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Precise direct cosmic-ray (CR) measurements provide an important probe to study the energetic
particle sources in our Galaxy, and the interstellar environment through which these particles propagate.
Uncertainties on hadronic models, ion-nucleon cross sections in particular, are currently the limiting
factor toward obtaining more accurate CR ion flux measurements with calorimetric space-based
experiments. We present an energy-dependent measurement of the inelastic cross section of protons and
helium-4 nuclei (alpha particles) on a Bi4Ge3O12 target, using 88 months of data collected by
the DAMPE space mission. The kinetic energy range per nucleon of the measurement points ranges
from 18 GeV to 9 TeV for protons, and from 5 GeV=n to 3 TeV=n for helium-4 nuclei. Our results
lead to a significant improvement of the CR flux normalization. In the case of helium-4, these results
correspond to the first cross section measurements on a heavy target material at energies above
10 GeV=n.

DOI: 10.1103/PhysRevD.111.012002

I. INTRODUCTION

Recent direct observations of cosmic-ray (CR) nuclei in
a broad energy range, from a few GeV to hundreds of TeV,
have elicited the need for a precise knowledge of hadronic
cross sections. Numerous cross section studies have been
performed by accelerator experiments (see, e.g., [1–10]).
However, for ions heavier than proton, results are generally
scarce and constrained to sub-GeV energies. Space-borne
CR experiments present an excellent avenue to complement
the low-energy measurements from accelerators. They are
continually bombarded by GeV to PeV ions from proton to
beyond iron. As such they can probe the cross section of
various ions over a wide energy range.

The feasibility of such studies has already been dem-
onstrated by the AMS-02 collaboration, who measured the
cross sections of ions with charge 2 ≤ Z ≤ 16 on a carbon
target [11]. There is nonetheless still a strong need for
analyses of complementary targets and energy ranges.
Particularly heavy (A≳ 50) target materials, commonly
present in calorimetric detectors, remain to be probed.
Unlike for light targets, the conversion of cross sections
from one heavy target to the next can be made in a reliable
manner using e.g., the Glauber approach [12,13] account-
ing for the Gribov inelastic screen corrections [14,15].
Hence, measuring the cross section for a single heavy target
is sufficient to provide more accurate cross sections for the
set of all heavy targets.
In this publication, we present a cross section measure-

ment for protons and helium-4 ions (alpha particles) on a
Bi4Ge3O12 target using data from the Dark Matter Particle
Explorer (DAMPE) satellite. These measurements present
an important first step in determining the cross section for
heavy targets. Additionally, they significantly contribute
toward reducing the uncertainties from hadronic models;
which represent one of the primary sources of systematic
uncertainty in CR ion fluxes. To illustrate this point, it will
be demonstrated how our results can aid to determine if
discrepancies in the helium flux previously published by
AMS-02 [16], ATIC-II [17], CALET [18], CREAM [19],
and DAMPE [20,21] could be due to the assumption of
different hadronic cross section models.
In the following, a short description will first be given of

theDAMPEexperiment in Sec. II. Then theGeant4 and FLUKA

models used to simulate CR interactions in the DAMPE
detector will be described in Sec. III, followed by an
overview of the analysis methods in Sec. IV. Finally, the
measurements of the inelastic hadronic cross section of
proton and helium-4 on Bi4Ge3O12 are presented in
Sec. V, alongside a discussion on the impact of these results
on the precision of CR flux measurements.
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II. THE DARK MATTER PARTICLE EXPLORER

The Dark Matter Particle Explorer (DAMPE) was
launched on December 17th, 2015. The spacecraft follows
a Sun-synchronous orbit around Earth at an altitude of
500 km. Its payload, which is always pointed toward the
direction of zenith, consists of four subdetectors stacked
in a layered design. Starting from the direction of zenith,
these are: the Plastic Scintillator Detector (PSD), Silicon-
Tungsten tracKer converter (STK), Bismuth-Germanium-
Oxide calorimeter (BGO), and NeUtron Detector (NUD). A
short overview is given below on the design and function-
ing of each of these four subdetectors. For a more detailed
account of the detector and its in-flight operation, we refer
the reader to [22,23].
PSD. First in line is the plastic scintillator detector, which

measures the ionization energyof incoming charged particles
before they interact inelastically in the detector [24–27]. The
energy loss in PSD can be used to calculate the particle
charge based on the Bethe–Bloch formula, Z ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dE=dx

p
.

Geometrically, the PSDconsists of 82 scintillating bars. Each
bar has a dimension of 10 × 28 × 884 mm3, and a photo-
multiplier tube (PMT) on either side for read-out. PSD bars
are oriented in two staggered double layers, orthogonal to
each other and to the direction of zenith. This design aims to
maximize the detection efficiency ð> 99.75%Þ, allowing
PSD to serve as an anticoincidence shield for gamma-ray
observation, while at the same time providing a granularity
necessary to distinguish primary CRs from backscattered
particles.
STK. Placed after the PSD are 768 single-sided silicon

micro-strip detectors (SSD) [28–31]. These SSDs are
equally distributed over 12 layers, alternately along the
x- and y-direction. Each SSD contains 768 strips with a
width of 48 μm, length of 93.196 mm, and pitch of 121 μm
[30]. The combined signal of the SSDs enables reconstruct-
ing the trajectory of charged particles which pass through
the STK. Additionally, the STK provides a charge meas-
urement complementary to the PSD, and serves to convert
photons into electron-positron pairs thanks to three 1 mm
thick sheets of tungsten located between its central layers.
BGO. Weighting over one ton, DAMPE houses the

heaviest calorimeter of all current CR space missions
[32–34]. Similar to PSD and STK, BGO has a layered design
with 308 bars spread over 14 layers, which alternate between
the x- and y-direction. Each bar is made of a Bi4Ge3O12

composite, has a dimensionof25×25×600mm3, and is read
out by a PMT on either side. Thanks to this extended
calorimeter of 32 radiation lengths, DAMPE can probe CR
ion fluxes up to kinetic energies of hundreds of TeV.
Additionally, as a one ton mass of uniform composition,
BGOserves as an ideal target for the ion-nucleon cross section
measurements performed in this work.
NUD. The last subdetector encountered by particle

showers is the neutron detector [35]. NUD consists of
four boron-loaded plastic scintillators read out by PMTs.

These scintillators enable measuring delayed neutrons from
particle showers in the calorimeter, through the interaction
10Bþ n→7 Liþ αþ γ. Hadronic showers generally pro-
duce around ∼10 times more neutrons than electromagnetic
showers. The main design goal of NUD is to improve
proton discrimination in analyses of the electron flux.
No data from NUD is used in the present analysis.
Figure 1 shows the simulated response of the three

subdetectors used in this work, projected in the xz-plane.
Only half of all bar and strips detectors in DAMPE are
depicted in the figure for clarity, namely those which are
orthogonal to the projection plane.

III. SIMULATION

The cross section measurements presented in this work
rely on the procedure of forward-folding. Specifically, data
collected by the DAMPE satellite is compared to simulated
event samples. By varying the inelastic hadronic cross
section of the simulated events, the measured cross section
is determined as that for which the observables of simulated
events best match the data.
This approach necessitates an accurate modeling of the

interaction of CR ions in the DAMPE experiment. Two
simulation frameworks are considered for this purpose:
Geant4 and FLUKA.

Geant4. Simulations in Geant4 are performed with version
10.05.p01 using the FTFP-BERT physics model below
100 TeV [36–38]. Low energy ions are simulated with the
Bertini intra-nuclear cascade model (BERT). High-energy
ions are treated using a combination of the Fritiof string
(FTF) and Precompound/de-excitation (Preco) models.

FIG. 1. Visualization of a proton CR interacting with the
DAMPE instrument, as simulated with Geant4. The three sub-
detectors which are used in the work: PSD, STK, and BGO; are
shown from top to bottom, along with the true and reconstructed
track directions.
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The transition between these two models occurs in the
interval from 3 GeV to 12 GeV. For simulations above
100 TeV, EPOS LHC [39,40] is used, linked to Geant4

through the CRMC framework [41,42].
FLUKA. Simulations in FLUktuierende KAskade (FLUKA)

are performed with version 2011.2 × 7 [43,44]. Like
Geant4, the hadronic model used in FLUKA depends on
the considered energy range. Low-energy interactions are
treated by the preequilibrium approach to nuclear thermal-
ization (PEANUT) and the resonance production and
decay model. Hadron-hadron and hadron-nucleon inter-
actions from 5 GeV to 20 TeV rely on the dual parton
model (DPM) and Glauber-Gribov model with general-
ized intranuclear cascade (GINC). For heavy ion
interactions above 5 GeV=n, and hadron-hadron and
hadron-nucleus interactions above 20 TeV, FLUKA inter-
faces to DPMJET-III [45–47].
Setup. Simulations in both Geant4 and FLUKA model the

DAMPE experiment with a detailed GDML geometry that is
based on CAD drawings of the satellite [31]. Proton and
helium-4 particles are generated to represent an isotropic flux
of CRs,1 with kinetic energies from 10 GeV to 1 PeV.
Weights are given to events such that their energy spectrum
matches that of the proton and helium-4 flux measured by
DAMPE [20,21,48]. Following the simulation with Geant4 or
FLUKA, a digitization process is applied to simulate the
electronic detector response. After this, the same reconstruc-
tion and trigger algorithms which are used for data are
applied to the simulated events.
Beam-tests. To probe the simulation accuracy, extended

beam-tests were performed at the CERN Proton
Synchrotron (PS) and Super Proton Synchrotron (SPS)
[27,33,49,50]. These studies have shown that in terms of
the BGO energy response, particularly the trigger effi-
ciency [50], transverse shower development [50], and
quenching effect [49]; Geant4 is generally in better agree-
ment with beam-test data than FLUKA. Geant4 is therefore
taken to be the baseline simulation framework of this
analysis. Simulations using FLUKA will be used to verify
the results, and test the systematic uncertainty linked to
the hadronic model.

IV. ANALYSIS

Results presented in this work are based on 88 months of
DAMPE data, collected from May 2016 to September
2023. Standard calibration corrections [26,29,35,51] are
applied to the data prior to the analysis. These corrections
ensure that the detector response is uniform throughout
time, independent of temperature fluctuations during the
orbit and detector aging effects.

A. Event selection

Trigger. The primary DAMPE trigger, used in the
analysis of CR-fluxes, requires an energy deposition
corresponding to 10 minimum ionizing particles (MIP)
in the first four layers of BGO [52]. This criterion aims to
select particles which start showering either before or in the
first BGO layer. Cross sections are measured in this work
by examining the depth at which particles interact inelas-
tically in the calorimeter. It follows that the primary trigger
cannot be used for the current analysis. Instead, the so-
called MIP-trigger is used, which requires an energy
deposition of at least 0.4 MIPs in BGO layers 3, 11 and
13; or in BGO layers 4, 12, and 14 [52]. To avoid
surpassing the detector downlink to Earth, the MIP-trigger
is prescaled by a factor four and only activated when the
satellite’s latitude is within ½−20°; 20°�, where the flux of
low-energy particles is reduced due to shielding by Earth’s
magnetic field. Within that declination band, such shielding
is significantly decreased in the South-Atlantic anomaly
(SAA). Data taken in the SAA are therefore excluded from
the analysis.
Containment. Following the trigger, the first selection

criterion applied to data is that the reconstructed track of the
primary particle should traverse the PSD, STK, and BGO
subdetectors from top to bottom. Side-entering or -exiting
events, which only deposit a partial or no signal in any of
the subdetectors, are thus removed. For this purpose,
machine-learning (ML) based tracking is applied using
data from the BGO and STK subdetectors [53]. Cases in
which producing a reliable track estimate is most chal-
lenging occur mainly for horizontal events, and tracks
which graze the edge of the detector. If the tracking fails to
produce an accurate result, such events could erroneously
be accepted as downgoing contained events. To remove
such sources of background, additional cuts are applied.
Specifically, events are rejected if:

(i) more than 35% of the total BGO energy is contained
within a single layer,

(ii) the bar which has the maximal energy in BGO layer
1, 2, or 3 is one of the outermost bars,

(iii) a one-dimensional χ2 fit of the deposited BGO energy
in the x- and y-direction fails, or when it does not
intersect the top and bottom of the calorimeter,

(iv) No energy was deposited in any of the PSD bars
intersecting the reconstructed primary track.

Lepton rejection. At low energies, leptons form a small
(∼3%) but non-negligible background for proton analyses.
The dominant background flux comes from CR electrons.
Since DAMPE cannot measure the sign of charged par-
ticles, electrons leave a signal almost identical to that of
proton in the PSD and STK subdetectors. However, their
differentiation can be made using the calorimeter. Leptons
induce electromagnetic showers are on average more dense
than hadronic showers. A variable, ζ, that probes the
shower collimation and penetration power has been

1Only down-going primary particles are simulated, as DAMPE
is shielded from below by Earth.
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developed for analyses of the CR electron flux [54]. In this
analysis, a cut is imposed on ζ which reduces the electron
background by > 99% while retaining > 99% of ion
events, as detailed in Appendix A.
Ion selection. For proton and helium, the charge iden-

tification can be performed using either the signal from
PSD or STK. Silicon strips in STK have an effective spatial
readout dimension which is more than two orders of
magnitude smaller than that of PSD. As a result, charge
measurements with STK are much less affected by back-
scattered particles. Proton and helium are therefore selected
in this work based on the signal measured by the STK
subdetector. On the order of 6% (14%) of proton (helium)
particles will interact inelastically before they reach the
STK. In such case, no reliable charge measurement can be
made by the STK. These events interacting early-on are
rejected using an ML-based classifier (see [53] for details).
The STK provides at most 12 estimates of the primary CR

charge, i.e., one for each layer in which the track passes
through an SSD. Themedian of all nonzero charges is said to
be reliable if there are at least six or more layers in which the
charge deviates by less than 0.3 from the median. Figure 2
show the charge distribution of events which pass this
criterion. The contribution from proton and helium are
clearly distinguishable, and a good agreement between data
and simulation is observed. A chargewindow from [0.8, 1.3]
and [1.8, 2.6] is used to select proton and helium, respec-
tively. The combined efficiency of the STK charge cuts is
≥ 85% for proton and helium. After applying all selection
criteria, the background from events not induced by protonor
helium is estimated to be < 0.2% in both cases.

B. Interaction depth classifier

To measure the inelastic hadronic cross section, the
depth in the calorimeter that corresponds to the start of the

hadronic shower is determined for every event. This depth
can be resolved roughly up to the granularity of the
detector. Events are therefore classified into 16 categories.
There is one class for events which interact before BGO,
one class for every layer of the calorimeter, and one class
for events which pass through the entire calorimeter with-
out interacting inelastically.
The classification is done using a boosted decision trees

classifier, based on the XGBoost (XGB) library [55]. As
training input, the XGB classifier is provided with a
mixture of proton and helium events simulated with both
Geant4 and FLUKA. Input variables for the classifier are
primarily based on the rationale that, prior to the inelastic
interaction, a MIP-like signal is deposited along the
primary particle’s track. Additional signals can be observed
above the inelastic interaction due to phenomena such as
Bremsstrahlung photon production or particles from the
shower backscattering upstream. However, these are usu-
ally not directly parallel to the primary’s track, and limited
compared to the actual hadronic shower development.
Once the inelastic interaction takes place, a growing energy
deposition is generally observed as a function of depth up
to the shower maximum. These features led to the iden-
tification of the following 70 input variables used in the
classifier:

(i) 1–14. energy per BGO layer in log10;
(ii) 15–28. energy per BGO layer in log10, excluding the

bar(s) through which the track passes;
(iii) 29–42. energy per unit distance per BGO layer, for

the bar(s) through which the track passes;
(iv) 43–56. shower spread in each BGO layer, defined as

the RMS of the charge per Eq. (A1);
(v) 57–68. charge in every STK layer;
(vi) 69. median STK charge, to easily distinguish the

primary particle’s type;
(viii) 70. reconstructed zenith angle of the primary, to

account for zenithal dependence.
An in-depth overview on the training and performance of

this classifier is provided in Appendix B. Here, we limit the
discussion to stating that the model has an accuracy of 80%
or higher, for proton and helium-4 simulated with either
Geant4 or FLUKA. For the sake of brevity, the point at which a
CR ion is predicted to have its first inelastic interaction will
be referred to as the point at which the event interacts in the
following.

C. Likelihood

Ratio. Using the results of the XGB classifier, a
comparison can be made between the depth at which
CR ions interact in data and Monte Carlo (MC) simula-
tions. For this purpose, the following fraction is considered:

αi ¼
NiP
10
j¼2Nj

2 ≤ i ≤ 10; ð1Þ

FIG. 2. Distribution of the median STK charge of data and
Geant4 simulation after applying the event selection cuts. The
vertical red lines indicate the charge window used to select proton
and helium events.
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whereNi is the number of events interacting in BGO-layer i
for 2 ≤ i ≤ 9. To pool statistics, N10 is taken to be the sum
of events interacting in layer 10 through 14, and events
which pass through the calorimeter without interacting.
Due to the gap in read-out detectors between STK and
BGO, it is challenging to distinguish events which interact
just before or inside the first BGO layer. For this reason, we
consider i ≥ 2. Finally, it is worth noting that normalizing
Ni by the total number of events which reach the second
layer of BGO without interacting, ensures that our result is
not dependent on the potential mismodeling of the cross
sections in detector material upstream of the calorimeter.
Probability. The probability to observe Ni counts in data

is given by the multinomial distribution

L ¼ Ntot!

N2!N3! � � �N10!

Y10
i¼2

αNi
i ; ð2Þ

where αi is derived from simulation based on Eq. (1), and
Ntot ¼

P
10
j¼2 Nj is the total number of events in data that

go into the likelihood. We consider as hypothesis that the
true cross section is that of MC modified by a constant
normalization factor,

σtrueðEÞ ¼ ð1þ κÞ · σMCðEÞ: ð3Þ

Under this assumption, the fractions αi become a function
of the cross section correction factor, κ. This change of
αiðκÞ modifies the value of the likelihood in Eq. (2). To

determine the value of the scaling factor κ which provides
the best match to data, we start by evaluating the value
of the likelihood over a grid of κ with a resolution of 0.01.
A second order polynomial fit is then performed around the
maximum to determine the exact value of κ that maximizes
the likelihood. A visualization of this procedure is shown
in Fig. 3.

D. Reweighting MC

Calculating the values of αiðκÞ and LðκÞ requires
simulation samples in which the cross section has been
varied from the baseline value. Reproducing all existing
proton and helium simulation over grid of κ is very
computationally expensive. An alternative approach is
therefore used in which already existing simulation is
reweighted. Changing the cross section in MC essentially
comes down to shifting the number of events that interact
inelastically as a function of depth in the detector, dN=dz.
A method has been developed to parametrize the distribu-
tion of dN=dz as a function of cross section. This enables
values of αi to be calculated without having to repeat
existing simulations. For full details on the reweighting
procedure, we refer the reader to the Appendix C.

E. Energy dependence

Hadronic inelastic cross sections are measured in this
work as a function of the kinetic energy per nucleon of the
incident particle. The kinetic energy of recorded events is
probed based on the energy deposited in the BGO calo-
rimeter. Hadronic showers deposit on average one third of
the primary kinetic energy in the calorimeter. This fraction
can be significantly lower for ions with energies in excess
of several tens of TeV. At those energies BGO bars can
become saturated, resulting in a null read-out of affected
bars. A ML-based correction [56] is applied to those events
to recover the actual deposited energy.
Proton and helium-4 candidate events are binned based

on their total deposited energy corrected for saturation.
A cross section measurement is performed independently
on the data in every bin. Seven bins are used, ranging from
8 GeV to 10 TeV for proton, and 6 GeV to 10 TeV for
helium. The lower limit in deposited energy is chosen
such that the kinetic energy of primary particles satisfies
Ekin ≥ 10 GeV. The upper limit is determined by statistics,
as will be discussed in detail later on. Figure 4 shows the
kinetic energy distribution for each bin of proton and
helium-4. Good agreement is observed when modeling the
kinetic energy distributions with the convolution of a
Landau and Gaussian density function. The central kinetic
energy at which the cross section is measured is taken to
be the most probable (peak) value of the fitted distribution.
As a measure of variance, the width of the Landau and
Gaussian component are added in quadrature.

FIG. 3. Determination of the rescaling factor, κ, for helium-4
events simulated with Geant4 with deposited energies between
100 GeV and 316 GeV. Full lines show the value of αi, i.e. the
fraction of simulated events interacting in layer-i [see Eq. (1)].
Horizontal dashed lines show the true value, Ni=Ntot, extracted
from data. A square is drawn at the point where data and MC
intersect, indicating the best-fit value for that layer. The value
obtained from the likelihood fit is indicated by the vertical
dashed line.
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F. Uncertainty

Statistics. Before presenting the measured results, an
overview is given on the analysis uncertainties. A statistical
error arises from the use of data counts Ni in the likelihood.
To estimate the effect on our measurement, pseudo-
experiments are realized in which the observed counts Ni
are varied by binomial errors, while keeping the total number
of events Ntot constant. Ten thousand pseudo-trials are
realized, each resulting in a cross section estimate. The
statistical error is taken to be the standard deviation of the
cross sections obtained from these pseudotrials.
Due to the rapidly dropping CR spectrum, roughly

dN=dE ∝ E−2.7, the statistical uncertainty quickly increases

as a function of energy. While below 0.1% at the lowest
energies, it accounts for a relative uncertainty of 20% for
proton and 13% for helium at the highest-energy point.
Statistics thus determine the maximal energy up towhich the
analysis is sensitive.
Analysis procedure. Besides statistical uncertainties,

there are systematic uncertainties related to the assumptions
used in the analysis procedure. An overview of these
uncertainties is shown in Table I. Every systematic is
evaluated separately in each of the seven energy bins. For
the sake of conciseness, the discussion presented here will
focus on the mean values of every category in the case of
proton. For energy-dependent systematic uncertainties
please see the Appendix D.
The dominant contribution relates to diffractive proc-

esses. As they are characterized by small energy losses, the
interaction depth classifier has a reduced accuracy of ∼40%
for this subset of interactions. Due to the limited accuracy
of the classifier and phenomenological uncertainties in
the modeling of hadron-nucleus diffractive processes, an
uncertainty of 3.5% is chosen. This corresponds to the
fraction of inelastic events that are diffractive based on the
hadronic models of Geant4 and FLUKA. The second largest
contribution of 3.3% comes from the interaction depth
classifier. This uncertainty was quantified by developing a
separate convolutional neural network (CNN) based clas-
sifier which uses an image of the calorimeter as input. The
choice for using the XGB classifier as the baseline for the
analysis is that it offers a larger prediction accuracy than
the CNN. Third in line is the uncertainty of 2.6% from
the assumed CR spectrum used to weight simulation. At
energies below a few 100 GeV, excellent agreement
between CR flux measurements of different experiments
[16,21,57] allows for an uncertainty on the spectral index of
0.01 for proton and 0.05 for helium. At larger energies this
uncertainty is increased to 0.1 for both proton and helium.
The fourth largest contribution to the uncertainty relates
to the event selection. Cuts imposed on the STK charge
and the parameters used for the lepton rejection and ion
selection were loosened or restricted. These adjustments
effectively increase or decrease the background contami-
nation, corresponding to an uncertainty of 2.3%. An
important check was to repeat the analysis using events
simulated through FLUKA (MC generator) rather than
Geant4. Changing the hadronic framework influenced the
measurement by less than 1.5%, demonstrating that the
results show only limited dependence on the assumed
hadronic interaction model. A final source of systematics
comes from the absolute energy scale. It has been dem-
onstrated in previous works [58,59] that the DAMPE
energy scale matches hadronic Geant4 simulations to within
1.5%. Implementing such a shift influenced the resulting
cross section on average less than 1%.
Isotopes. The experimental observables to which

DAMPE is sensitive are the absolute charge and total

FIG. 4. Full lines show the distribution in kinetic energy of
proton (top) and helium-4 (bottom) events simulated with Geant4.
Each color corresponds to a different bin in deposited energy as
indicated by the legend. A Landau distribution convoluted with a
Gaussian is fit to every bin, shown by the dashed lines. These fits
determine the reference (peak) value and uncertainty (width) for
the kinetic energies corresponding to each deposited energy bin.

TABLE I. Overview of the systematic uncertainties (see main
text for details). Uncertainties are evaluated separately for the
seven energy bins. The values denoted in this table correspond to
the median of each category.

Variable Proton Helium

Energy scale 0.7% 0.6%
Isotopes <0.9% <1.2%
MC generator 1.5% 1.2%
Event selection 2.3% 1.0%
CR spectrum 2.6% 2.0%
Interaction depth classifier 3.3% 3.2%
Diffraction 3.5% …
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kinetic energy of CR particles. No distinction can thus be
made between isotopes of the same kinetic energy. Cosmic-
ray deuteron therefore forms an irreducible background in
the proton analysis. AMS-02 has measured the flux ratio of
CR deuteron over proton up to a kinetic energy of 20 GeV
[60]. The flux ratio as a function of the total kinetic energy
is less than 2.7% at 20 GeV, and shows a constant trend.
Considering a conservative 3% background of deuteron,
with a cross section that is ∼30% higher than that of proton
[43,44] would lead to an average cross section that is 0.9%
higher than that of pure proton. No correction is made to the
measured result due to the unknown background fraction at
the energies considered in our analysis. The contamination
by deuteron is instead included as a systematic error.
A similar situation holds for the cross section measure-

ment of helium-4, which is contaminated by helium-3 ions.
An extrapolation of measurements by AMS-02 [61] shows
that the helium-3 to helium-4 flux ratio as a function of
kinetic energy is 12% at 20 GeV, dropping to below 4%
above 1 TeV. Assuming a cross section which is 10% lower
[43,44], and a conservative background of 12%, the effect
on the cross section measurement is estimated to be 1.2%.
As for proton, this background is considered as an addi-
tional systematic error.

V. RESULTS AND DISCUSSION

Table II lists an overview of the analysis results. Cross
sections presented in this work correspond to the inelastic
cross section on a Bi4Ge3O12 target. The measurement
includes all inelastic processes with the exception of quasi-
elastic scattering. Since the measurement is less sensitive
to diffraction events, their contribution could be over- or
underestimated. This is reflected in the systematic uncer-
tainties in the case of proton, as described in Sec. IV. In the
case of helium-4, diffraction is assumed to be negligible,

consistent with the predictions by Geant4 and FLUKA. The
normalization of the cross section is taken such that it
describes the average probability for a primary particle to
interact with a single nucleus of the Bi4Ge3O12 target. A
more detailed discussion is now presented, focusing first on
proton and then helium-4.
Proton. Figure 5 visualises the proton cross section

measurement, and provides a comparison to model pre-
dictions and previous results. No measurements have
previously been published for the cross section of proton
on Bi4Ge3O12. Hence, we compare our results to measure-
ments for an alternative heavy target material. Lead is
chosen for this purpose, as it has a relatively well-studied
cross section. To enable comparing the cross section of
different materials, measurements for proton on lead are
scaled by the cross section ratio between Bi4Ge3O12 and
lead in the EPOS LHC model [39,40]. QGSJetII-04
[62,63], DPMJET-III [45–47], and GLISSANDO3 [64]
were also considered for the purpose of rescaling. They
resulted in rescaling factors which are within 3% of EPOS
LHC over the considered energy range. EPOS LHC was
chosen for the final comparison since its correction factor
lies in between that of QGSJetII-04, DPMJET-III, and
GLISSANDO3. The small difference (< 3%) depending on
the chosen models does not influence the interpretation of
our results.
Our analysis points generally overlap with previous

measurements for lead [1–3,8] within the uncertainty range,
yet are observed to be systematically lower. It follows that
the model predictions tend to overshoot our results as they
are tuned to previous measurements. A curious observation
is that a recent (2016) measurement by the CMS

FIG. 5. Inelastic cross section of proton on Bi4Ge3O12 mea-
sured as a function of the center-of-mass energy per nucleon.
Model predictions from EPOS LHC [39,40], QGSJetII-04,
DPMJET-III [45–47], and GLISSANDO3 [64] are shown for
comparison. Additionally, previous measurements for proton on
lead are shown [1–3,8], scaled to the BGO cross section as
explained in the main text. Error bars include both the statistical
and the systematic error.

TABLE II. Measurement of the inelastic hadronic cross section
of proton and helium-4 ions on Bi4Ge3O12.

Sample Ekin=n (GeV) σI � ½stat� � ½sys�ðmbÞ
Proton ð19.2 � 5.9Þ × 100 730� 3 � 30

ð4.2 � 1.3Þ × 101 682� 3 � 29

ð9.8 � 3.1Þ × 101 660� 6 � 36

ð24.0 � 8.5Þ × 101 646� 7 � 41

ð8.1 � 3.3Þ × 102 661� 19 � 56

ð2.7 � 1.2Þ × 103 678� 52 � 72

ð8.6 � 3.8Þ × 103 717� 143 � 67

Helium-4 ð5.0 � 1.2Þ × 100 1077� 6 � 25

ð8.2 � 2.8Þ × 100 1105� 4 � 34

ð21.8 � 6.3Þ × 100 1102� 6 � 41

ð7.1 � 2.1Þ × 101 1137� 10 � 50

ð24.0 � 8.0Þ × 101 1166� 28 � 62

ð8.1 � 2.8Þ × 102 1240� 70 � 79

ð2.8 � 1.1Þ × 103 1318� 169 � 86
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collaboration [8] is also lower than the value expected
based on prior accelerator measurements and the expected
energy dependence of cross section. Our results are thus
more in line with the CMSmeasurement. At energies

ffiffiffiffiffiffiffiffi
sNN

p
below 10 GeV, the three models shown in Fig. 5 reach the
limit of their validity. This is indicated by the observed
deviation in energy evolution between the model predic-
tions and measurements at these energies, and thus is no
real source of discrepancy. Comparing directly to model
predictions, EPOS LHC and GLISSANDO3 are observed
to show the best agreement due to their slightly lower
normalization compared QGSJetII-04 and DPMJET-III.
Helium. In the case of helium-4, our results provide the

first cross section measurement on a heavy target material
at kinetic energies above 10 GeV=n. Figure 6 shows a
comparison to model predictions and to previous measure-
ments [4–6,11]. Limited cross section measurements exist
for helium-4 ions on heavy materials above 1 GeV. Our
results are therefore compared to a light carbon target, for
which more measurements are available. As in the case of
proton, data points for carbon targets are rescaled to a
Bi4Ge3O12 target based on the cross section ratio in the
EPOS LHC model. Figure 6 shows that good agreement is
observed between our and previous measurements. The
increase in cross section as a function of energy is observed
to be slightly stronger than the model predictions, though
within the uncertainties of the analysis. We find that the
GLISSANDO3 model undershoots the measurement over
the full energy range. At the lowest energy, EPOS LHC and
QGSJetII-04 agree slightly better with themeasurement than
DPMJET-III due to their lower normalization. Combining
observations of proton and helium-4, EPOS LHC thus offers
the best overall agreements to our measurements.
EAS measurements. Extensive Air Shower (EAS) experi-

ments have probed the inelastic proton-air cross section

over a kinetic energy range that spans more than eight
orders of magnitude [65–75]. Air mainly consists of
nitrogen (A ¼ 14), making it a target material that is very
different from Bi4Ge3O12 for which proton interactions are
mostly with bismuth (A ¼ 209). A direct comparisons
between proton-BGO and proton-air measurements, as
shown in Fig. 7, is thus more dependent on the assumed
scaling model than in the case of lead (A ¼ 207). DPMJET-
III was chosen to relate the BGO and air cross sections, as its
scaling factor was in between that of QGSJetII-04, EPOS
LHC and GLISSANDO3, with deviations up to 6.5%.
Measurements by ARGO-YBJ [74] and KASCADE [75]
in the same energy range are in excellent agreement with our
results. In accordance they indicate that model predictions
have a tendency to overestimate the inelastic cross section in
the energy range 30 GeV≲ ffiffiffiffiffiffiffiffi

sNN
p ≲ 3 TeV.

CR flux normalization. Accurate cross section measure-
ments are of vital importance for the precise measurement
of CR fluxes. Given the observed count N of incident CR
particles, the flux averaged over an energy bin of width ΔE
is given by

ΦðE → Eþ ΔEÞ ¼ N
Aeff · ΔE · δt

; ð4Þ

where Aeff is the effective detector acceptance in units
m2 sr and Δt the live time of the measurement. For
calorimetric experiments such as DAMPE, the energy of
incident CRs can only be measured if the CR at some point
interacts inelastically in the detector. Standard selection

FIG. 6. Results of the energy dependent analysis for helium-4
ions on Bi4Ge3O12, compared to previous measurements [4–6,11]
for carbon targets (scaled) and model predictions [39,40,45–
47,64]. Error bars include the statistical and systematic uncertainty.

FIG. 7. Comparison between our results for proton on BGO, the
measurements from EAS experiments for proton-air interactions
[65–75], and model predictions [39,40,45–47,64].
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criteria therefore ensure that an inelastic interaction occurs,
e.g., by imposing a lower limit on the total deposited
energy. The result of applying these criteria is that the
effective acceptance scales, to first order linearly, with
the inelastic cross section. It follows from Eq. (4) that the
overall normalization of the flux will be too low (high), if
the modeled cross section is too high (low). Since the
calorimeter forms the bulk of detector material, this effect is
strongly dependent on accurately modeling the cross
section of the calorimetric material, in our case Bi4Ge3O12.
Figure 8 shows the ratio of Aeff between Geant4 and

FLUKA for an analysis of the proton and helium flux with
DAMPE. Dashed lines indicate the default ratio, while full
lines show the ratio when the cross section in MC has been
scaled to the measured result. The default ratio for proton is
within 5% at the considered energies, with an average
deviation of 2.3%. After the correction the ratio is sys-
tematically lower and closer to unity, with an average
deviation of 1.2%. A much stronger effect is observed for
helium-4. FLUKA by default has a cross section which is
12% to 14% larger than that of Geant4 for kinetic energies
between 10 GeV=n and 105 GeV=n. The default accep-
tance from FLUKA is on average 14.5% larger than that of
Geant4, in large part due to its higher cross section. After
setting the cross sections of both frameworks to the
measured result, the average difference in acceptance
decreases to 8.1%, exhibiting a significant improvement.
Roughly half of the discrepancy of the Geant4-FLUKA flux
normalization can thus be resolved by correcting the BGO
cross section. Since the cross section of other detectors
components were not corrected, we do not yet expect a
perfect agreement. Additionally, differences in the physics
model, particularly the multiplicity and energy distribution
of secondary particles, are expected to cause the effective
acceptance of Geant4 and FLUKA to deviate from each other
even after correcting all cross sections. Combined, these

effects are expected to account for the remaining 8.1%
differences.
Comparisons between the helium flux measurements of

different experiments (see, e.g., [21]) show that the spectra
generally follow the same energy dependence, but are
shifted by a constant normalization factor. These shifts are
within the uncertainty of the hadronic models, which forms
the dominant systematic. Measurements from different
experiments [16–21,48] typically rely on different simu-
lation models. These include Geant4 (AMS-02, DAMPE),
EPICS (CALET) [76,77], and FLUKA (ATIC, CALET,
CREAM, DAMPE). Figure 8 suggests that the observed
discrepancies in the normalization of the helium flux can be
largely due to the different hadronic simulation models
which are used to interpret the measurements. Improving
the precision of CR flux measurements and resolving these
discrepancies necessitates improving the accuracy of had-
ronic models. A better knowledge of inelastic cross
sections, as presented in this work, forms an important
step toward reaching this goal.

VI. CONCLUSIONS AND OUTLOOK

In this work we presented the first cross section
measurements performed with the DAMPE experiment.
Eighty-eight months of data were analyzed to study the
interaction of proton and helium-4 CR ions on a Bi4Ge3O12

target. An unbinned likelihood analysis was used to
determine the value of the inelastic hadronic cross section.
In the case of proton, the cross section was measured from
19 GeV to 9 TeV, while for helium the measurement
spanned an energy range from 5 GeV=n to 3 TeV=n. These
are the first cross section measurements for proton on
Bi4Ge3O12, and the first measurement for helium-4 ions at
these energies for any heavy target material. Accurate
measurements of the proton and helium-4 cross section
form an important step toward improving the accuracy of
CR flux measurements. We demonstrated that applying a
correction for the measured cross sections improves the
discrepancies in CR flux normalization of proton and
helium by 1.1% and 6.4%, respectively.
The methods developed for this analysis can be extended

to other CR ions. Particularly CR particles such as carbon
and oxygen are good targets due to their relatively high
fluxes. Such analyses would require a significant modifi-
cation of the event selection criteria due to the saturation
effect of high-charge particles in the DAMPE tracker. We
foresee to extend the cross section measurements to more
ions in the future. On longer timescales, we note the
potential of future space missions to extend the cross
section measurement of CR ions to higher energies. In
particular, the planned HERD experiment [78] will increase
the rate at which high-energy ions are detected by more
than 1 order of magnitude, enabling cross section mea-
surements at energies which are unreachable by the current
generation of space experiments.

FIG. 8. Ratio of the effective acceptance in DAMPE analyses of
the proton and helium flux, when comparing FLUKA to Geant4.
Dashed and full lines show the default ratio and cross section
corrected ratio, respectively. When including the correction from
the energy integrated analysis, a better overall agreement is
observed between the two simulation frameworks.
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APPENDIX A: LEPTON REJECTION

The DAMPE experiment is continually bombarded by a
variety cosmic-ray (CR) particles. For the analysis of the
proton and helium-4 inelastic cross section, CR leptons
form a small yet non-negligible background. Events
induced by CR photons can easily be removed due to
their lack of charge deposited in the plastic scintillator
detector (PSD). Events induced by CR electrons and
positrons, however, are more difficult to reject as they
deposit a charge signal identical to that of proton. To
distinguish protons from charge �e leptons, a variable has
been developed in previous work [54] which probes the
collimation and depth of the particle shower in the bismuth-
germanium-oxide (BGO) calorimeter.
Collimation. Each of the 14 layers of the BGO calo-

rimeter comprises 22 adjacent bars. The root-mean-square
(RMS) spread of energy within layer j is defined as

RMSj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

22
i¼1 Eij · ðxij − xCOG

j Þ2P
22
i¼1 Eij

s
; ðA1Þ

where Eij is the energy measured in bar i of layer j, xij is
the horizontal coordinate of that bar, and xCOG

i is the center-
of-gravity (COG) in layer j. The COG is defined as

xCOG
j ¼

8<
:

xmj if m ¼ 1 or m ¼ 22;P
mþ1

i¼m−1
Eij·xijP

mþ1

i¼m−1
Eij

if 2 ≤ m ≤ 21;
ðA2Þ

where m is the index of the bar with the maximal energy
measured in layer j.
Depth. As a measure of how far the particle shower

penetrated in the BGO calorimeter, we consider the ratio

FL ¼ EL=Etot; ðA3Þ

where EL is the energy measured in the last layer of the
calorimeter which has nonzero energy, and Etot is the total
energy summed over all 308 bars of the calorimeter.
Combined. Electromagnetic showers are more colli-

mated, and shorter in comparison to hadronic showers.
For these reasons, both RMSj and FL are smaller for
electromagnetic showers. As presented in previous work
[54], the product

ζ ¼
�X14

j¼1

RMSj

�4

· FL; ðA4Þ

shows a strong separation power to distinguish electro-
magnetic from hadronic showers. The distribution of ζ in
data after containment cuts is shown in Fig. 9. Two
contributions are clearly distinguishable from leptons (left)
and hadrons (right). A cut ζ > 20 mm4 is used to remove
the leptonic background.

APPENDIX B: INTERACTION DEPTH
CLASSIFIER

The cross section measurements in this work rely on
predicting the depth at which particles interact inelastically
in the calorimeter. This prediction is made using an
XGBoost (XGB) classifier [55]. A brief description of
the input and output parameters of the classifier is provided

FIG. 9. Distribution of the ζ variable, defined in Eq. (A4), for
data after events applying the containment cuts. The small peak
on the left is due to the leptonic background, mostly comprised of
electrons. A conservative cut ζ > 20 mm4 is imposed to remove
these events from our analysis.
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in the main article. In this section, additional details are
provided on the classifier training and performance.
Training. Simulations were carried out for proton and

helium-4 with both Geant4 and FLUKA. Prior to training, the
same event selection described in the paper was applied to
the Monte Carlo (MC) events, with two distinctions.
(1) The true direction of the primary was used to

determine if the event is fiducially contained, rather
than the reconstructed STK track.

(2) No cut was placed on the median STK charge, to
enable selecting both proton and helium at the same
time.

Table III shows the energy range for each of the four
samples, and their statistics after the event selection.
Roughly equal number of simulated events are used in
the training process, except for proton-FLUKA which was
limited by the total size of the simulation set.
Good convergence was observed when setting the XGB

hyperparameters to: a maximal tree depth of 0.8, a sub-
sampling of 0.8, a column subsampling of 0.5 per tree, and
the softmax training objective. Figure 10 shows the loss
function as a function of the number of trees or iterations. A
learning rate of 0.1 was used for the first half of the training,
which was lowered to 0.03 for the latter half. After two

thousand iterations, the model is observed to stagnate, with
minimal difference between the loss function of the training
and validation sample.
Performance. Figure 11 shows the accuracy of the

trained classifier on proton simulated with Geant4 (similar
results are obtained for helium and FLUKA). Good con-
vergence is observed. Misclassified events also shown to be
most likely classified into an adjacent bin. The fraction of
events that is correctly classified per truth bin is shown in
Fig. 12 for all four categories. As noted in the main text, it
can be challenging to differentiate between events that
interact before or in the first layer of BGO. A lower
accuracy is therefore observed in the first bin. Following

TABLE III. Energy range of the four samples used to train the
XGB classifier. Counts correspond to the number of events that
were used in the training process.

Sample Framework Energy range Counts

Proton Geant4 10 GeV–1 PeV 3,171,334 (35.8%)
Proton FLUKA 10 GeV–1 PeV 517,121 (5.8%)
Helium Geant4 10 GeV–500 TeV 2,757,538 (31.1%)
Helium FLUKA 10 GeV–500 TeV 2,417,593 (27.3%)

FIG. 10. Value of the multi-class loss function as a function of
the number of training steps. The training sample is shown to
have converged, while also remaining consistent with the
validation sample.

FIG. 11. Correlation between the true category to which an
event belongs, and the category predicted by the classifier. The
color scale shows the number events, in this case proton
simulated with Geant4.

FIG. 12. Fraction of events for which the classifier correctly
predicts the category, as a function of the true category. Excluding
the first two bins and grouping the last 6 bins, an accuracy of
≥ 80% is obtained in all cases.
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the first two bins, a consistent accuracy is observed above
78% for all four samples. After the 10th bin, a drop in
accuracy is again observed due to the very limited number
of events that interact in the last layers of BGO. For this
reason, the last six categories are grouped into a single bin
in the analysis.
Aside from a high accuracy, an important requirement

of the classifier is that it does not introduce any bias. If
misclassified events are more likely to fall before/after the
true bin, this would shift the observed distribution, poten-
tially leading to artificially higher or lower cross sections.
Figure 13 shows the ratio Ni=

P
10
j¼2 for proton simulated

with Geant4. Little to no bias is observed. Similar results
hold for helium and simulation with FLUKA. To mitigate the
potential impact of any minimal yet nonzero bias on our
measurements, the likelihood procedure also uses the
predicted rather than true number of events per category
for MC, to allow a fair comparison to data for which only
the prediction is available.

APPENDIX C: CROSS SECTION REWEIGHTING

Method. A procedure has been developed to reweight
existing samples to different cross sections. The computa-
tionally laborious process of resimulating MC samples over
a grid of cross sections can thus be avoided. Modifications
to the cross section effectively change the depth at which
particles interact inelastically in the detector. A scale factor,
κ, is introduced to quantify the change in cross section

σtrueðEÞ ¼ ð1þ κÞ · σMCðEÞ: ðC1Þ

Prior to any modification (κ ¼ 0), the probability density
for a particle to interact at a depth z is given by

ϕðz; κ ¼ 0Þ ¼ dP
dz

ðz; κ ¼ 0Þ: ðC2Þ

The cumulative fraction of particles that interact inelasti-
cally before reaching a depth z is given by

Φðz; κ ¼ 0Þ ¼
Z

z

zmin

dz0ϕðz0; κ ¼ 0Þ; ðC3Þ

where zmin marks the start of the BGO calorimeter.
Assuming a simplified scenario in which all particle are
vertically down-going and have the same energy, this
cumulative distribution will follow an exponential decay

Φðz; κ ¼ 0Þ ¼ 1 − exp ðn · σ · zÞ; ðC4Þ

where n is the total number of bismuth, germanium, and
oxygen nuclei per unit volume; and σ is the cross section. It
follows from Eq. (C4) that a change to the cross section
(κ ≠ 0) leads to the following change in the cumulative
distribution

Φðz; κÞ ¼ 1 − ½1 −Φðz; κ0 ¼ 0Þ�1þκ: ðC5Þ

From this result, Φðz; κÞ can be derived with respect to z to
find the value of ϕðz; κÞ. Assuming an MC sample which
has been simulated with κ0 ¼ 0, it follows that the weight-
ing factor required to modify the cross section by a fraction
κ is given by

wðzÞ ¼ ϕðz; κÞ
ϕðz; κ0 ¼ 0Þ : ðC6Þ

Figure 14 shows an example of the weights simulated for
proton interacting with BGO in Geant4 when κ ¼ 0.5. Prior

FIG. 13. Fraction of true and predicted events in each category
for proton simulated with Geant4. An excellent agreement is
observed, indicating that there is a minimal bias between the true
and predicted number of events per class.

FIG. 14. Weights attributed to 1 TeV proton primaries in Geant4
when increasing the cross section by 50%. Minor steps can be
observed every 29 mm in the curve due to the gap in between the
BGO layers.
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to BGO (z < 44 mm) the weights are unchanged. At the
start of the calorimeter, a weight of 1.5 is obtained as
particles are 50% more likely to interact. Further along in
the calorimeter, the weight drops as more initial interactions
implies that there are less particles left to interact at a later
stage. Below the calorimeter (z > 450 mm), the weight is
constant again.
Generalization. The method described above applies

only when all incident particles are of the same type, and
when they have the same energy and incident angle. To
generalise the procedure, events of a fixed primary type are
binned as a function of energy and incident angle. For each
category of events, numerical histograms are produced of

the depth at which events interact inelastically. After
applying the reweighting procedure, a characterization is
obtained of wðzÞ for that particular bin.
Weights of arbitrary events are computed by considering

the true kinetic energy, incident angle, and interaction point
of the event ðE; θ; zÞ; and making a 3D interpolating over
the constructed histograms. Figure 15 visualises this
procedure. For the sake of clarity the primary is assumed
to be a proton particle with a fixed energy of 17.8 GeV.
Hence, Fig. 15 shows a 2D projection of the event weight as
a function of θ and z.

APPENDIX D: ENERGY DEPENDENT
UNCERTAINTIES

Figures 16 and 17 show the relative statistical and
systematic error of the analysis as a function of energy

FIG. 15. Visualization of how the raw 3 dimensional histo-
grams ðE; θ; zÞ are interpolated to enable computing the weight
for arbitrary events. The top figure show the histograms for a
single energy bin (10–31.6 GeV) in case of a proton primary
when increasing the cross section by 50%. The bottom figure
shows the same histogram, but smoothed out using bilinear
interpolation.

FIG. 16. Overview of the relative systematic errors for each of
the seven energy bins in the proton analysis.

FIG. 17. Overview of the relative systematic errors for each of
the seven energy bins in the helium-4 analysis.
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for proton and helium-4, respectively. The interaction depth
classifier is found to be the dominant contribution to the
total systematic error in 3 out of 7 bins for both proton and
helium-4, showing a generally increasing trend as a
function of energy. This increase is attributed in large part
to energetic back-scattered particles in high-energy show-
ers. Such particles can lead to significant energy deposi-
tions in the calorimeter above the shower, thus making it
more challenging to determine the exact depth at which the
inelastic interaction of the primary particle occurred.
An increasing trend as a function of energy is also

observed for the systematic uncertainty related to the
spectral index and event selection. This feature is by design
in case of the spectral index. Very accurate observations of
the CR flux at energies below the break at ∼500 GeV
(proton) and ∼1 TeV (helium) enable smaller uncertainties
on the spectral index used to weight MC than at higher
energies. In case of the event selection, the effect is likely
again related to the increased number of back-scattered

particles in high-energy events. These backscatters make
identifying the primary track in the STK detector more
challenging, affecting both the selection efficiency and
background of the candidate proton or helium-4 events
selected from data.
No distinctive energy dependence is observed when

changing the MC generator, i.e., when comparing simu-
lation produced by Geant4 and FLUKA. On the contrary, a
dependence is seen for the energy scale, which has its
largest uncertainty for the lowest energy bin. This effect is
related to the shape of the input spectrum. At a rigidity of
roughly 20 GV, a sharp break is observed in the spectrum
due to the geomagnetic cutoff [79,80]. A relatively small
mismodeling of the average energy that CRs deposit in the
calorimeter could therefore have a non-negligible impact
on our measurement in the lowest energy bin. At higher
energies, spectral features are much less strong than the
geomagnetic cutoff, and the uncertainty on the energy scale
becomes ≪ 1%.

[1] S. Denisov, S. Donskov, Y. Gorin, R. Krasnokutsky, A.
Petrukhin, Y. Prokoshkin, and D. Stoyanova, Absorption
cross sections for pions, kaons, protons and antiprotons on
complex nuclei in the 6 to 60 GeV=c momentum range,
Nucl. Phys. B61, 62 (1973).

[2] A. S. Carroll et al., Absorption cross section of π�, K�,
p and p̄ on nuclei between 60 and 280 GeV/c, Phys. Lett.
80B, 319 (1979).

[3] V. V. Avakian, S. P. Gevorkian, V. M. Zhamkochian, G. V.
Karagezian, M. I. Keropian, E. A. Mamidzhanian, and R. M.
Martirosov, Determining inelastic interaction cross sections
for nucleons and pions incident on carbon and lead nuclei at
0.5-TeV–5-TeV, Bull. Russ. Acad. Sci. Phys. 50N11, 4
(1986).

[4] J. Jaros et al., Nucleus-nucleus total cross sections for light
nuclei at 1.55 and 2.89 GeV=c per nucleon, Phys. Rev. C
18, 2273 (1978).

[5] V. G. Ableev, V. A. Bodyagin, and R. Dymarz, Alpha-
nucleus differential cross section at 445 GeV=c per nucleon,
Acta Phys. Pol. B 16, 913 (1985).

[6] I. Tanihata et al., Measurements of interaction cross
sections and radii of He isotopes, Phys. Lett. 160B, 380
(1985).

[7] CMS Collaboration, Measurement of the inelastic proton-
proton cross section at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys.
07 (2018) 161.

[8] CMS Collaboration, Measurement of the inelastic cross
section in proton-lead collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV,
Phys. Lett. B 759, 641 (2016).

[9] LHCb Collaboration, Measurement of the inelastic pp
cross-section at a centre-of-mass energy of 13 TeV, J. High
Energy Phys. 06 2018100 (2018).

[10] ATLAS Collaboration, Measurement of the inelastic
proton–proton cross-section at

ffiffiffi
s

p ¼ 7 TeV with the
ATLAS detector, Nat. Commun. 2, 463 (2011).

[11] Q. Yan, V. Choutko, A. Oliva, and M. Paniccia, Measure-
ments of nuclear interaction cross sections with the Alpha
Magnetic Spectrometer on the International Space Station,
Nucl. Phys. A996, 121712 (2020).

[12] R. J. Glauber, Cross sections in deuterium at high energies,
Phys. Rev. 100, 242 (1955).

[13] R. J. Glauber, High-energy collision theory, in Lectures
in Theoretical Physics edited by W. E. Brittin et al.
(Interscience, New York, 1959), Vol. I, p. 315.

[14] V. N. Gribov, Glauber corrections and the interaction be-
tween high-energy hadrons and nuclei, Sov. J. Exp. Theor.
Phys. 29, 483 (1969).

[15] V. N. Gribov, A Reggeon diagram technique, J. Exp. Theor.
Phys. 26, 414 (1968).

[16] M. Aguilar et al., The Alpha Magnetic Spectrometer (AMS)
on the International Space Station: Part II—Results from the
first seven years, Phys. Rep. 894, 1 (2021).

[17] A. D. Panov et al., Energy spectra of abundant nuclei of
primary cosmic rays from the data of ATIC-2 experiment:
Final results, Bull. Russ. Acad. Sci. Phys. 73, 564 (2009).

[18] CALET Collaboration, Direct measurement of the cosmic-
ray helium spectrum from 40 GeV to 250 TeV with the
calorimetric electron telescope on the International Space
Station, Phys. Rev. Lett. 130, 171002 (2023).

[19] Y. S. Yoon et al., Proton and helium spectra from the
CREAM-III flight, Astrophys. J. 839, 5 (2017).

[20] F. Alemanno et al., Measurement of the cosmic ray helium
energy spectrum from 70 GeV to 80 TeV with the dampe
space mission, Phys. Rev. Lett. 126, 201102 (2021).

HADRONIC CROSS SECTION MEASUREMENTS WITH THE … PHYS. REV. D 111, 012002 (2025)

012002-15

https://doi.org/10.1016/0550-3213(73)90351-9
https://doi.org/10.1016/0370-2693(79)90226-0
https://doi.org/10.1016/0370-2693(79)90226-0
https://doi.org/10.1103/PhysRevC.18.2273
https://doi.org/10.1103/PhysRevC.18.2273
https://doi.org/10.1016/0370-2693(85)90005-X
https://doi.org/10.1016/0370-2693(85)90005-X
https://doi.org/10.1007/JHEP07(2018)161
https://doi.org/10.1007/JHEP07(2018)161
https://doi.org/10.1016/j.physletb.2016.06.027
https://doi.org/10.1007/JHEP06(2018)100
https://doi.org/10.1007/JHEP06(2018)100
https://doi.org/10.1038/ncomms1472
https://doi.org/10.1016/j.nuclphysa.2020.121712
https://doi.org/10.1103/PhysRev.100.242
https://doi.org/10.1016/j.physrep.2020.09.003
https://doi.org/10.3103/S1062873809050098
https://doi.org/10.1103/PhysRevLett.130.171002
https://doi.org/10.3847/1538-4357/aa68e4
https://doi.org/10.1103/PhysRevLett.126.201102


[21] A. Ruina et al., Analysis of individual cosmic-ray proton
and helium fluxes towards PeV energies with DAMPE,
Proc. Sci. ICRC2023 (2023) 170.

[22] DAMPE Collaboration, The DArk Matter Particle Explorer
mission, Astropart. Phys. 95, 6 (2017).

[23] DAMPE Collaboration, The on-orbit calibration of
DArk Matter Particle Explorer, Astropart. Phys. 106, 18
(2019).

[24] Y. Yu et al., The plastic scintillator detector for DAMPE,
Astropart. Phys. 94, 1 (2017).

[25] T. Dong et al., Charge measurement of cosmic ray nuclei
with the plastic scintillator detector of DAMPE, Astropart.
Phys. 105, 31 (2019).

[26] M. Ding et al., Calibration of the DAMPE plastic scintillator
detector and its on-orbit performance, Res. Astron.
Astrophys. 19, 047 (2019).

[27] Y. Zhang et al., Results of heavy ion beam tests of DAMPE
plastic scintillator detector, Nucl. Instrum. Methods Phys.
Res., Sect. A 953, 163139 (2020).

[28] A. Tykhonov et al., In-flight performance of the DAMPE
silicon tracker, Nucl. Instrum. Methods Phys. Res., Sect. A
924, 309 (2019).

[29] A. Tykhonov et al., Internal alignment and position reso-
lution of the silicon tracker of DAMPE determined with
orbit data, Nucl. Instrum. Methods Phys. Res., Sect. A 893,
43 (2018).

[30] P. Azzarello et al., The DAMPE silicon–tungsten tracker,
Nucl. Instrum. Methods Phys. Res., Sect. A 831, 378 (2016).

[31] A. Tykhonov, V. Gallo, X. Wu, and S. Zimmer,
Reconstruction software of the silicon tracker of DAMPE
mission, J. Phys. Conf. Ser. 898, 042031 (2017).

[32] Z. Zhang et al., The calibration and electron energy
reconstruction of the BGO ECAL of the DAMPE detector,
Nucl. Instrum. Methods Phys. Res., Sect. A 836, 98 (2016).

[33] Y. Wei et al., Performance of the DAMPE BGO calorimeter
on the ion beam test, Nucl. Instrum. Methods Phys. Res.,
Sect. A 922, 177 (2019).

[34] Y.-L. Zhang et al., A high dynamic range readout unit for a
calorimeter, Chin. Phys. C 36, 71 (2012).

[35] Y.-Y. Huang, T. Ma, C. Yue, Y. Zhang, M.-S. Cai, J. Chang,
T.-K. Dong, and Y.-Q. Zhang, Calibration and performance
of the neutron detector onboard of the DAMPE mission,
Res. Astron. Astrophys. 20, 153 (2020).

[36] S. Agostinelli et al., Geant4–a simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[37] J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53, 270 (2006).

[38] J. Allison et al., Recent developments in Geant4, Nucl.
Instrum. Methods Phys. Res., Sect. A 835, 186 (2016).

[39] K. Werner, The hadronic interaction model EPOS, Nucl.
Phys. B, Proc. Suppl. 175–176, 81 (2008).

[40] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner, EPOS LHC: Test of collective hadronization with
data measured at the CERN Large Hadron Collider, Phys.
Rev. C 92, 034906 (2015).

[41] R. Ulrich, T. Pierog, and C. Baus, The cosmic ray
Monte Carlo package, Zenodo v2.0.1, 10.5281/zenodo
.4558705 (2021).

[42] A. Tykhonov et al., TeV-PeV hadronic simulations with
DAMPE, Proc. Sci. ICRC2019 (2021) 243.

[43] T. Böhlen, F. Cerutti, M. Chin, A. Fassò, A. Ferrari, P.
Ortega, A. Mairani, P. Sala, G. Smirnov, and V. Vlachoudis,
The FLUKA Code: Developments and challenges for high
energy and medical applications, Nucl. Data Sheets 120,
211 (2014).

[44] A. Fassò, A. F. P. Sala, and J. Ranft, FLUKA: A multi-particle
transport code, CERN, Technical Report: INFN/TC_05/11,
SLAC-R-77, 2005.

[45] R. Engel, Photoproduction within the two component dual
parton model. 1. Amplitudes and cross-sections, Z. Phys. C
66, 203 (1995).

[46] S. Roesler, R. Engel, and J. Ranft, The Monte Carlo event
generator DPMJET-III, in International Conference on
Advanced Monte Carlo for Radiation Physics, Particle
Transport Simulation Applications (2000), pp. 1033–1038.

[47] A. Fedynitch, Cascade equations and hadronic interactions
at very high energies, Ph.D. thesis, KIT, Karlsruhe,
Dept. Phys., 2015.

[48] Q. An et al., Measurement of the cosmic ray proton
spectrum from 40 GeV to 100 TeV with the dampe satellite,
Sci. Adv. 5, eaax3793 (2019).

[49] Z.-F. Chen, C. Yue, W. Jiang, M.-Y. Cui, Q. Yuan, Y. Wang,
C. Zhao, and Y.-F. Wei, BGO quenching effect on spectral
measurements of cosmic-ray nuclei in DAMPE experiment,
Nucl. Instrum. Methods Phys. Res., Sect. A 1055, 168470
(2023).

[50] W. Jiang et al., Comparison of proton shower developments
in the BGO calorimeter of the dark matter particle explorer
between Geant4 and FLUKA simulations, Chin. Phys. Lett. 37,
119601 (2020).

[51] L. Wu et al., Calibration and status of the 3-D imaging
calorimeter of DAMPE for cosmic ray physics on orbit,
IEEE Trans. Nucl. Sci. 65, 2007 (2018).

[52] Y.-Q. Zhang, J.-H. Guo, Y. Liu, C.-Q. Feng, Y.-L. Zhang,
T.-K. Dong, J.-J. Zang, and C. Yue, Design and on-orbit
status of the trigger system for the DAMPE mission, Res.
Astron. Astrophys. 19, 123 (2019).

[53] A. Tykhonov et al., A deep learning method for the
trajectory reconstruction of cosmic rays with the DAMPE
mission, Astropart. Phys. 146, 102795 (2023).

[54] DAMPE Collaboration, Direct detection of a break in the
teraelectronvolt cosmic-ray spectrum of electrons and posi-
trons, Nature (London) 552, 63 (2017).

[55] T. Chen and C. Guestrin, XGBoost: A scalable tree boosting
system, in Proceedings of the 22nd ACM SIGKDD
International Conference on Knowledge Discovery and
Data Mining, KDD ’16 (2016), pp. 785–794.

[56] M. Stolpovskiy, X. Wu, A. Tykhonov, M. Deliyergiyev, C.
Perrina, M. Muñoz Salinas, D. Droz, A. Ruina, and E.
Catanzani, Machine learning-based method of calorimeter
saturation correction for helium flux analysis with DAMPE
experiment, J. Instrum. 17, P06031 (2022).

[57] O. Adriani et al. (CALET Collaboration), Observation of
spectral structures in the flux of cosmic-ray protons from
50 GeV to 60 TeV with the calorimetric electron telescope
on the International Space Station, Phys. Rev. Lett. 129,
101102 (2022).

[58] A. Zang, C. Yue, and X. Li, Measurement of absolute
energy scale of ECAL of DAMPE with geomagnetic rigidity
cutoff, Proc. Sci. ICRC2017 (2017) 197.

F. ALEMANNO et al. PHYS. REV. D 111, 012002 (2025)

012002-16

https://doi.org/10.22323/1.444.0170
https://doi.org/10.1016/j.astropartphys.2017.08.005
https://doi.org/10.1016/j.astropartphys.2018.10.006
https://doi.org/10.1016/j.astropartphys.2018.10.006
https://doi.org/10.1016/j.astropartphys.2017.06.004
https://doi.org/10.1016/j.astropartphys.2018.10.001
https://doi.org/10.1016/j.astropartphys.2018.10.001
https://doi.org/10.1088/1674-4527/19/3/47
https://doi.org/10.1088/1674-4527/19/3/47
https://doi.org/10.1016/j.nima.2019.163139
https://doi.org/10.1016/j.nima.2019.163139
https://doi.org/10.1016/j.nima.2018.06.036
https://doi.org/10.1016/j.nima.2018.06.036
https://doi.org/10.1016/j.nima.2018.02.105
https://doi.org/10.1016/j.nima.2018.02.105
https://doi.org/10.1016/j.nima.2016.02.077
https://doi.org/10.1088/1742-6596/898/4/042031
https://doi.org/10.1016/j.nima.2016.08.015
https://doi.org/10.1016/j.nima.2018.12.036
https://doi.org/10.1016/j.nima.2018.12.036
https://doi.org/10.1088/1674-1137/36/1/012
https://doi.org/10.1088/1674-4527/20/9/153
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nuclphysbps.2007.10.012
https://doi.org/10.1016/j.nuclphysbps.2007.10.012
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.5281/zenodo.4558705
https://doi.org/10.5281/zenodo.4558705
https://doi.org/10.22323/1.358.0143
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.1007/BF01496594
https://doi.org/10.1007/BF01496594
https://doi.org/10.1126/sciadv.aax3793
https://doi.org/10.1016/j.nima.2023.168470
https://doi.org/10.1016/j.nima.2023.168470
https://doi.org/10.1088/0256-307X/37/11/119601
https://doi.org/10.1088/0256-307X/37/11/119601
https://doi.org/10.1109/TNS.2018.2814619
https://doi.org/10.1088/1674-4527/19/9/123
https://doi.org/10.1088/1674-4527/19/9/123
https://doi.org/10.1016/j.astropartphys.2022.102795
https://doi.org/10.1038/nature24475
https://doi.org/10.1088/1748-0221/17/06/P06031
https://doi.org/10.1103/PhysRevLett.129.101102
https://doi.org/10.1103/PhysRevLett.129.101102
https://doi.org/10.22323/1.301.0197


[59] C. Zhao, Y. Wei, and Y. Zhang, The response linearity of
energy measurement up to TeV in the DAMPE experiment,
Proc. Sci. ICRC2023 (2023) 163.

[60] M. Aguilar et al., Properties of cosmic deuterons measured
by the Alpha Magnetic Spectrometer, Phys. Rev. Lett. 132,
261001 (2024).

[61] AMS Collaboration, Properties of cosmic helium isotopes
measured by the Alpha Magnetic Spectrometer, Phys. Rev.
Lett. 123, 181102 (2019).

[62] N. Kalmykov, S. Ostapchenko, and A. Pavlov, Quark-gluon-
string model and EAS simulation problems at ultra-high
energies, Nucl. Phys. B, Proc. Suppl. 52, 17 (1997).

[63] S. Ostapchenko, QGSJET-II: Towards reliable description
of very high energy hadronic interactions, Nucl. Phys. B,
Proc. Suppl. 151, 143 (2006).

[64] P. Bożek, W. Broniowski, M. Rybczyński, and G. Stefanek,
GLISSANDO 3: GLauber initial-state simulation AND
mOre, ver. 3, Comput. Phys. Commun. 245, 106850 (2019).

[65] R. M. Baltrusaitis, G. L. Cassiday, J. W. Elbert, P. R.
Gerhardy, S. Ko, E. C. Loh, Y. Mizumoto, P. Sokolsky,
and D. Steck, Total proton-proton cross section at
s
1
2 ¼ 30 TeV, Phys. Rev. Lett. 52, 1380 (1984).

[66] M. Aglietta et al., Measurement of the proton-air inelastic
cross section at

ffiffiffi
s

p
≈ 2 TeV from the EAS-TOP experi-

ment, Phys. Rev. D 79, 032004 (2009).
[67] S. P. Knurenko, V. R. Sleptsova, I. E. Sleptsov, N. N.

Kalmykov, and S. S. Ostapchenko, Longitudinal EAS de-
velopment at Eð0Þ ¼ 10 � �18-eV to 3 x 10**19-eVand the
QGSJET model, in 26th ICRC (1999).

[68] S. Knurenko, Fluctuations of the depth of maximum in
extensive air showers and cross-section of p-air inelastic
collision for energy range 1015 − 1017, in 32nd ICRC
(2011), p. 185.

[69] M. Honda, M. Nagano, S. Tonwar, K. Kasahara, T. Hara,
N. Hayashida, Y. Matsubara, M. Teshima, and S. Yoshida,

Inelastic cross section for p-air collisions from air
shower experiments and total cross section for p-p col-
lisions up to

p
s ¼ 24 TeV, Phys. Rev. Lett. 70, 525

(1993).
[70] N. Nesterova, Tien Shan experimental results on the

inelastic proton-air cross section at 0.5–5 PeV, J. Phys.
Conf. Ser. 409, 012066 (2013).

[71] P. Abreu et al., Measurement of the proton-air cross section
at

ffiffiffi
s

p ¼57 TeV with the Pierre Auger Observatory, Phys.
Rev. Lett. 109, 062002 (2012).

[72] R. M. Ulrich, Extension of the measurement of the proton-
air cross section with the Pierre Auger Observatory, Proc.
Sci. ICRC2015 (2016) 401.

[73] R. U. Abbasi et al., Measurement of the proton-air cross
section with Telescope Array’s Black Rock Mesa and Long
Ridge fluorescence detectors, and surface array in hybrid
mode, Phys. Rev. D 102, 062004 (2020).

[74] G. Aielli et al., Proton-air cross section measurement with
the ARGO-YBJ cosmic ray experiment, Phys. Rev. D 80,
092004 (2009).

[75] H. H. Mielke, H. Foller, J. Engler, and J. Knapp, Cosmic ray
hadron flux at sea level up to 15 TeV, J. Phys. G Nucl. Part.
Phys. 20, 637 (1994).

[76] K. Kasahara, Introduction to cosmos and some relevance to
ultra high energy cosmic ray air showers, in 24th ICRC,
ICRC (1995), Vol. 1, p. 399.

[77] K. Kasahara, EPICs homepage, https://cosmos.n.kanagawa-
u.ac.jp/EPICSHome/ (accessed: 2024-05-02).

[78] D. Kyratzis, Latest advancements of the HERD space
mission, Nucl. Instrum. Methods Phys. Res., Sect. A
1048, 167970 (2023).

[79] J. Clay, Penetrating radiation, Proc. Kon. Akad. (Amsterdam)
30, 1115 (1927).

[80] J. Clay, The nature of cosmic rays, Proc. R. Soc. A 151, 202
(1935).

HADRONIC CROSS SECTION MEASUREMENTS WITH THE … PHYS. REV. D 111, 012002 (2025)

012002-17

https://doi.org/10.22323/1.444.0163
https://doi.org/10.1103/PhysRevLett.132.261001
https://doi.org/10.1103/PhysRevLett.132.261001
https://doi.org/10.1103/PhysRevLett.123.181102
https://doi.org/10.1103/PhysRevLett.123.181102
https://doi.org/10.1016/S0920-5632(96)00846-8
https://doi.org/10.1016/j.nuclphysbps.2005.07.026
https://doi.org/10.1016/j.nuclphysbps.2005.07.026
https://doi.org/10.1016/j.cpc.2019.07.014
https://doi.org/10.1103/PhysRevLett.52.1380
https://doi.org/10.1103/PhysRevD.79.032004
https://doi.org/10.1103/PhysRevLett.70.525
https://doi.org/10.1103/PhysRevLett.70.525
https://doi.org/10.1088/1742-6596/409/1/012066
https://doi.org/10.1088/1742-6596/409/1/012066
https://doi.org/10.1103/PhysRevLett.109.062002
https://doi.org/10.1103/PhysRevLett.109.062002
https://doi.org/10.22323/1.236.0401
https://doi.org/10.22323/1.236.0401
https://doi.org/10.1103/PhysRevD.102.062004
https://doi.org/10.1103/PhysRevD.80.092004
https://doi.org/10.1103/PhysRevD.80.092004
https://doi.org/10.1088/0954-3899/20/4/010
https://doi.org/10.1088/0954-3899/20/4/010
https://cosmos.n.kanagawa-u.ac.jp/EPICSHome/
https://cosmos.n.kanagawa-u.ac.jp/EPICSHome/
https://cosmos.n.kanagawa-u.ac.jp/EPICSHome/
https://cosmos.n.kanagawa-u.ac.jp/EPICSHome/
https://cosmos.n.kanagawa-u.ac.jp/EPICSHome/
https://cosmos.n.kanagawa-u.ac.jp/EPICSHome/
https://doi.org/10.1016/j.nima.2022.167970
https://doi.org/10.1016/j.nima.2022.167970

	Hadronic cross section measurements with the DAMPE space mission using 20 GeV-10 TeV cosmic-ray protons and He4
	I. INTRODUCTION
	II. THE DARK MATTER PARTICLE EXPLORER
	III. SIMULATION
	IV. ANALYSIS
	A. Event selection
	B. Interaction depth classifier
	C. Likelihood
	D. Reweighting MC
	E. Energy dependence
	F. Uncertainty

	V. RESULTS AND DISCUSSION
	VI. CONCLUSIONS AND OUTLOOK
	ACKNOWLEDGMENTS
	APPENDIX A: LEPTON REJECTION
	APPENDIX B: INTERACTION DEPTH CLASSIFIER
	APPENDIX C: CROSS SECTION REWEIGHTING
	APPENDIX D: ENERGY DEPENDENT UNCERTAINTIES
	References


