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1. Introduction

The Dark Matter Particle Explorer (DAMPE) is a satellite-borne, calorimetne tyhigh-
energy particle detector dedicated to the indirect detection of dark matterifDdydace and astro-
physical studies [1, 2]. The DAMPE satellite was launched to a 500 km gurhkisonous orbit on
December 17th, 2015. It operates very smoothly in orbit since then. ibigetrate of the DAMPE
detector is about 60 Hz, and the total number of events exceeds 6.3 billadJase 30th, 2019.

The DAMPE detector consists of four sub-detectors. They are the ptastidllator detector
(PSD; [3]), the silicon-tungsten tracker converter (STK; [4]), the@naging calorimeter [5],
and the neutron detector (NUD; [6]). The PSD measures the (absadhategecof incident particles
via the ionization effect, and is used as veto of charged CRg-fay detection. The STK mea-
sures the trajectory and also charge of particles. The BGO is to measwadigy of incident
particles and provide electron-proton discrimination based on shower plogis. The NUD
provides additional electron-proton discrimination through the neutrotenodifference between
hadronic and electromagnetic showers. The DAMPE detector is optimizeth$ervations of CR
electrons (including positrons; hereafter CRES) gsrdys up to 10 TeV energies with unprece-
dentedly high energy resolution and electron-proton discrimination capathiiyks to the design
of a full-absoption, thick4{ 32 radiation lengths) calorimeter. It can thus improve significantly the
measurements of the CRE spectrum and the sensitivity of searching foaDides. The on-orbit
calibration shows that each sub-detector works very stably since thehlfirus].

2. On-orbit calibration and performance

DAMPE enables two modes for data acquisition (DAQ), the “dedicated maudlehé calibra-
tion of the electronics linearity and pedestal, and the “continuous modetience data taking.
Calibrations other than the electronics linearity and pedestal, including the minionization
particle (MIP) response, light attenuation, dynode ratios, detector alignete. are done with
data taken in the “continuous mode”. In each orbit, the DAQ system switohiesthe “continuous
mode” to the “dedicated mode” twice — each with 40 seconds — when the satellite istdaude
of +20°. The details about the calibration of each sub-detector can be founf in [7

The PSD detector is mainly used for charge detection. The particle chamg@rtional to the
square root of the deposit energy in the PSD bar. For proton MIR€\ilie energy deposition in
the PSD is about 2 MeV cmi. After a series of corrections such as the attenuation of scintillation
light in the PSD bar [9], the alignment of the PSD bars [10], the equalizafidifferent bars, as
well as the quenching effect, we finanly get high-resolution measuresh@atticle charges [11].
Figure 1 shows the charge spectrum based on two years of flight dBI&MIPE [11]. Gaussian
fittings show that the charge resolution is abo2e@or CNO and 03e for Fe.

The STK is primarily used to measure the direction as well as the chargé (@) of parti-
cles. y-ray photons can convert into a pair of electron and positron in the tumgkites inserted
into the STK, leaving also track imprint in the STK. The direction measuremesitdily uses
the information of hit positions, while the charge measurement uses the stggradth along the
trajectory. The calibration of the STK includes the pedestal and noiseatiaduthe equalization
of the VA140 chips, and the alignment of silicon sensors [12]. The spasalution of the STK
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Figure 1: The charge spectrum from two years of DAMPE data. Plot frof.[1

is about 50um after the alignment procedure [12]. Monte Carlo (MC) simulations shotliea
angular resolution of normal incident photons is abog@t {0.1°) at 1 (100) GeV [2].

The BGO calorimeter is to measure the particle energy, and to discriminate GiREpifo-
tons. The shower morphology in the BGO can also be used to reconstuchjictory, although
its resolution is limited. Actually the so-called “global track” is based on a jois¢ssment of the
BGO track and the STK track(s), which is widely adopted in our analysi® B®O calibration
includes the pedestal calibration, the MIP response, the PMT dynodeekatioation, the light
attenuation length calculation, and the trigger threshold determination. Thretbsts verified that
the energy resolution of the BGO reache&% for CREs wheit > 100 GeV [13].

The NUD is to measure the secondary neutrons produced by the partiglersim the BGO.
The pedestals of NUD are calibrated using periodic trigger events durintd#édicated mode”
every day. The gate open for neutron signal integration is set to3yes2to suppress the charged
secondary particles.

The satellite travels through the South Atlantic Anomaly (SAA) region nearly 7 tpaeday.
The very intensive particle hit rate within the SAA region may induce se\vitgepeffects, which
hinders science analyses. The trigger rates as stored in the hous®jldsap are used to determine
the boundary of the SAA region. The live time is computed through subtraittenime when the
satellite is in the SAA region, the instrumental dead-time, and the on-orbit diibbtame. Photon
events from brighy-ray sources are used to correct the boresight alignment [7, 14].

3. Measurements of the CRE spectrum

High-energy CREs are ideal probe of nearby CR sources due to theirdimmitgpagation
distance. They are also sensitive to search for the annihilation or dédai garticles, due
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primarily to the fact that th&™ component is not much more abundant thanehecomponent
in CREs. The observations of CREs are challenging because of the tigls from the proton
background. Therefore a high rejection power of CR protons is driwieeliably identifying
CREs. The DAMPE experiment uses shower morphologies in the BGO cateritbadisciminate
CREs from protons (heavier nuclei can be significantly rejected throlgige measurement) [15].
A two-parameter method based on the quantification of the transverse gitddomal distributions
of showers is developed. The transverse spread of a shower igeéesiby an energy-dependent
root-mean-square (RMS) value of hit positions:

> (Xji —Xei)?Eji
RMS = : 3.1
S \/ YiEii (31)

wherex;; andE;; are coordinate and deposit energy of flie bar in theith layer, andk:; is the
coordinate of the shower center of ttik layer. The longitudinal distribution parameter uses the
energy fraction of the last BGO layef4,s) to describe the tail of a shower [16]. A joint parameter,
{ = Ziastx (3iRMS /mm)#/(8 x 10P), is employed to select CRE candidates. We find that when
setting¢ < 8.5, a very clean CRE sample with only2% contamination of the proton background
can be obtained for TeV energies [16]. Figure 2 shows the scatteringfgipRMS; and.7 a5 (left
panel) and the one-dimensional distributionlofright panel). A clear seperation between CRE
candidates and proton candidates can be seen. Independent metingdsiore variables can be
found in [17], which gives similar results as this two-parameter method.
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Figure 2: Left Shower spready; RMS)) versue the last layer energy fractidh,s; for selected events with
deposited energies between 500 GeV and 1 Right one-dimensional distributions of the shower shape
parameter, compared with MC simulations. Plot from [16].

Using 530 days of flight data, we measure the CRE spectrum from 25 G4\ tbeV with
high precision [16]. Figure 3 shows the CRE spectrum measured by [BAKIR] that by AMS-02
[18], Fermi-LAT [19], CALET [20], and H.E.S.S. [21, 22]. For the fitime, the DAMPE result
reveals a clear spectral break of the CRE spectrum@® TeV, with the spectral index changing
from —3.1 to —3.9. Previously, the H.E.S.S. data together with low energy measurements by
other experiments showed only weak evidence for such a break, witivegtdarge systematic
uncertainties (shown by the shaded band in Figure 3).
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Figure3: The CRE spectra measured by DAMPE (red dots) [16], compaitbd@sults from AMS-02 [18],
Fermi-LAT [19], CALET [20], and H.E.S.S. [21, 22]. Shadedndashows the systematic uncertainties of
the H.E.S.S. measurements. Plot from [24].

The DAMPE result has important implications on the understanding of the mga#l©REs.
The wide energy range coverage and high precision of the DAMPHErspecan significantly im-
prove the constraints on the model parameters to fit the positron excess,feitlastrophysical
models or the DM annihilation or decay [23]. The spectral break may rigtoeflect the discret-
ness of the source distribution due to the fast cooling of TeV CREs [24btl#er interpretation
ascribes the softening to the confinement and cooling of CREs duringdbkeeation stage [25].

4. Measurements of the spectra of cosmic ray nuclei

The current precise measurements of the spectra of nuclei come fronatirestic spectrom-
eter experiments, such as PAMELA [26] and AMS-02 [27, 28]. The balborne experiments
such as ATIC [29] and CREAM [31, 30], and satellite experiment NUCNE[32] extend the
measurements to 100 TeV energies, but with large statistical and/or systent#itainties. In-
terestingly, these results show hints that the energy spectra of protelismiiand heavier nuclei
soften at~ 10 TeV energies [31, 32]. Itis thus very important to have improved nmeasnts with
substantially higher statistics and better control of systematic uncertaintiesénéhgy range be-
tween TeV and 100 TeV to clarify the spectral behaviors of CRs. A religtlarge acceptance and
thick calorimeter (about 1.6 nuclear interaction lengths) of the DAMPE malaspitopriate for
observations of CR nuclei.

Using 30 months of DAMPE data recorded from January 1, 2016 to Jyrz0328, we analyze
the proton component in CRs. The fraction of live time is abou?%bafter subtracting the SAA
passage time, the instrument dead time, and the calibration time. Events with dipogitgies
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higher than 20 GeV in the BGO are selected. We further requie the higgyetmgger condition
of the event selection.
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Figure 4: The PSD charge distribution of lo&nuclei of the DAMPE data, compared with simulations of
protons and Helium nuclei [34].

The “PSD charge” distribution of selected events with deposited energtesgeén 447 and
562 GeV is shown in Figure 5. Also shown are the MC simulation results. Notehéra the
energy-dependent correction from the PSD signal to the particle elinag not been taken into
account. For the MC simulation sample, a correction procedure has bphkedajo correct the
mis-match with the flight data due to the imprecise modeling of the backscatteripdfddons are
selected based on a BGO-energy-dependent cut of the “PSD tla4elrhe Helium backgrouns
is estimated according to a fitting to the charge distribution of the flight data usih¢ekplates,
which turns out to be< 1% for deposited energies below 10 TeV and up~t&% around 50
TeV. The electron background is found to be extremely small thanks to theelégtron-proton
discrimination capability of the DAMPE [16].

We use also the MC simulations to estimate the selection efficiencies of eachssieg| as
the energy response matrix of proton events in the calorimeter. The ppotrem from 40 GeV
to 100 TeV after the spectral unfolding [35] is shown in Figure 5. The AMesult confirms the
spectral hardenings at hundreds GeV revealed previously [2263Q7, 33], and most importantly,
reveals a spectral softening around 10 TeV. A smoothly broken plameiit gives that the spectral
index changes from-2.60 to —2.85 at 136 TeV. This softening feature may have very interesting
implication in modeling the origin and propagation of CRs (e.qg., [36, 37]).

Figure 6 gives the preliminary Helium spectrum from 10 GeV/n to 5 TeV/n.[BBg spectral
hardening at hundreds of GeV energies can be seen, which is cansi#te previous measure-
ments. More detailed analysis is on-going. The analyses of the total pro®ielium spectrum
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Figure 6: Preliminary result of the Helium spectrum measured by DAMRE dots; [38]), compared with
that measured by other experiments [29, 26, 40, 31, 39, 3&rlkars show the statistical uncertainties and
gray shaded band shows the systematic uncertainties.

[41] and heavier nuclei [42, 43] are also carried out, with prelimarylte®r analysis progresses
reported in this conference. Note that dedicated simulations of the hadntgriactions beyond
100 TeV energies for CR nuclei are necessary [44].
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5. Cosmic ray anisotropies

CRs propagate diffusively in the turbulent magnetic fields of the Milky Walyictv results
in nearly isotropy of their arrival directions in the sky. However, tiny atispies were observed
(e.g., [45]), reflecting important properties of the origin and propagati@@Rs. Currently the de-
tection of the anisotropies is mostly from ground or underground expetsmehich have limited
composition resolution and sky coverage. Furthermore, the grourdibirsghower experiments
also suffer from problems of calibration of the absolute efficiencies ifferdnt latitude bands.
Therefore it is very important to measure the anisotropies from spacea detection experiments.

There were efforts to search for anisotropies of either CR nuclei atreles/positrons by
PAMELA [46], Fermi-LAT [47, 48], and AMS-02 [49]. No significann#sotropies were detected
except that PAMELA reported a potential detection of a dipole anisotrgpyguits calorimeter
sample of all CRs [50].

Using one year of the DAMPE data recorded in 2016, we study the arpgedrof all CRs
[51]. After removing events recorded when the satellite is in the SAA regienfurther select
the events with maximum zenith angles of 60 the detector coordinate and deposited energies
between 100 GeV and 500 GeV in the BGO calorimeter. Note that the primamysestgould have
energies higher by a factor of<23 in this energy range. After all these cuts, we get a total number
of events of about @ x 1P. The skymap based on the selected events in the equatorial coordinate
is shown in the top-left panel of Figure 7.
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Figure 7: Skymaps of DAMPE raw eventsop-left pan€), the reference exposure map from the rate-based
method {op-right pane), and the relative intensity mapdgttom panél[51].

The exposure of the DAMPE is highly non-uniform. To obtain a precis®sxg map is
crucial to the search for tiny anisotropies of CR arrival directions. rEiference exposure map is
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created with the rate-based method proposed in [47]. An average oefd@@nce maps is shown
in the top-right panel of Figure 7. The relative intensity map, definel asD/R— 1, whereD is

the data map anRis the reference map, is shown in the bottom panel. The result is consigtient w
the null-hypothesis. The 95% confidence level upper limit of the dipole amplisi@7 x 102

for one year data sample. Further improvement of the sensitivity of angsos®arches can be
expected with more data added.

6. Gamma-ray astronomy

Gamma-ray astronomy is one of the main scientific objectives of the DAMPE T52|nks to
its high energy resolution, the DAMPE is expected to play a key role in siegrédr monochro-
matic y-ray line emission. The observations fay transients are also very interesting and im-
portant in the multi-messenger era, particularly in the case that gravitatiavak\j53] and very-
high-energy astrophysical neutrinos [54] have been discovered.

Compared with charged CRs, the fluxyefays is significantly smaller by a factor of 16 1(F.
An effect way to pick out-rays with little contamination of charged CRs is the key for studies of
the y-ray astronomy. A dedicated algorithm has been developed to regobdses from the flight
data [55]. It includes joint efforts of electromagnetic and hadronic ghaliscrmination with the
BGO calorimeter and the veto of charged particles with the PSD detector. Withasmethod, we
can reach an effective acceptance-dd.19 (0.11) nf sr at 10 (16) GeV of y-ray detection, with a
purity of ~ 99% for energies higher than 5 GeV [55].

Using three years of the DAMPE data, we have searched for possibigkEnemission be-
tween 10 GeV and 300 GeV for different sky regions around the Galeetiter and the directions
of a class of nearby galaxy clusters [56]. The scientific to@gh ST and the embedded instrumen-
tal response functions (IRFs) based on MC simulations have beenided e energy resolution
of the selected sample, which is not optimized for line searches yet, is &éut 2)%. The
left panel of Figure 8 shows the spectral energy distributiop-ys in a region with 90radius
around the Galactic center excluding the outer Galactic plane|llith 5° and|l| > 6° (defined as
R90 region in [58]). Using a sliding window technique, we search fosids line-like signal in
the data with an unbinned maximum likelihood method. No significant line-like emissisbeen
found, and we thus derive the 95% confidence level upper limits as sindwe right panel of Fig-
ure 8. The DAMPE observations give comparable sensitivities for line @nisearches compared
with the 5.8 year results of Fermi-LAT [59], illustrating the advantages of kiggrgy resolution.
Optimized analysis with better resolution of the data sample is expected to furthevanihe
sensitivities.

Pulsars are a class of highly magnetized, rotating neutron stars whichpaioular interests
of physics in strong magnetic field and high density of matter. Quite a numbeiszrp are very
bright y-ray sources in the sky [60]. A sample of nearly 20 pulsars are identifigdpulsations
using the DAMPE data. The light curves and spectra of some of themeserged in [61].

7. Solar modulation and solar activities

Low energy CRs are affected by the magnetic fields carried by the outgoiag winds,
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Figure 8: Left fluxes ofy-rays in the R90 regiorRight the 95% confidence level upper limits of the DM
annihilation cross sections assuming an isothermal prafike DM density. Plots from [56].

known as the solar modulation. The explosive activities of the Sun alsoaenarious kinds of
effects on the fluxes of CRs such as the Forbush decrease, the gletggd interaction regions,
and the solar energtic particles. The time evolution of CRs is thus a unique prabe helio-
sphere environment and solar activities. Studies of the time evolution orastlaity-related CR
flux changes by AMS-02 [62, 63] and PAMELA [64, 65, 66] showetiasting properties of the
particle transport in the solar system. Compared with PAMELA and AMS-@DIMPE may
have unique advantages in studying the fine time and spectral structihes@RE fluxes, due to
the facts that, a high inclination angle ©7°) enables reaches of the polar region which is less
affected by the geomagnetic rigidity cutoff, and a relatively large acceptan0.35 nsr) enables
enough statistics to reveal very short-term variabilities of the fluxes.

We measure the monthly CRE fluxes from April, 2016 to June, 2019, frora\21G 20 GeV
[67]. The flux ratios relative to that of April, 2016, for a few energy<are shown in Figure 9.
A clear anti-correlation between the CRE fluxes and the sunspot nunég&jrsgdn be seen, as
expected for the solar modulation effect. For energies higher thd0 GeV, the CRE fluxes
become less affected by the solar modulation. A time delay between the soléiesctind the
impacts on the CRE fluxes [63, 69] is not clearly seen because of theeglathort time coverage
of the current analysis.

On September 7, 2017, a big solar flare occured. We study the impaatiobdiare on the
low energy CRE fluxes in detail. Figure 10 shows the relative time profile cCRIE fluxes for 6
hour binning with respect to the average flux of August, 2017. Clednusbrdecreases can be seen
after the solar flare. After reaching the minima, the CRE fluxes recover toditmeal values for a
time scale of about one week, similar with that found by PAMELA [64]. Bothahwlitudes and
recovery time decrease with energy (see [67] for more details). Suravioes are consistent with
one class of solar disturbances causing the Forbush decrease,svhiobably associated with a
complicated shock-associated interplanetary coronal mass ejection digtanith a large radial
extent [70].
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Figure 9: Relative variations of monthly CRE fluxes since April, 2086@]. Also shown are the numbers of
sunspots which reflect the mean activities of the Sun [68].

8. Other studies

The DAMPE data can also be used for studies of problems with broad itsteneghysics
and astrophysics. The nuclear/hadronic interaction cross sectionie\f[zaly in specific target
material) have relatively large uncertainties, which affect critically the tsgleanfolding of the
measurements of CR fluxes with the calorimeter detector. Using the on-otdivdacan actually
measure the inelastic cross sections of CR nuclei in the BGO detector [Atjugh dividing the
BGO calorimeter into two parts, we select proton events which are MIPs inghgatband produce
showers in the bottom part. The survival fraction of events in the topipénen related with the
inelastic hadronic interaction cross section of protons. Preliminary reshdts a consistency
between the data and the cross sections used in the MC simulation code upteRergies [71].

Ultra-heavy nuclei are important indicator of the acceleration sites of CRs [Thanks to
the large dynamic range of the PSD of the DAMPE, particles heavier thaarNbe detected and
reconstructed. A preliminary analysis using 36 months of the flight dataleebarge peaks of
even number nuclei up td = 40 (Zr) [42]. However, the quenching correction of these heavy
nuclei needs more careful studies by means of, e.g., ground experiofi@mseams.

Quarks are established as fundamental constituents of hadrons in tiherdtarodel of particle

10
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Figure 10: Time profile of relative CRE fluxes in September, 2017 whenaatgsolar flare occured which
resulted in clear Forbush decreases [67].

physics. They have fractional charges of 1/3 or 2/3, but do notappedividually according to the
quark confinement theory. Observations of fraction charge partictesngportant in probing new
physics beyond the standard model. We use MIP trigger events to do eaiaings of fractional
charge particles. The analysis method and progress can be found.in [42

9. Conclusion

The DAMPE mission has operated in space very smoothly since its launcldetdwtor works
continuously and stably, with over 6 billion CR events being recorded in its&abmun. Careful
calibration using the flight data has been made, which verifies the designfdnpance of the
instrument and ensures good measurements of the charge, directiagy, eme type of incident
particles. Those physical quantities are the basis of the science analysis.

Precise measurement of the CRE spectrum from 25 GeV to 4.6 TeV hasbténed, re-
vealing a significant break &, ~ 0.9 TeV with spectral index chaning from3.1 (belowEy,) to
—3.9 (aboveEy,) [16]. Compared with previous measurements, the DAMPE CRE spectrum
proves in better energy resolution, lower background contaminationyvatet energy coverage.
The CR proton specrum from 40 GeV to 100 TeV is also measured, congitiminspectral hard-
ening at hundreds of GeV and revealing a spectral softening at 19.6'iese results have very
interesting implications in modeling of CRs. Analyses of the energy spectreawidr nuclei, CR
anisotropies, the hadronic interaction cross sections, the time evolution @newy CREs, the
line-like y-ray emission, as well as exotic strange particles are on-going. With thiacouns oper-
ation of the mission and accumulation of data, it is expected that the physioésrfom DAMPE

11
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can remarkably advance our understanding about the nature of CiMI@siand the high-energy
astrophysical phenomena.
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