus, external radiation from other
nuclei, interference between initial and final state radiation, and the emission of multiple
virtual photons. It uses the “extended peaking” approximation, which assumes the outgoing
photons are emitted in the same directions as the electrons. It considers only radiation by
the electrons; it neglects hadron radiation and low energy second virtual photons from one
of the electrons to the nucleus or the radiation of a real photon by the nucleus or one of the
hadrons. It also assumes the ultra-relativistic limit, Q2 ≫ m2

e. In the future this concept
can be extended to radiative effects in νA interactions.

The implementation is available on the emMCRadCorr GitHub repository for all neutrino
event generators via the standardized NuHepMC standardized output format [30], available in
all the existing neutrino event generators to date.

The paper is organized as follows. The new radiative method is described in Sec. 2. The
implementation for (e, e′p) events is described in Sec. 3 and validated against H(e, e′p) data
and a SIMC calculation using GENIE in Sec. 4. Sec. 5 describes the method implications for
non-QEL processes. Sec. 6 discusses the uncertainties due to the approximations used.

2. Methodology

This code treats the incoming electron radiation, the modification of the cross section
due to virtual photon emission and outgoing electron radiation separately. The probability
of the incoming electron emitting a real bremsstrahlung photon, with energy Eγ > ∆Em,
depends only on the electron energy and direction [29]. The procedure is as follows:

1. Given an incident electron flux (typically mono-chromatic), compute the incoming
electron radiation and the resulting modified incident electron flux,
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Figure 2: Representation of the emMCRadCorr workflow, which modifies the incoming (e(k1)) and outgoing
electron (e′(k2)) momenta for real-photon radiation (with energies ∆Eγ and ∆E

′

γ), and for weighting the
cross section to correct for vertex, two-photon and vacuum polarization -polarization effects. The program
can apply radiative effects to any event generator.

2. Generate electron scattering events on the target and processes of interest using your
preferred event generator,

3. Store the events in NuHEPMC data format,

4. Generate the real photon (if any) radiated by the scattered electron,

5. Use the event kinematics to calculate the appropriate weight to account for vertex,
vacuum polarization-polarization and virtual photon emission effects,

6. Modify the NuHEPMC event record to include the incoming and outgoing electron radi-
ation and the weight.

The cross-section and outgoing electron kinematics are modified following the usual weighting
approach [15, 24, 14, 29]. A graphic representation of the methodology is given in Fig. 2. The
model implementation depends on the experimental setup. External radiation depends on
the target and other material thicknesses. Internal radiation depends on the target material.
The user can adapt the method to their experiment setup using the software configuration.

Several radiative correction calculations are available. Changes in the radiative method
affect the results by less than 1% in quasi-elastic interactions when using the models from
Ref. [15, 24, 14, 29]. Additional models can be implemented as long as the emitted real photon
distribution is decoupled from event kinematics and the radiation weights are computed using
the event information.

3. Implementation

This section implements the radiative correction method derived from Ref. [29] using the
procedure of Sec. 2 and GENIE neutrino event generator [18]. This method is then used
to calculate radiative effects for electron scattering elastic (EL) interactions on hydrogen at
10.6 GeV. This simulation, with radiative effects, is used in Sec. 4 to validate the method
against H(e, e′p) data [31] and SIMC, which implementation is also based on Ref. [29].
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First we compute the energy spectra of the real photons emitted by the incoming electron
due to internal and external bremsstrahlung. Internal bremsstrahlung describes photon emis-
sion due to the Coulomb field of the target nucleus, while external bremsstrahlung describes
photon emission in the field of nuclei other than the one participating in the scattering.
We assume that photons are emitted in the direction of the incoming and outgoing elec-
trons [29], the “extended peaking” approximation for single photon bremsstrahlung. Under
this approximation, the corrected incident-electron four momentum kinematics is:

kcorr
1 = (0, 0, E1 − ∆Eγ, E1 − ∆Eγ), (1)

where E1 is the original electron energy, ∆Eγ is the emitted photon energy, and the electron is
traveling in the ẑ direction. We select ∆Eγ by randomly sampling the energy loss distribution
G [29] between Emax and 1 · 10−25 GeV,

G =
g (∆Eγ)g−1

Eg
max − (∆Em)g

, (2)

where Emax and ∆Em are detector-dependent limits on the incident or scattered electron
and

g ≡ bt + λ1, (3)

where t is the target thickness in radiation lengths (for external bremsstrahlung), and λ1 is
a parameter describing incident electron internal bremsstrahlung:

λ1 ≡
α

π

[
ln

(
4k2

1

m2
e

)
+ 2 ln

(
k1
k2

)
− 1

]
≃ α

π

[
ln

(
4k2

1

m2
e

)
− 1

]
.

(4)

Here k1 and me are the incoming electron momentum and mass, respectively, and k2 is
the outgoing electron momentum already corrected for radiative effects, see Fig. 2. The
momentum k2 is not known before the interaction takes place. However, the ln (2k1/k2)
term contributes ≤1% to the total correction and has been neglected. This correction was
estimated using the kinematics of the outgoing electron from a GENIE simulation. The
parameter b depends on the atomic charge Z of the target material as [29]:

b =
1

9

(
12 +

Z + 1

ZL1 + L2

)
, (5)

L1 = ln(184.15) − 1

3
ln(Z), (6)

L2 = ln(1194) − 2

3
ln(Z). (7)

The target thickness, t, and the maximum real photon energy, Emax, are experiment depen-
dent and configurable. All photons with Eγ < ∆Em are treated as virtual photons and not
included in the final flux histogram. This allows us to use the flux to account for the correct
photon emission probability as well as a flag to determine whether or not to radiate the

5



8.5 9 9.5 10 10.5
 [GeV]γE∆-e=Ecorr

eE

6−10

5−10

4−10

3−10

2−10

1−10

1

P.
D

.F

hradflux
Entries  500000

Mean     10.5
Std Dev    0.3159

Figure 3: Incident electron energy distribution corrected for radiative effects due to radiation of real photons,
for 10.6 GeV electrons incident on a 0.0113 radiation-length hydrogen target, a maximum emitted photon
energy of 0.2E1 and a minimum energy of 10 MeV. The distribution peaks at the beam energy with a long
radiative tail.

electron. In this calculation, t = 0.0113, Emax = 0.2E1 and ∆Em = 10 MeV. Eq. 2 is inde-
pendent of event kinematics, so that the corrected incident electron flux can be precomputed,
see, e.g., Fig. 3.

After determining the radiated flux, we generated elastic eH scattering events from that
flux using an event generator. In this case we used GENIE with the G18 10a 00 000 compre-
hensive configuration [3], which utilizes the Rosenbluth model to simulate EL interactions.
The generated events provide the information at the interaction vertex without correcting
the cross section or the outgoing electron kinematics for radiative effects.

Next, we accounted for the outgoing-electron internal and external real radiation by:

E2 = Ecorr
2 − ∆Eγ′ , (8)

where ∆Eγ′ is sampled using Eq. 2, computed using the corrected outgoing-electron kinemat-
ics. In this case, the outgoing electron is not parallel to the beam. This adds an additional
term to the λ2 definition which describes the outgoing electron internal bremsstrahlung:

λ2 ≃
α

π

[
ln

(
4k2

2

m2
e

)
+ ln

(
1 − cos θ2

2

)
− 1

]
. (9)

For the outgoing electron, g ≡ bt+ λ2. The outgoing-electron momenta and emitted photon
energies, ∆Eγ and ∆Eγ′ , are added to the event record. We define the ”true” (i.e., vertex)
momentum-transferred squared as Q2 = −(kcorr

1 − kcorr
2 )2. This corresponds to the value

used in the event generation to compute the primary vertex interaction.
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Lastly, we calculate the cross-section correction factor due to virtual-photon emission,
vertex, and vacuum polarization effects. The cross sections of interest are the cross section
for an electron to scatter off into a solid angle dΩe and produce photons with energies Eγ

and Eγ′ ,
dσ

dΩedEγdEγ′
=

dσ

dΩe

∣∣∣∣
ep

(1 − δ)W rad
1 W rad

2 Φext
1 Φext

2 , (10)

and the cross section for an electron to scatter off a proton without emitting visible photons
with energy greater than ∆Em,

dσ

dΩe

(ω < ∆Em) =
dσ

dΩe

∣∣∣∣
ep

(1 − δ) e−δ
′
(∆Em). (11)

where dσ
dΩe

∣∣∣
ep

is the Born eH elastic cross section, δ = δvertex + δvac is a second order vir-

tual photon correction factor that includes both vertex and vacuum polarization effects, see
Fig. 1(d) and (f), δ

′
(∆Em) accounts for one photon bremstrahalung, W rad

i account for the
probability of virtual photon emission for the incoming and outgoing electrons, and Φext

i are
additional factors due to external radiation. Both relate to the born cross section with a
scaling factor which is applied as an event-per-event weight.

We compute the weights following Ref. [15]:

δvac =
2α

3π

[
5

3
− ln

(
Q2

m2

)]
, (12)

δvertex =
α

π

[
−3

2
ln

(
Q2

m2

)
+ 2 +

1

2
ln2

(
Q2

m2

)
+

π2

6

]
, (13)

δ
′
(∆Em) =

α

π
ln

(
k1k2

(∆Em)2

)[
ln

(
Q2

m2

)
− 1

]
, (14)

W rad
i =

Eg
max − (∆Em)g

Γ(1 + bt)kbt
i (

√
k1k2)λi

; i = 1, 2, (15)

and

Φext
i = 1 − bt

bt + λi

Eγi

ki
; i = 1, 2. (16)

Note that W rad
ei

correction factors are computed assuming that the integral over the real
photon energy of the emission probability is the unity. However, this is not the case in our
calculation, as we normalize the incident electron flux, which includes unradiated events,
to one. Hence, we add an additional weighting factor corresponding to the inverse of the
integral of the incident electron flux (1/Itail) from Ee − Emax to Ee − ∆Em. Similarly, we
add an additional factor for the virtual photon emission events of 1/(1 − Itail). With this
final step, radiative effects have been completely integrated into the simulation.

We computed Emiss = E1 − E2 − Tp and pmiss = |⃗k1 − k⃗2 − p⃗p| where Tp and p⃗p are the
outgoing proton kinetic energy and momentum, for H(e, e′p) EL events using GENIE, see
Fig. 4. Radiative effects cause a “radiative” tail, which is absent in the unradiated GENIE
simulation, which is a δ-function at Emiss = pmiss = 0.
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Figure 4: Area-normalized 10.6 GeV H(e, e′p) event rate as a function of missing energy and momenta for
radiated and unradiated (magenta) events.

The code implementation is based on the NuHepMC event record format, available for
all neutrino event generators. This guarantees widespread and long-term usability of the
code. An event graph from a GENIE event with radiative effects is shown in Fig. 5. In this
particular example,only the incoming electron radiates a bremsstrahlung photon. Radiative
correction calculations are contained within the ”Radiated Vertex,” while the generated GE-
NIE event corresponds to the kinematics of the “Primary Vertex”. The complete hierarchy
among particles in the event is maintained.

4. Validation

We validated this radiative correction procedure, detailed in Sec. 3, by comparing it to
a SIMC Monte Carlo [25], to a radiated GENIE calculation, and to Jefferson Lab (JLab)
Hall C 10.6 GeV H(e, e′) data [32]. The SIMC calculation accounts for smearing of the
outgoing electron momentum due to detector resolution. The same smearing is applied to
GENIE. In order to compare both simulations, we scale each prediction by the integral of
the corresponding unradiated distributions, which are unweighted. The data is scaled by its
integral. The results from Fig. 6 show excellent agreement between the radiated GENIE,
the SIMC calculation and Hall C data [32].

5. Implications for non-QEL processes

The emMCRadCorr approach, which is not taking into account hadron radiation, is inde-
pendent of reaction mechanism and extending it to non-QEL processes is straightforward.
Fig. 7 illustrates the influence of radiative effects on other reaction mechanisms. It con-
siders a GENIE simulation of H(e, e′) at 10.6 GeV. The reconstructed invariant mass is
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Figure 5: Radiated (e, e′p) NuHepMC event graph. Primary vertex kinematics were generated using the GENIE
implementation of the Rosenbluth EL model [3]. All particles momenta are in GeV. Radiative effects were
accounted for using emMCRadCorr, as described in Sec. 3. The fixed energy 10.6 GeV incoming electron
(beam) is shown in blue, the corrected electrons and struck target are shown in black. Final-state particles
are shown in green. The incident electron radiated a 14 MeV photon at the upper Radiated Vertex. The
electron then interacted with a stationary proton at the Primary Vertex.

9



0.9 0.95 1 1.05 1.1
 [GeV]recoW

0

50

100

150

3−10×

N
or

m
al

iz
ed

 e
ve

nt
 r

at
e

Hist
Entries  850533
Mean   0.9425
Std Dev    0.01146

H(e,e')@10.6 GeV, Hall C data

SIMC, Unradiated

SIMC, Radiated

GENIE, Unradiated

GENIE, Radiated

Figure 6: Comparison of 10.6 GeV H(e, e′) Hall C data against two H(e, e′) Monte Carlo calculations,
SIMC and GENIE with radiative effects, as a function of the reconstructed invariant mass, Wreco =√

(k1 − k2 + p)2. A cut on the outgoing electron angle, 7.4 < θe′ < 9.7 deg, is applied to both data
and MC to account for the detector acceptance. The corresponding unradiated distributions are also shown.
The EL peak is smeared to account for the outgoing electron momentum resolution of 1 MeV. The GENIE
prediction is computed with the G18 10a 00 000 model.

Wreco =
√

(k1 − k2 + p)2 where k1, k2, and p are the four momenta of the incident electron
before radiation, the detected scattered electron after radiation, and the stationary proton.
When neglecting radiative effects, the invariant mass is clearly defined for each mechanism
(W = Wreco): in elastic events as W = Mp, and in resonant and deep-inelastic scattering
events as W > Mp+mπ. Radiative effects smear W the distribution. This manifests as a tail
in the Wreco distribution, particularly noticeable in elastic events. However radiation also
shifts the RES and DIS events to higher invariant mass, depleting the resonance peaks at
lower Wreco and increasing the strength at larger Wreco. The emMCRadCorr method adeptly
accommodates potential alterations in interaction mechanisms resulting from the loss of en-
ergy by the incoming electron after bremsstrahlung emission. In terms of the interaction
mechanism, we observe a reduction of DIS events of 2 %, along with increases of RES and
QEL of 6 % and 2 % respectively.

6. Systematic uncertainties

The proposed method relies on several approximations which introduce uncertainties in
the calculated correction factors. Photon emission from emitted charged hadrons is neglected.
This causes an uncertainty of 5-20 % in the radiative correction factor [29, 33, 34]. An
estimate of the uncertainty as a function of Q2 can be found in Tab. IV from Ref. [29].
Cross-terms arising from electron-pion interference are also neglected. Drawing a parallel to
the effects needed for two-photon exchange in electron-proton scattering [15], it’s anticipated
that the absence of cross-terms effects should introduce an error of no more than 3-5% [33, 34].
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Figure 7: Comparison of H(e, e′) GENIE 4.3 GeV events with (blue) and without (black) radiative effects
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The underlying theory is developed under the ultra-relativistic limit, Q2 ≫ m2
e. This adds

an uncertainty less than 2% for Q2 > 1 GeV2 [29].

7. Conclusions

Electron scattering data (eA) is a key input in neutrino event generators. To compare it
against calculations, radiative effects must be unfolded from the data or incorporated in the
simulation. Neutrino event generators, which also handle electron beams, do not account for
this effect.

This paper presents a generator-independent package designed to account for radiative
effects in eA event generators. The method accounts for real photon radiation by either
the incident or scattered electron, and modifications to the bare cross section due to vertex,
vacuum polarization and virtual photon emission effects. The code was validated against
Jefferson Lab Hall C H(e, e′) data [32] and the SIMC Monte Carlo [25] using the GENIE Monte
Carlo event generator [18, 35]. The results demonstrate improved description of the data
and agreement with existing event generator codes from the eA community. The method
relies on several approximations which include a 5-20 % uncertainty in the correction factor.

By providing a generator-independent method of approximately including radiative ef-
fects, this package will greatly ease the precise comparison between electron-nucleus scatter-
ing data and neutrino event generators in electron scattering mode. This will facilitate the
use of eA data to improve νA event generators.

The emMCRadCorr package exploits the standardized NuHepMC format [30] used by all
neutrino event generators. This ensures its widespread usability and integration within the
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scientific community. In the future, the code can be extended to account for radiative effects
in neutrino experiments.
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