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Electromagnetic dissociation (EMD) is a well-known process that has been extensively studied
using accelerator beams. However, the influence of EMD on cosmic-ray propagation in the
atmosphere and galaxy remains unclear. For instance, understanding the origin of ultra-high
energy cosmic rays requires knowledge of their mass composition. This can be determined by
measuring the depth of the maximum of air shower development (X,ax) and, in particular, the
fluctuations of showers around their mean. Due to its substantial cross section, EMD could
modify these observables, especially for heavy nuclei. This paper presents reliable predictions
of cross sections, particle yields, and nuclear fragments produced in electromagnetic dissociation
interactions at cosmic-ray energies for various projectiles on air. A brief description of the model
for predicting EMD cross sections and subsequent (virtual) photon interactions is provided. This
model is embedded in the FLUKA code, has been validated, and has been used at energies ranging
from a few GeV/n to LHC energies. Recently, the virtual and real photon interaction models in
FLUKA have been significantly improved; a brief description of these changes is included. The
impact of EMD interactions on cosmic-ray showers in the atmosphere is shown to be minimal.
At the same time, FLUKA s sophisticated photonuclear models have also been applied to explore
their suitability for extragalactic cosmic ray propagation studies. A preliminary calculation of
the energy loss length, considering the cosmic microwave background (CMB) and extragalactic
background light (EBL) radiation fields, is presented for several ions ranging from protons to

uranium.
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1. Introduction

Many astrophysical environments are characterized by abundant background fields of photons
providing an important scattering target for high-energy particles. In addition to electromagnetic
processes, which are well understood within QED, photo-hadronic processes are of direct relevance.
The same type of photo-hadronic interactions occur in interactions of hadrons with nuclei, where
the virtual photon field of the nucleus provides the target. Therefore the understanding and detailed
simulation of photo-hadronic interaction rates and the production of the corresponding secondary
particles are very important for the interpretation of astrophysical observations.

The numerical simulation of these processes, which are currently not calculable from first
principles, requires the combination of dedicated models and measurements of a multitude of
different interaction channels. This has been done within the FLUKA simulation package, which
has been extensively optimized and tested with a large set of data. After giving an introduction
and short overview of FLUKA, we will use it in this work to make predictions for two kinds
of photo-hadronic processes, (i) electromagnetic dissociation of primary cosmic rays entering the
Earth atmosphere, prior to undergoing hadronic scattering and multiparticle production, and (ii)
interaction and disintegration of nuclei propagating through the background photon fields of the
Universe.

2. FLUKA and photonuclear interactions
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Figure 1: The FLUKA yC cross section from threshold up to 30 GeV (black line). Experimental data from
various sources [1] and [2-5] are superimposed (green symbols).

The FLUKA Monte Carlo is a multi-purpose radiation transport and interaction code package,
which is widely used to simulate particle-matter interactions in various fields, including high-energy
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Figure 2: The FLUKA universal curve (black) for
y-nucleus interactions in the A region and beyond.
Experimental data [1] for o-(yA)/A for various nu-
clei are superimposed. The adopted curve (green)
for yp is also shown, in order to show the different
width and peak value for nuclear targets.

40Ca(u, p°) cross sections for 470 GeV/c muons are
presented as a function of the 4-momentum trans-
fer. The blue line represents the VMD coherent
contribution, the green one the VMD quasi-elastic
(incoherent) contribution, both on Ca. The red line
is the coherent contribution on H. The symbols are
exp. data from [6] with an arbitrary common nor-
malization factor.

Table 1: One side only EMD cross section (with at least one neutron), and fractions (in %) of EMD events

with given numbers of neutrons but without neutrons on the opposite side, for Pb-Pb collisions at

5.02 TeV. Exp. data from [7, 8] .

SNN=2.76,

VSNN
2.76 TeV 5.02 TeV
Exp. FLUKA Exp. FLUKA
TEMD xn (b) 181.3+0.3*128 | 181.9+ 0.1 - 204.4 £0.1
Nin/None—side (%) | 51.5£0.4£02 | 50.6=0.1 52440213 | 48.920.1
Non/None—side (%) | 11.6£0.4+0.5 | 11.6+0.1 | 11.94:£0.03£0.563 | 11.520.1
N3n/None—side (%) | 3.640.2+0.2 3.00.1 3.74£0.02£0.07 | 3.120.1
Nan/None—side (%) - 2.30.1 2.66+0.01£0.14 | 2.3£0.1

physics, space radiation, and medical applications, radiation protection, and accelerator studies, and
astrophysics. The modern version of FLUKA, as used in this work, goes back to work started in
1989 at INFN-Milan by A. Ferrari and P. Sala, with important contributions from A. Fasso and
J. Ranft. A detailed history of FLUKA can be found in Ref. [9, 10].

2.1 Real photons

Figure 1 shows the FLUKA photonuclear cross sections for carbon over the entire energy
range, from the threshold to several tens of GeV. As indicated, the cross section spans four different
regimes transitioning from the Giant Dipole Resonance (GDR) into inelastic regimes above the
pion production threshold. The FLUKA photonuclear interaction models were initially developed
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in the 1990s (see references [11, 12]). Today, new data and a deeper theoretical understanding
enable a more complete and accurate description of photonuclear interactions, both real and virtual.
In recent years, therefore, the FLUKA photonuclear cross sections and interaction algorithms have
been extensively revised, with particular attention paid to the quasi-deuteron (QD) and the transition
to the Vector Meson Dominance (VMD) model energy ranges. The (A) resonance region is modeled
using a data-driven technique (see Fig. 2). Additionally, the GDR cross sections for all light nuclei
and some heavy nuclei have been updated. FLUKA contains a total of 190 isotope-specific tabulated
GDR data sets. For other isotopes, up-to-date parameterizations are used. Examples of the new
photonuclear interaction cross sections can be found in Ref. [10].

2.2 Virtual photons
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Figure 4: The computed nuclear and EMD cross sections in air for 14N, 288 and °Fe as a function of total
energy. Solid curves are the nuclear cross sections, dashed curves the EMD cross section, the dotted curves
the EMD projectile-dissociation one.

The EMD model in FLUKA has already been validated against a variety of experimental data
and applied at LHC energies with promising results [13]. Over the years, the model has been
improved [14] to include the E2 multipolarity, nuclear finite size and higher-order effects, all of
which are important at low energies and for e* and u. FLUKA EMD has been extended to handle
muon-nuclear interactions below the y + N — m + X threshold, and can simulate electro-nuclear
interactions. The same formalism also applies to deuteron Coulomb dissociation as well. The EMD
cross section is expressed as a sum over multipolarity i of the convolution of the number of emitted
(virtual) photons, n;, with the photon-nucleus cross section o, 4

dE,

TiyA (Ey) n; (Ey) E_y ey
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Table 2: Average Xnyax and its RMS for 3 different ions at 4 different total energies, with and without
electromagnetic dissociation (EMD).

<Xmax> RMS
Projectile Energy EMD No EMD EMD No EMD
(eV) (gem™2) | (gem™?) (gem™2) (gcm™?)
S6Fe 5.6-10'% | 712503 | 7126 £0.3 || 20.55+0.19 | 20.62 + 0.18
S56Fe 5.6-10" | 7792 +0.3 | 7792 +03 | 18.88 +0.18 | 19.41 +0.18
4N 2.8-109 | 799.1£0.4 | 7993 +0.4 || 29.32 +0.28 | 29.70 + 0.26
2854 1.12-10%0 | 8192+ 0.3 | 8192 +0.3 || 2242 £0.17 | 23.21 £ 0.20

It can be shown that the dominant components are E1 and E2. Since E2 is significant at low
energies, and M1 is always negligible, equation 1 becomes

EmaX dE
TEMD z/ (7174 (Ey) nEt (Ey) + 0E2ya (By) nea (Ey)] )
Emin Y

The E2 contribution is important in order to reproduce EMD data for ions at energies of
a few hundreds MeV/n. For instance, FLUKA predicts that E2 accounts for 25% of the total
EMD cross section for 28U on 238U at 120 MeV/n, a value in agreement with other theoretical
predictions [15] and consistent with experimental total cross sections. Figure 3 compares the
computed and experimental [6] production of the pg meson as a function of four-momentum transfer
for 470-GeV/c positive muons impinging on targets of “°Ca and 'H. Table 1 shows a comparison of
the FLUKA EMD model in its most recent formulation against data taken by the Alice experiment
at the LHC concerning validation at the highest energies. These examples illustrate the ability of

FLUKA to reproduce virtual photon-induced reactions.

3. Photo-disintegration in extensive air showers

Photodisintegration in air showers occurs in real-photon-air interactions and through virtual-
photon exchange in peripheral collisions of air shower nuclei. Figure 4 shows the computed EMD
air cross sections for three different ions. The figure displays both the total EMD cross section and
the projectile dissociation component. Both are compared with the nuclear cross section.

To investigate the impact of EMD interactions, we carried out simulations with and without
EMD using FLUKA coupled with DPMJET-II1.19.3 [16, 17] for vertical showers in the standard
US atmosphere.

Several projectile energy combinations were explored to determine the impact of considering
EMD versus not considering it. In each case, 5,000-6,500 individual showers were simulated with
suitable thinning parameters to minimize the impact on shower-to-shower fluctuations. A standard
6-parameter Gaisser-Hillas fit is applied to the longitudinal profile of the energy deposition to extract
the position of the shower maximum. The results on the calculated average shower maximum and
its rms are presented in Table 2. We have also compared the spectra of muons, neutrons, protons,
photons, and electrons/positrons. Once the initial fluctuations due to the first interaction point are
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Figure 5: The computed energy loss lengths as a function of the total ion energy, assuming Hy=69 km/s/Mpc.
The CMB and EBL spectra are accounted for, as well as the Bethe-Heitler pair production. The dashed lines
are the results for 'H "*N and °Fe of Refs. [18, 19].

averaged out, no detectable differences can be found within the statistical errors (a fraction of a
percent).

4. High energy cosmic ray propagation

We also investigated the propagation of light, medium, and heavy nuclei at ultrahigh-energy
cosmic ray (UHECR) energies in the cosmic microwave background (CMB) and extragalactic
background light (EBL) photon fields. The CMB spectrum was assumed to be a blackbody
spectrum at T=2.725 K, while the EBL spectrum is from Ref. [20]. The impact of the disintegration
model on UHECR propagation has been extensively studied in Ref. [21, 22] and more recently in
Refs. [23, 24] and is shown to influence the inference of UHECR source parameters.

Our results are presented in Figures 5 and 6 as a function of the projectile’s total energy and
energy per nucleon, respectively. Due to the recent interest in UHECR’s with masses heavier
than iron [25, 26], we also show the results for 3°Te, 298Pb, abd 238U. For each combination of
projectile energy, 300,000 Monte Carlo events were generated. The loss lengths were computed
as Liss = /1%’;3 EBL . AE/E, where AE is the energy loss between the original projectile and the
heaviest secondary fragment. This approach is very fast and properly accounts for fluctuations
event-by-event without requiring the generation of large databases. It also allows for a more
realistic estimation of Lo by tracking the secondary fragments and simulating their interactions.
The comparison in energy per nucleon is particularly insightful, as it shows that apart from protons,
which are affected only by photopion production, and to a lesser extent *He, all other ions exhibit the
same behavior. Their spread stems from differences in GDR cross sections and reaction thresholds
specific to individual isotopes. The only exception is >3¥U, which can undergo photo-fission at
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Figure 6: Same as in Figure 5, but plotted as a function of the energy per nucleon.

photon energies of a few MeV, suffering catastrophic energy losses at the first interaction. For
comparison, the results of Ref. [19], based on CRpropa [27], for 14N and °Fe and of Ref. [18] for
'H are also shown. The results are generally consistent, except at the highest ion energies, where
a proper description of gamma-nucleus interactions in the A(1232) region, including multinucleon
interactions and nuclear deexcitation, yields strikingly different results than the extrapolation from
gamma-nucleon photopion production. Indeed, the results of Ref. [28], which uses a model
specific for gamma-nucleus in the A region (albeit less detailed than the FLUKA one), are more
similar to ours.

Conclusions

FLUKA, in combination with DPMJET-III.19.3, was used to assess the impact of electromag-
netic dissociation (EMD) on ultra-high-energy cosmic-ray (UHECR) air showers. Although the
EMD cross section constitutes a sizable fraction of the total nuclear cross section, no statistically
significant differences were observed in key shower observables, such as X,x, energy deposition,
or the longitudinal and radial profiles of particle fluxes, when EMD was enabled. Only at the
highest energies tested does a slight reduction in the Xy,.x RMS become noticeable.

As a further application of the photonuclear interaction modeling in the state-of-the-art FLUKA
framework, we have calculated the UHECR interaction rate and energy loss length due to interactions
with the CMB and EBL photon fields. The results are compared with those from the widely used
CRpropa implementation, showing good agreement across the most relevant energy range. However,
unlike existing simulation packages, FLUKA enables detailed modeling of these processes for a
much broader range of nuclei, including heavy species beyond iron, as demonstrated in this work.

Acknowledgements AF acknowledges support from the Academia Sinica (Grant No. AS-GCS-113-
MO04) and the National Science and Technology Council (Grant No. 113-2112-M-001-060-MY3).
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