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Abstract

The note summarizes the work on hadronic interactions by using the simulation
tool DPMJET-III (DPMJET3.04 1 ) and secondary production as well as the decay
products which are used in the cosmic ray propagation.

1 Hadronic Interaction by using DPMJET-III

(1) For the cosmic ray study, proton-generating and helium-generating inter-
actions are simulated.

(2) The target is the interstellar medium (ISM) which is considered as a
compound of 90% of proton, 10% of helium, 0.02% of carbon and 0.04%
of oxgen.

(3) The generating energy of CR particles (p or α) is given by

ET = 1.24 · (1 + 0.05)i GeV/n; i =











1, 2 · · ·374 for p

1, 2 · · ·374 for α
(1)

for consideration of energy resolution.

1 DPMJET-III has two different versions. DPMJET3.04 is older in which, the im-
mediate decays to γ from produced secondaries are not considered while DPM-
JET3.04c, a revised version, has taken into account the immediate γ-decays from,
for example, π

0, Σ0 etc., in the intranuclear cascades.



2 Multiplicity Distribution and Spectra of Secondary Products

(1) The following secondary products in hadronic interactions are recorded
while running DPMJET:
baryon - p, p̄, n, n̄, Λ, Λ̄, Σ±, Σ0

meson - π±, π0, K±, K0
S, K0

L

lepton - e±, νe, ν̄e, µ±

photon - γ
(2) The multiplicity distribution N(E) and the energy spectra dn

dE
of the

secondary products are calculated and allocated into a certain energy
bin defined below. Choose the binning in kinetic energy Ek,min = 0.01
GeV and Ek,max = 1× 108 GeV divided by the bin number NoEbin=201.
If a particle has a kinetic energy Ek, this energy will be located in the ith

bin defined as

i =
[log(Ek) − log(Ek,min)]

DBlog

+ 1 (2)

where

DBlog =
log(Ek,max) − log(Ek,min)

NoEbin
(3)

with the bin terminal values

log(ELHS)= log(Emin) + (i − 1) · DBlog (4)

log(ERHS)= log(Emin) + i · DBlog (5)

This particle is therefore characterized by the mean energy

Ē =
√

ELHS · ERHS (6)

(3) High Energy event generators are not likely to provide reliable results
at low energies. This corresponds to the resonance region for which the
nuclear cascades are not very much investigated. Based on the multiplic-
ity distributions for secondary products generated by DPMJET-III, it is
discovered that below 4 GeV, DPMJET cannot provide reliable struc-
tures. Thus, the parametrization approach [1] is applied to evaluate the
spectra of π0 and π± for p + p collisions at low energies. At energies
between 2 and 4 GeV, the transition between the parametrization and
DPMJET is applied. A scaling approach is applied to the spectra eval-
uated by parametrization for p + p collisions to p + ISM collisions, by
investigating the correspondence between the production cross section
and the incident energy.
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3 Particle Decay

(1) Decay processes are considered for those particles whose lifetime is com-
paratively shorter than the time scale in cosmic ray propagation.

(2) Decay channels are taken into account by isobar theory [2], Dalitz distri-
bution [3] and Particle Data Group [4].

(3) After considering the decay modes shown in Section 4, only 9 stable
particles finally survive from the decays and propagation. These particles
are p, p̄, e±, νe, ν̄e, νµ, ν̄µ and γ.

(4) For each stable particle, a matrix showing its energy spectrum is created
by including all generating energies.

4 Decay Channels

This work has considered the resonance production near pion production
threshold.

The decay modes and decay fractions for resonances are considered as follows
based on the Particle Data Group [4].

∆(1232) → p + π0;
∆(1600) → p + π0;
∆(1600) → ∆(1232) + π0;
∆(1600) → N(1440) + π0;
N(1440) → p + π0;
N(1440) → ∆(1232) + π0;
N(1440) → p + 2π0.

The π0 contribution from resonances is then added to the non-resonant π0

production.

For the other secondary products, the following decay modes are considered
in this work.

(1) baryonic decays:











n → p + e− + ν̄e

n̄ → p̄ + e+ + νe

(7)











Λ → p + π−

Λ → n + π0

(8)
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Λ̄ → p̄ + π+

Λ̄ → n̄ + π0

(9)

Σ0 → Λ + γ (10)











Σ+ → p + π0

Σ+ → n + π+

(11)

Σ− → n + π− (12)

(2) mesonic decays:











π+ → µ+ + νµ

π− → µ− + ν̄µ

(13)











π0 → 2γ

π0 → e− + e+ + γ
(14)











K+ → µ+ + νµ

K+ → π+ + π0

(15)











K− → µ− + ν̄µ

K− → π− + π0

(16)











K0
S → 2π0

K0
S → π+ + π−

(17)
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K0
L → 3π0

K0
L → π+ + π− + π0

K0
L →











π+ + e− + ν̄e

π− + e+ + νe

K0
L →











π+ + µ− + ν̄µ

π− + µ+ + νµ

(18)

(3) leptonic decays:











µ+ → e+ + νe + ν̄µ

µ− → e− + ν̄e + νµ

(19)

(4) No η meson is shown in DPMJET read-out table. However, η should
exist if looking into the intranuclear cascades during the DPMJET sim-
ulation. Nevertheless, these η-mesons are with very short lifetime: with
full width Γ ≈ 1.18 keV, i.e., mean life τ ≈ 5.58× 10−19 sec. 2 With such
short lifetime, η-mesons are supposed to decay quickly to other particles
principally via the decay modes:

η→ 2γ

η→ 3π0

η→ π+ + π− + π0

η→ π+ + π− + γ

There is also a very small contribution to electron/positron pair from
η-decay via

η → e− + e+ + γ

with a fraction Γi/Γ = 4.9 × 10−3. Combining the secondary η-spectrum
calculated with SIBYLL [5] and the η decay modes, it coincides the
read-out e−/e+ pair in DPMJET simulation at different energies. That
is to say, the η-mesons produces in the hadronics collisions are consid-
ered to decay quickly in DPMJET simulation thus are not shown in the
read-out tables. Conclusively, it is strongly believed that the read-out
e−, e+, γ , π+, π−, π0 are actually composed of contribution of η-decays.

(5) No τ lepton is reported in DPMJET-III. τ has the mean life τ ≈ 290 ×
10−15 sec. Once τ leptons are produced in DPMJET simulation, they
can decay very quickly to µ and e leptons and neutrinos. If τ leptons
exist in DPMJET simulation and the decays take place immediately after

2 For π
0, τ ≈ 8.4 × 10−17 sec.
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their production, there should also exist some ντ and ν̄τ . However, in the
DPMJET read-out tables, no τ -neutrinos are found.

5 Particle Production Matrix

(1) The differential cross section of a secondary particle produced in the
(p, α) + ISM collision is described as

dσ

dE
(ECR, E) = σinel

dn

dE
(20)

where σinel is in unit of mb and is represented in a matrix σprod(ECR, p/α+
ISM), in title of ’prodxsection.matrix.data’.

(2) In this work, dn
dE

is calculated as the resultant of the direct production
in hadronic collisions and also the component contributed in the decays
from its parent particles.

(3) All energy is defined in GeV. Thus, the energy spectrum is in unit of
1/GeV.

(4) Thus, after considering the hadronic collisions and the decays, the spec-
trum of a final secondary particle can be described as

Q2nd(E) =
dn

dt · dE · dV
= nISM

∫

dECRNCR(ECR)cβCR

(

σ
dn

dE

)

(21)

where NCR(ECR) = dnCR

dECR·dV
(GeV cm3)−1 defined as the differential den-

sity of CR particles (p or α).
(5) Eq. (21) can be changed to

Q2nd(E) = nISM

∑

ECR

∆ECR · NCR(ECR) · cβCR · σ(ECR) ·
dn

dE
(22)

where ECR is given by Eq. (1); σ and dn
dE

are given in matrix forms.
(6) The element of the energy spectrum matrix, Mij, with i = 1, 2 · · ·201 for

the particle energy in the defined energy bin (see formula (6)), j = 1, 2 · · ·
for the generating CR energy defined in formula (1), shows the value of
the resultant particle energy spectrum dn

dE
|E=Ei,ECR=Ej

.
(7) Matrices for multiplicity distribution in function of particle energy cor-

responding to the generating energy is also available.
(8) Each matrix appears in arrangement as spectrum (or multiplicity), par-

ticle type, decay, generating particle, matrix, and data.
(9) file ’espectra gamma.decay.p.matrix.pion0.data’ means the matrix of the

γ-ray energy spectrum contributed by decays of π0 in p-generating inter-
actions;

(10) file ’espectra gamma.direct.p.matrix.data’ menas matrix for the directly
produced γ-rays in p-generating interactions;
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(11) file ’espectra gamma.p.matrix.data’ menas matrix for the matrox of total
γ-ray energy spectrum in p-generating interactions;

(12) The matrices are stored in ragnar:/home/data/hadronproduction/CRpHe.

For detailed discussion, please refer to the article: Gamma-Rays

Produced in Cosmic-Ray Interactions and the TeV-band Spectrum

of RX J1713-3946, by C.-Y. Huang, S.-E. Park, M. Pohl and C. D.

Daniels [6].
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