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1. Scientific framework

Galactic Cosmic Rays (GCRs) travel through the Milky Way bringing key information about
their sources and their accelerators. Measurements of their energy spectra already revealed special
features that represent the best clues for a deeper learning of the properties of our Galaxy. These
features consist in unexpected deviations from the single power-law behavior of the spectra predicted
by theoretical models of shock accelerations of particles with energies below the so-called knee at
energies of about 3 − 4 PeV. One of these features is the spectral hardening, pointed out at energies
of hundreds of GeV/nucleon by precise measurements of the energy spectra of protons, helium and
heavier nuclei provided by several experiments [1]-[5]. At TeV-energies, a further feature named
spectral softening has been revealed in the proton energy spectrum and some hints of a similar
feature were also observed in the helium spectrum, although with very high uncertainties [2][5][6].
This scenario strongly encourages measurements with higher precision at higher energies.
In this work, we present the measurement of the helium energy spectrum measured by the DAMPE
experiment in the energy range from 70 GeV to 80 TeV [7].

2. The DArk Matter Particle Explorer

The DArk Matter Particle Explorer (DAMPE) [8] is a Space mission designed to investigate
several scientific fields. Since December 2015, DAMPE allows the direct measurement of Cosmic
Ray spectra up to energies of hundreds of TeV. The DAMPE payload consists of four sub-detectors,
instrumental for the particle identification process. CRs entering the DAMPE satellite from its
top firstly cross the Plastic Scintillator Detector (PSD) [9]. It consists of two layers of plastic
scintillator bars arranged such that the bars in the first layer are orthogonal to those of the second
plane. The PSD is the main responsible of charge identification by measuring the absolute value of
𝑍 , also providing an anti-coincidence veto signal for 𝛾-rays. A second sub-detector named Silicon
Tungsten tracKer-converter (STK) [10] provides the trajectory reconstruction of the crossing CR. It
is made of 6 tracker planes and 3 tungsten layers, the latter chosen to enhance the photon conversion
in electron-positron pairs. The energy deposited by the incoming particle is then measured by the
core of the DAMPE experiment, a deep BGO calorimeter [11] composed of 14 layers of Bi3Ge4O12

crystal bars. The last sub-detector is the NeUtron Detector (NUD) [12] made of boron-doped plastic
scintillator tiles improving the discrimination power for hadronic and electromagnetic showers.

3. Data sample

In this work we analyzed 54 months of on-orbit data collected by the DAMPE satellite while
orbiting around the Earth in the period January 1st, 2016 - June 30th, 2020. The satellite operations
are affected by an instrumental dead time covering 3.0725 s for each event, corresponding to∼ 17.2%
of the total operational time (O.T.), while ∼ 1.7% of the O.T. is dedicated to on-orbit calibrations.
Moreover, we exclude from our data sample all the events recorded by the detector while crossing
the South Atlantic Anomaly (SAA) region (∼ 4.9% O.T.) together with the data recorded during the
period from September 9th, 2017 to September 13th, 2017 because of a giant solar flare affecting
the operational status of the instrument. Hence, by taking into account all of these information, the
resulting livetime corresponding to our data sample is 1.08×108 s, namely ∼ 76% of the total O.T..
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The results obtained from the analysis of the described flight data sample have been supported by the
analysis and comparison with Monte Carlo (MC) simulation data generated by using the GEANT4
toolkit [13] with the FTFP_BERT physics list for helium nuclei in the primary energy range from
10 GeV to 500 TeV and for proton events from 10 GeV to 100 TeV [5]. We also simulated proton
events from 100 TeV of incident energy up to 1 PeV by implementing the DPMJET3 model via the
CRMC-GEANT4 interface. Further simulations have been performed with FLUKA [14] in order
to study the systematic uncertainty related to the hadronic model.

4. Event selection

• Pre-selection
The first step of the analysis consists in the pre-selection of well reconstructed events. On
top of the preliminary requirement list there is the activation of the High Energy Trigger
(HET), which occurs when the energy deposits in the first three BGO layers are greater than
∼ 13 proton Minimum Ionizing Particles (MIPs) and higher than ∼ 2.4 MIPs in the fourth
one, where 1 MIPBGO ∼ 23 MeV. Moreover, in order to avoid the geomagnetic cut-off effect
[15], we exclude from the analysis all the events with an energy deposition inside the first
13 BGO layers lower than 20 GeV. We also ask for events with top-down developments by
requiring that the total energy deposited inside the first two BGO layers is lower than the
energy released in the third and fourth layers. Finally, in order to rule out events of particles
entering the detector from the sides, we require that the energy deposition in each layer is
less than 35% of the total energy deposited inside the first 13 layers of the calorimeter. It is
important to point out that in this analysis we do not consider the last layer of the calorimeter
for the energy measurements. This choice was made because of the high gain of this layer
which might imply more critical issues related to saturation effects.

• STK track selection
The second step of the analysis is the STK track selection, consisting on several requirements
guiding the choice of events with a well reconstructed track for which a good match is
guaranteed with the signals provided by the PSD and the BGO. First of all, the events are
required to have more than 2 hits for the reconstructed track provided by the STK tracking
algorithm. If this requirement is satisfied by more than one track, we choose the one with the
maximum total analog-to-digital converter and a reduced 𝜒2 smaller than 35. As previously
mentioned, a good match of the candidate track with the axis of the shower developed inside
the BGO is needed. For this reason we ask that the projections of the STK and BGO tracks
on both the PSD layers are distant less than 90 mm and also that the centroids of the energy
deposits in the first four BGO layers are located at a distance from the projected STK track
lower than 25 mm. Finally, we demand for a full containment of the track inside the PSD, the
STK and the BGO in order to select events with a good containment of the shower inside the
full detector.

• Helium event selection
At this stage of the analysis, we are ready to select helium candidates from the surviving event
sample. For this purpose, we use the charge measurements provided by the PSD and the
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Figure 1: PSD charge distributions in two different BGO energy deposition ranges. The charge value is defined as the
minimum of the charge measurements provided by the two PSD layers. Black points represent on-orbit data, compared
with the best-fit proton MC (in blue), helium MC (in green) and proton+helium MC (in red). The range in which helium
candidate events are selected is described by the vertical dashed blue lines representing the charge selection cut.

STK. More in detail, we firstly use the STK charge measurement by asking that the signal in
ADC counts for the first hit of the STK track is greater than 120, which is important in order
to dramatically suppress the background due to proton events in our sample. An energy-
dependent PSD charge selection is then carried out by studying the energy loss distributions
in both the PSD layers, proportional to the square of the particle charge according to the
Bethe-Bloch formula, for several ranges of the BGO energy deposition. The charge selection
cut is hence described by the following formula:

1.85 + 0.2 · log
(
𝐸𝐵𝐺𝑂

10 GeV

)
< 𝑃𝑆𝐷𝐶ℎ𝑎𝑟𝑔𝑒 < 2.8 + 0.007

[
log

(
𝐸𝐵𝐺𝑂

10 GeV

)]4.0
(1)

where 𝑃𝑆𝐷𝐶ℎ𝑎𝑟𝑔𝑒 is the charge reconstructed in each PSD layer and it’s not equivalent to
the real charge of the incoming particle. The last requirement is that the reconstructed PSD
charge for each layer has a value within a factor of 2. Fig.1 shows two examples of the PSD
charge distributions in two different BGO energy bins for flight data and MC simulations
of proton and helium events, where the energy-dependent charge selection cut of Eq.1 is
described by the vertical dashed lines.

5. Proton background

The final helium candidate event sample satisfying all the analysis selection criteria described
up to now includes a fraction of mis-identified proton events representing the main contribution
to the background. The pollution due to electrons and heavier nuclei is negligible. Fig.2 shows
the residual proton contamination obtained by studying the PSD charge distributions and using the
best-fit proton templates. The fraction of proton events contaminating our helium sample ranges
between ∼ 0.05% for total BGO energy depositions of 20 GeV up to ∼ 4% for 60 TeV.

6. Efficiencies

6.1 High Energy Trigger efficiency

The HET efficiency has been estimated by means of another trigger implemented in DAMPE,
namely the Unbiased trigger (UNBT). The requirement for the activation of the UNBT is that the
energy depositions inside the first two BGO layers are greater than ∼ 0.4 MIPs (∼ 9.2 MeV) in
each hit BGO bar, so this is the most inclusive trigger. The UNBT is pre-scaled by 1/512 when the
satellite is orbiting in the geographical latitude range [−20◦, 20◦] and 1/2048 at higher latitudes.
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Figure 2: Red points represent the proton contamination as a function of the energy deposited inside the BGO
calorimeter. The blue line is a forth degree polynomial fit function.
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Figure 3: (Left) High Energy Trigger efficiency as a function of the BGO energy deposition for the selected helium
candidate events. The deviation of on-orbit data (in red) from MC simulations (in blue) is found to be within ∼ 4%
below 1 TeV. (Right) Track reconstruction efficiency as a function of the BGO energy deposition. The difference between
on-orbit data (in red) and MC simulations (in blue) is found to be within ∼ 0.5%.

We compute the HET efficiency in the following way:

𝜀𝐻𝐸𝑇 =
NHET |Unb

NUnb
(2)

where NHET |Unb is the number of helium candidate events activating both the HET and the UNBT,
while NUnb is the number of Unbiased events. On the left panel of Fig.3 we present the HET
efficiency as a function of the BGO energy deposition computed both for flight and helium MC
data. The increasing of the error bars for on-orbit data for higher energies is a consequence of the
UNBT pre-scaling. The resulting difference between on-orbit and MC data is found to be within
∼ 4% and this value has been taken into account as the systematic uncertainty 𝜎HET due to HET
affecting our measurement of the helium energy spectrum.
6.2 Track Reconstruction efficiency

The efficiency related to the STK track reconstruction has been estimated with the following
formula:

𝜀𝑇 𝑟𝑎𝑐𝑘 =
NPSD |STK |BGO

NPSD |BGO
(3)

where NPSD |STK |BGO is the number of helium candidate events selected by our analysis and NPSD |BGO
is the number of events selected by applying a tracking requirement which only asks for a match
between the BGO shower axis and the PSD signals. On the right side of Fig.3, the track reconstruc-
tion efficiency is shown both for on-orbit and MC data as a function of different bins of the BGO
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Figure 4: Charge reconstruction efficiencies for the first PSD layer (Left), the second PSD layer (Middle) and the first
STK cluster point (Right) as a function of the energy deposited inside the BGO calorimeter. The agreement between
flight data (in red) and MC simulations (in blue) is within ∼ 2% for all the three cases.

energy deposition. On-orbit and MC data are found to be consistent within ∼ 0.5% and this value
has been taken into account as systematic uncertainty due to track reconstruction 𝜎Track.

6.3 Charge Reconstruction efficiency
An independent evaluation of the charge reconstruction efficiency for the two PSD layers has

been carried out by using the charge measurement provided by the first cluster point of the track in
the STK. The efficiency for the upper layer of the PSD is hence computed as follows:

𝜀PSD1st =
NPSD1st |PSD2nd |STK1st

NPSD2nd |STK1st
(4)

where NPSD1st |PSD2nd |STK1st is the number of helium candidate events selected by using the charge
measurement provided by the full PSD and the STK, while NPSD2nd |STK1st are those events selected
by the combined charge measurements of the only 2nd PSD layer with the STK. The same procedure
has been adopted for the efficiency related to the second PSD layer. The results are presented in the
left and middle panels of Fig.4, where the agreement between on-orbit and MC simulation data is
found to be within ∼ 2% for both the PSD layers.
The charge efficiency for the first STK cluster point is given by:

𝜀STK1st =
NSTK1st |PSD

NPSD
(5)

by comparing the full event sample with the one selected with the only information provided by the
PSD. The right panel of Fig.4 shows that also in this case the difference between on-orbit and MC
simulation data is found to be within ∼ 2%. We take into account all of these contributions for the
charge reconstruction efficiency 𝜎Charge.

7. Results and discussion

The left panel of Fig.5 shows the effective acceptance as a function of the incident energy for
the helium candidate event sample resulting from our analysis selection criteria. More in detail, we
computed the acceptance at a given i-th bin of incident energy by using the following formula:

Aeff,𝑖 = Agen ×
Npass,𝑖

Ngen,𝑖
(6)

where Agen is the geometrical factor used for MC simulations, Npass,𝑖 is the number of selected
events in the i-th bin of primary energy, and Ngen,𝑖 is the total number of generated events in the
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same energy bin.
In the right panel of Fig.5 we present the final DAMPE measurement of the E2.6 weighted helium flux
as a function of the energy per nucleon, compared with the results provided by previous experiments.
This result comes from the adoption of an unfolding procedure [16] which reconstructs the primary
energy for the incoming helium nuclei from their measured energy. This procedure has been
necessary, because the limited thickness of the DAMPE BGO calorimeter (∼ 1.62 interaction
lenghts) do not allow the particle to deposit its total energy inside the detector. Furthermore, two
corrections have been applied to the energy measurements. The first one consists in a method based
on the study of MC simulations and developed in order to correct events for which the saturation of
one or more BGO bars occurs [17]. The second correction takes into account the Birk’s quenching
effect that could occur inside the calorimeter [18] and it is based on the study of dedicated MC
simulations in which we reproduced this effect.
The error bars of the DAMPE helium spectrum represent the statistical uncertainties. The inner
dashed band instead describes the total systematic uncertainty due to the analysis and given by:

𝜎𝑎𝑛𝑎 =

√︃
𝜎2

HET + 𝜎2
Track + 𝜎2

Charge + 𝜎2
bg + 𝜎2

unf + 𝜎2
iso ' 5.6%. (7)

The uncertainty due to proton background has been estimated to be 𝜎bg ∼ 1%−1.5% by varying the
PSD charge selection cut described in Eq.1 by 5% and evaluating the difference between the results.
The uncertainty due to the unfolding procedure 𝜎unf ∼ 1% has been evaluated both re-weighting the
MC simulations by varying the spectral index from 2.0 to 3.0 and checking the differences with the
result obtained by repeating the analysis with 14 BGO layers. The 𝜎iso refers to the uncertainty due
to the 3𝐻𝑒/4𝐻𝑒 isotope ratio affecting the computation of the nucleon average number, which is
found to be ∼ 0.2% for energies lower than 100 GeV and expected to be smaller at higher energies.
The uncertainties due to the hadronic interaction models are described by the outer dashed band. In
order to estimate it, we applied the same analysis procedure to helium events generated by FLUKA
simulations [14] and the difference of the final flux with the one based on GEANT4 simulations is
found to be ∼ 12% − 15% for primary energies higher than 300 GeV. For lower energies, we used
instead test beam data and obtained a resulting systematic uncertainty of ∼ 13% below 300 GeV.
The helium energy spectrum measured by the DAMPE [7] in the energy range from 70 GeV
to 80 TeV can play a key role in the understanding of the Galactic CR origin, propagation and
acceleration. This measurement confirms the observation of a spectral hardening at TeV-energies
previously highlighted by other experiments and clearly shows an evidence of a spectral softening
at tens of TeV. From the fit of the spectrum with a Smoothly Broken Power-Low (SBPL) function,
we obtained an hardening break energy of 1.25+0.15

−0.12 TeV with a significance of ∼ 24.6𝜎, while
the softening break energy is 34.4+6.7

−9.8 TeV with a significance of ∼ 4.3𝜎. By comparing the
implications of this result with the softening observed by DAMPE in the proton energy spectrum
[5], it turns out a charge-dependent softening energy even if a mass-dependence of the structure
cannot be ruled out.
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