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Cosmic Rays - First Particle Physics Lab
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Carl David 
Anderson 
(1932)

Seth Neddermeyer and 
Carl Anderson (1936) Cecil Powell (1947)
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Cosmic rays 
discovered by 
Victor Hess (1912, 
Nobel prize in 1936)



Cosmic Rays: messengers of highest-energy process in Universe

Particles (98% are protons and helium ions) accelerated in the most intense shock processes in our Galaxy and beyond: supernovae, 
neutron star mergers, accretion to supermassive black hole in a center of a galaxy 

Not just messengers — cosmic rays constitute significant fraction of energy in the astrophysical environment, ionize 
neutral interstellar gas, affect star formation and contribute to gravitational balance of the Galaxy
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Space (satellites, ISS, balloons) 

Very precise — measurement errors reaching 1% level


Limited in energy up to ~hundreds of TeV


Ground-based 

Cover very large ares ~O(100) km2  and reach maximum possible energies — up 
to 1019 eV (~millions of TeV)


Not very precise — measurement errors more than 100%!
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Cosmic Ray detection 4



Plastic Scintillator

Silicon tracker

Calorimeter

~ 1.5 mNeutron detector

Example of a typical cosmic ray (left particle) 
gamma ray (right particle) interaction in DAMPE

Joined project of China, 
Switzerland and Italy 
(launched in 2015)

Video credit: Chinese Academy of Science

5DAMPE (DArk Matter Particle Explorer)

DAMPE - a particle detector in space



• Many exciting cosmic ray (and gamma ray) measurements  published since 2015:   
➡ electrons, protons, helium, B/C and B/O, dark matter search with γ-rays, solar physics 

• More in progress (C,O, Ne-Mg-Si, Fe)

DAMPE on orbit



• We can already measure combined spectrum (p+He) at up to ~0.5 TeV, but ... 
→ We need individual p and He measurements towards PeV - crucial for understanding the origin of Galactic CR! 

... but here comes the key data analysis challenge (see next slides)
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p+HE direct 
measurement by 
DAMPE  (2024)

PRD 109, L121101 (2024)

Motivation - exploring TeV - PeV energy domain

Why space measurements are 
important? Just look at the 
uncertainty range / discrepancy 
between ground experiment data - 
it reaches more than 100%!

Space Ground



Video credit: Chinese Academy of Science
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Figure 1. Typical displays of simulated cosmic-ray protons in DAMPE. The proton kinetic energy
is 3.8 TeV (top) and 179 TeV (bottom), respectively. Both events are shown in two orthogonal
views of the detector (corresponding to the left and right subfigures). Three subdetectors can be
seen, from top to bottom: these are the calorimeter (BGO), tracker (STK), and plastic scintillator
detector (PSD). Hits in the tracker are shown with black stars. Track candidates reconstructed with
the standard algorithm [6, 37] are shown with gray lines. The total deposited (observed) energy in
BGO is indicated on top of the figure.

the track is identified, it is projected onto the PSD subdetector, which can provide the
absolute charge measurement with high resolution in a broad dynamic range, up to nickel
(Z=28) [46, 47]. Moreover, it is worth mentioning that the width of a PSD bar is 2.8 cm,
which is much higher than the pointing resolution of the STK, 50–100 µm [6]. Hence, the
PSD measurement is not so vulnerable to potential errors in the STK track identification.
In other words, given that the selected STK track candidate is relatively close to the real
trajectory of the particle, even if it is wrongly identified, the PSD measurement is likely
correct. With the argumentation above, the PSD rightfully serves as a major tool for ab-
solute charge identification in DAMPE. However, the advantage of a relatively large PSD
bar size turns into a weakness at high energies, especially in the context of proton and light
ion identification, as described below.

Figure 2 demonstrates the ultimate charge identification capacity of PSD and STK with
respect to protons and helium nuclei, in different energy bins, up to 1 PeV. The distributions
are obtained from simulation, using the true particle direction. In addition, a selection is

– 5 –

Example of a typical interaction in DAMPE 
(one projection) for a ~ 1 TeV cosmic ray

As a baseline for data analysis, classical well-
understood techniques are use: Kalman filter for 
reconstructing particle track, linear regression for 
calorimeter image processing, etc.

Cosmic Ray 
(p, He, e, …)

8Particle interaction in DAMPE at < TeV is ~ relatively simple



(mm)
600 −400 −200 −0200400600

(m
m

)

300 −

200 −

100 −

0

100

200

300

400(G
eV)

50

100

150

200

DAMPE XZ   E=1.416 TeV

(M
eV)

0
1
2
3
4

STK

BGO

PSD

(mm)
600 −400 −200 −0200400600

(m
m

)

300 −

200 −

100 −

0

100

200

300

400(G
eV)

50

100

150

200

DAMPE YZ   E=1.416 TeV

(M
eV)

0
1
2
3
4

(mm)
600 −400 −200 −0200400600

(m
m

)

300 −

200 −

100 −

0

100

200

300

400(G
eV)

2000

4000

6000

8000

DAMPE XZ   E=65.699 TeV

(M
eV)

0

50

100

STK

BGO

PSD

(mm)
600 −400 −200 −0200400600

(m
m

)

300 −

200 −

100 −

0

100

200

300

400(G
eV)

2000

4000

6000

8000

DAMPE YZ   E=65.699 TeV

(M
eV)

0

50

100

Figure1.Typicaldisplaysofsimulatedcosmic-rayprotonsinDAMPE.Theprotonkineticenergy
is3.8TeV(top)and179TeV(bottom),respectively.Botheventsareshownintwoorthogonal
viewsofthedetector(correspondingtotheleftandrightsubfigures).Threesubdetectorscanbe
seen,fromtoptobottom:thesearethecalorimeter(BGO),tracker(STK),andplasticscintillator
detector(PSD).Hitsinthetrackerareshownwithblackstars.Trackcandidatesreconstructedwith
thestandardalgorithm[6,37]areshownwithgraylines.Thetotaldeposited(observed)energyin
BGOisindicatedontopofthefigure.

thetrackisidentified,itisprojectedontothePSDsubdetector,whichcanprovidethe
absolutechargemeasurementwithhighresolutioninabroaddynamicrange,uptonickel
(Z=28)[46,47].Moreover,itisworthmentioningthatthewidthofaPSDbaris2.8cm,
whichismuchhigherthanthepointingresolutionoftheSTK,50–100µm[6].Hence,the
PSDmeasurementisnotsovulnerabletopotentialerrorsintheSTKtrackidentification.
Inotherwords,giventhattheselectedSTKtrackcandidateisrelativelyclosetothereal
trajectoryoftheparticle,evenifitiswronglyidentified,thePSDmeasurementislikely
correct.Withtheargumentationabove,thePSDrightfullyservesasamajortoolforab-
solutechargeidentificationinDAMPE.However,theadvantageofarelativelylargePSD
barsizeturnsintoaweaknessathighenergies,especiallyinthecontextofprotonandlight
ionidentification,asdescribedbelow.

Figure2demonstratestheultimatechargeidentificationcapacityofPSDandSTKwith
respecttoprotonsandheliumnuclei,indifferentenergybins,upto1PeV.Thedistributions
areobtainedfromsimulation,usingthetrueparticledirection.Inaddition,aselectionis
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Example of a typical interaction in DAMPE 
(one projection) for a ~ 100 TeV cosmic ray

Analysis becomes challenging at > ~ 100 TeV due to back-
scattering of secondaries particle from calorimeter.  

Identifying a track of a Cosmic Ray in a vast noise of secondary 
tracks is a search for a needle in a haystack! 

Cosmic Ray 
(p, He, e, …)

3 34. Passage of Particles Through Matter

atoms Bethe [3] used “Born Theorie” to obtain the di�erential cross section

d‡B(W ; —)
dW

= d‡R(W, —)
dW

B(W ) . (34.2)

Electronic binding is accounted for by the correction factor B(W ). Examples of B(W ) and d‡B/dW
can be seen in Figs. 5 and 6 of Ref. [1].

Bethe’s original theory applies only to energies above which atomic e�ects are not important.
The free-electron cross section (Eq. (34.1)) can be used to extend the cross section to Wmax. At high
energies ‡B is further modified by polarization of the medium, and this “density e�ect,” discussed
in Sec. 34.2.5, must also be included. Smaller corrections are discussed below.

The mean number of collisions with energy loss between W and W +dW occurring in a distance
”x is Ne”x (d‡/dW )dW , where d‡(W ; —)/dW contains all contributions. It is convenient to define
the moments

Mj(—) = Ne ”x
⁄

W j d‡(W ; —)
dW

dW , (34.3)

so that M0 is the mean number of collisions in ”x, M1 is the mean energy loss in ”x, (M2≠M1)2 is the
variance, etc. The number of collisions is Poisson-distributed with mean M0. Ne is either measured
in electrons/g (Ne = NAZ/A) or electrons/cm3 (Ne = NA flZ/A). The former is used throughout
this chapter, since quantities of interest (dE/dx, X0, etc.) vary smoothly with composition when
there is no density dependence.
34.2.2 Maximum energy transfer in a single collision

For a particle with mass M ,

Wmax = 2mec2 —2“2

1 + 2“me/M + (me/M)2 . (34.4)

In older references [2,7] the “low-energy” approximation Wmax = 2mec2 —2“2, valid for 2“me π M ,
is often implicit. For a pion in copper, the error thus introduced into dE/dx is greater than 6% at
100 GeV. For 2“me ∫ M , Wmax = Mc2 —2“.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can exceed
1 GeV/c, where hadronic structure e�ects modify the cross sections. This problem has been in-
vestigated by J.D. Jackson [8], who concluded that for incident hadrons (but not for large nuclei)
corrections to dE/dx are negligible below energies where radiative e�ects dominate. While the
cross section for rare hard collisions is modified, the average stopping power, dominated by many
softer collisions, is almost unchanged.
34.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation,”

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (34.5)

Eq. (34.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. Small
corrections are discussed below.

This is the mass stopping power ; with the symbol definitions and values given in Table 34.1,
the units are MeV g≠1cm2. As can be seen from Fig. 34.2, ÈdE/dxÍ defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl ÈdE/dxÍ, where fl is the density in g/cm3.

1st June, 2020 8:29am

Q: Why it is essential to precisely identify a track of a cosmic ray? 

A:  To extract information about the particle type  (if it is p, He or other ion)!

~

9Challenge: cosmic ray track reconstruction at TeV - PeV
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Figure1.Typicaldisplaysofsimulatedcosmic-rayprotonsinDAMPE.Theprotonkineticenergy
is3.8TeV(top)and179TeV(bottom),respectively.Botheventsareshownintwoorthogonal
viewsofthedetector(correspondingtotheleftandrightsubfigures).Threesubdetectorscanbe
seen,fromtoptobottom:thesearethecalorimeter(BGO),tracker(STK),andplasticscintillator
detector(PSD).Hitsinthetrackerareshownwithblackstars.Trackcandidatesreconstructedwith
thestandardalgorithm[6,37]areshownwithgraylines.Thetotaldeposited(observed)energyin
BGOisindicatedontopofthefigure.

thetrackisidentified,itisprojectedontothePSDsubdetector,whichcanprovidethe
absolutechargemeasurementwithhighresolutioninabroaddynamicrange,uptonickel
(Z=28)[46,47].Moreover,itisworthmentioningthatthewidthofaPSDbaris2.8cm,
whichismuchhigherthanthepointingresolutionoftheSTK,50–100µm[6].Hence,the
PSDmeasurementisnotsovulnerabletopotentialerrorsintheSTKtrackidentification.
Inotherwords,giventhattheselectedSTKtrackcandidateisrelativelyclosetothereal
trajectoryoftheparticle,evenifitiswronglyidentified,thePSDmeasurementislikely
correct.Withtheargumentationabove,thePSDrightfullyservesasamajortoolforab-
solutechargeidentificationinDAMPE.However,theadvantageofarelativelylargePSD
barsizeturnsintoaweaknessathighenergies,especiallyinthecontextofprotonandlight
ionidentification,asdescribedbelow.

Figure2demonstratestheultimatechargeidentificationcapacityofPSDandSTKwith
respecttoprotonsandheliumnuclei,indifferentenergybins,upto1PeV.Thedistributions
areobtainedfromsimulation,usingthetrueparticledirection.Inaddition,aselectionis
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Example of a typical interaction in DAMPE 
(one projection) for a ~ 100 TeV cosmic ray

Cosmic Ray 
(p, He, e, …)

10

Still OK...

Not sustainable for 
reliable analysis

We need a new algorithm to reconstruct particle track with 
ultimately better precision! (regression problem)

Reconstructed proton and 
helium charge distribution 
at 50 TeV (top) and 500 
TeV (bottom)

50 TeV

500 TeV

Challenge: cosmic ray track reconstruction at TeV - PeV
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• Protons are 104—105  more abundant than electrons at > TeV energies  
• Electron VS proton discrimination is one of the major challenges in calorimetric-type measurements  

(including DAMPE, AMS, CALET and other space experiments)

Typical electron 
interaction in DAMPE

Typical proton 
interaction in DAMPE

We need very powerful e/p separation technique!  
(classification problem)

Challenge: particle identification (electrons VS protons)
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Overwhelming proton contamination is the major 
inhibitor of CR electron analysis beyond a few TeV:

CALET (2023)

PRL 131, 191001 (2023)

Challenge!

?
Evidence of local 
CR accelerator?

We need very powerful e/p separation technique!  
(classification problem)

Challenge: particle identification (electrons VS protons)



AI in DAMPE  
(CNNs or fully-connected NNs)

13
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Figure 4. Convolutional neural network for the particle direction prediction in the BGO calorime-
ter. The output of the convolution layers is a set of 100 variables augmented with two additional
variables: the total deposited energy and maximum-bar energy (both in units of TeV). It is fol-
lowed by a fully-connected layer of 50 neurons, in turn, fully connected to the 4 output variables.
Activation in all layers is done with the Rectified Linear Unit (ReLU) function, except for the last
layer where the activation is linear. An additional fully-connected layer of 4 outputs with linear
activation is added to perform the data/MC correction (alignment).

precision and found no significant difference in the network performance. The output of
the network, x̂, is a vector of 4 variables, which correspond to particle coordinates (x and
y) in the first plane and the last plane of the STK. The choice of the output variables is
motivated by the fact that the BGO direction prediction serves as a first approximation
for the particle trajectory finding in the tracker. As a target for training we use the mean
squared error:

L(x̂, x̂tru) =
1

4N

NX

i=1

(x̂� x̂tru)
2,

where x̂tru is the corresponding vector of true particle coordinates in the first and the last
planes of the STK and N is the number of events in the batch.

The training of the network has been done with MC data consisting of simulated proton,
helium, and electron particles passing through the DAMPE detector. The CNNs were
trained separately for the low-, middle- and high-energy ranges, corresponding to particle
kinetic energy between 10 GeV and 10 TeV, between 1 TeV and 1 PeV, and between 10 TeV
and 1 PeV, respectively. This yields a better accuracy compared to the case when a single
model is trained on the entire energy range. We intentionally choose highly overlapping
energy intervals for the three models in order to facilitate smooth transitions between the
models. The output accuracy of the low- and middle-energy range models overlap in the
region in which the deposited energy is about a few hundreds of GeV, while the accuracy
of middle- and high-energy models overlap in the region of few tens of TeV. Hence, the
transition thresholds were chosen at 300 GeV and 20 TeV, respectively5. The fact that the
multiple energy range training shows a better performance compared to a single energy
range model is due to few factors. Firstly, at energies below ⇠100 GeV, considerably fewer

5
Depending on the value of deposited energy, one of the 3 models is used for the inference.
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Figure1.Typicaldisplaysofsimulatedcosmic-rayprotonsinDAMPE.Theprotonkineticenergy
is3.8TeV(top)and179TeV(bottom),respectively.Botheventsareshownintwoorthogonal
viewsofthedetector(correspondingtotheleftandrightsubfigures).Threesubdetectorscanbe
seen,fromtoptobottom:thesearethecalorimeter(BGO),tracker(STK),andplasticscintillator
detector(PSD).Hitsinthetrackerareshownwithblackstars.Trackcandidatesreconstructedwith
thestandardalgorithm[6,37]areshownwithgraylines.Thetotaldeposited(observed)energyin
BGOisindicatedontopofthefigure.

thetrackisidentified,itisprojectedontothePSDsubdetector,whichcanprovidethe
absolutechargemeasurementwithhighresolutioninabroaddynamicrange,uptonickel
(Z=28)[46,47].Moreover,itisworthmentioningthatthewidthofaPSDbaris2.8cm,
whichismuchhigherthanthepointingresolutionoftheSTK,50–100µm[6].Hence,the
PSDmeasurementisnotsovulnerabletopotentialerrorsintheSTKtrackidentification.
Inotherwords,giventhattheselectedSTKtrackcandidateisrelativelyclosetothereal
trajectoryoftheparticle,evenifitiswronglyidentified,thePSDmeasurementislikely
correct.Withtheargumentationabove,thePSDrightfullyservesasamajortoolforab-
solutechargeidentificationinDAMPE.However,theadvantageofarelativelylargePSD
barsizeturnsintoaweaknessathighenergies,especiallyinthecontextofprotonandlight
ionidentification,asdescribedbelow.

Figure2demonstratestheultimatechargeidentificationcapacityofPSDandSTKwith
respecttoprotonsandheliumnuclei,indifferentenergybins,upto1PeV.Thedistributions
areobtainedfromsimulation,usingthetrueparticledirection.Inaddition,aselectionis
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We start with the analysis of 
calorimeter data to get a first “rough” 
prediction of particle trajectory:

Ca
lo

rim
et

er
 

Tr
ac

ke
r 

• Combined calorimeter image (two projections merged in one image)  
• Processed by a CNN to predict a particle direction (intercept and slope in 

2 projections)

14Particle tracking (regression): CNN (calorimeter)
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Figure1.Typicaldisplaysofsimulatedcosmic-rayprotonsinDAMPE.Theprotonkineticenergy
is3.8TeV(top)and179TeV(bottom),respectively.Botheventsareshownintwoorthogonal
viewsofthedetector(correspondingtotheleftandrightsubfigures).Threesubdetectorscanbe
seen,fromtoptobottom:thesearethecalorimeter(BGO),tracker(STK),andplasticscintillator
detector(PSD).Hitsinthetrackerareshownwithblackstars.Trackcandidatesreconstructedwith
thestandardalgorithm[6,37]areshownwithgraylines.Thetotaldeposited(observed)energyin
BGOisindicatedontopofthefigure.

thetrackisidentified,itisprojectedontothePSDsubdetector,whichcanprovidethe
absolutechargemeasurementwithhighresolutioninabroaddynamicrange,uptonickel
(Z=28)[46,47].Moreover,itisworthmentioningthatthewidthofaPSDbaris2.8cm,
whichismuchhigherthanthepointingresolutionoftheSTK,50–100µm[6].Hence,the
PSDmeasurementisnotsovulnerabletopotentialerrorsintheSTKtrackidentification.
Inotherwords,giventhattheselectedSTKtrackcandidateisrelativelyclosetothereal
trajectoryoftheparticle,evenifitiswronglyidentified,thePSDmeasurementislikely
correct.Withtheargumentationabove,thePSDrightfullyservesasamajortoolforab-
solutechargeidentificationinDAMPE.However,theadvantageofarelativelylargePSD
barsizeturnsintoaweaknessathighenergies,especiallyinthecontextofprotonandlight
ionidentification,asdescribedbelow.

Figure2demonstratestheultimatechargeidentificationcapacityofPSDandSTKwith
respecttoprotonsandheliumnuclei,indifferentenergybins,upto1PeV.Thedistributions
areobtainedfromsimulation,usingthetrueparticledirection.Inaddition,aselectionis
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prediction defines 
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in the tracker
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Figure 9. Hough image of a typical Helium event and the architecture of the tracker convolu-
tional neural network. Big (black) and small (red) circles represent the true and the reconstructed
trajectory of a primary particle, respectively. Similar to the calorimeter CNNs model, the ReLU
activation function is used in all layers except for the last one, which has a linear activation. The
400⇥400 dimension is determined by the chosen RoI size and pixel resolution.

In particular, the raw tracker image does not necessarily show a pre-shower profile corre-
lated with the primary particle direction. The true particle track may be hidden among
secondary-particle hits with higher signals. In fact, we have also tried to develop a CNNs
model which uses raw STK images but no satisfying solution was found11. Another possible
alternative could potentially lie in the Graph Neural Networks domain [82], which we do not
cover in this paper. We opt for the Hough transform as a simple but powerful enough way of
structuring topologically the hits. As we will show later in the paper, the Hough transform
combined with the CNNs allows to achieve an excellent particle trajectory reconstruction
in DAMPE.

Similar to the calorimeter network, 8-bit precision is used to store information in each
pixel. Two tracker projections are mapped on separate images. Moreover, each projection
is split further into two images, consisting of hits with STK signal (charge) either below
or above a threshold Zthr, respectively12. In other words, for each projection, there is one
image with the STK hits more likely corresponding to protons and the other one with the
hits which potentially correspond to helium or heavier ions. In this way we partially encode
the STK signal information into the image. As a result, the input image has a dimension
400⇥400⇥4. The internal STK alignment is applied to correct for the hit positions in the

11
The raw-image CNNs in turn prove to be useful for a classification type problem, as will be shown in

Section 6.
12

The performance of the algorithm is not sensitive to the exact choice of the Zthr value. We have tested

values in the range from 1 to 2, found no significant difference, and chosen Zthr =
p
2. At the same time

the algorithm performance is better than in the case of no splitting.
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Before applying an CNN algorithm to the tracker data, we convert tracker 
signals (points on the left image into lines using the Hough transform)

15

This point represents the 
truth cosmic ray trajectory

This is a CNN 
prediction

Particle tracking (regression): CNN (tracker)
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tional neural network. Big (black) and small (red) circles represent the true and the reconstructed
trajectory of a primary particle, respectively. Similar to the calorimeter CNNs model, the ReLU
activation function is used in all layers except for the last one, which has a linear activation. The
400⇥400 dimension is determined by the chosen RoI size and pixel resolution.

In particular, the raw tracker image does not necessarily show a pre-shower profile corre-
lated with the primary particle direction. The true particle track may be hidden among
secondary-particle hits with higher signals. In fact, we have also tried to develop a CNNs
model which uses raw STK images but no satisfying solution was found11. Another possible
alternative could potentially lie in the Graph Neural Networks domain [82], which we do not
cover in this paper. We opt for the Hough transform as a simple but powerful enough way of
structuring topologically the hits. As we will show later in the paper, the Hough transform
combined with the CNNs allows to achieve an excellent particle trajectory reconstruction
in DAMPE.

Similar to the calorimeter network, 8-bit precision is used to store information in each
pixel. Two tracker projections are mapped on separate images. Moreover, each projection
is split further into two images, consisting of hits with STK signal (charge) either below
or above a threshold Zthr, respectively12. In other words, for each projection, there is one
image with the STK hits more likely corresponding to protons and the other one with the
hits which potentially correspond to helium or heavier ions. In this way we partially encode
the STK signal information into the image. As a result, the input image has a dimension
400⇥400⇥4. The internal STK alignment is applied to correct for the hit positions in the

11
The raw-image CNNs in turn prove to be useful for a classification type problem, as will be shown in

Section 6.
12

The performance of the algorithm is not sensitive to the exact choice of the Zthr value. We have tested

values in the range from 1 to 2, found no significant difference, and chosen Zthr =
p
2. At the same time

the algorithm performance is better than in the case of no splitting.

– 17 –

• From the Region-of-Interest inferred by a calorimeter CNN  we create a 400 x 400 x 4 image of the tracker 
• Similar to calorimeter CNN, the tracker CNN predicts 4 numbers (particle intercept and slope on 2 projections) 

16Particle tracking (regression): CNN (tracker)
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Figure1.Typicaldisplaysofsimulatedcosmic-rayprotonsinDAMPE.Theprotonkineticenergy
is3.8TeV(top)and179TeV(bottom),respectively.Botheventsareshownintwoorthogonal
viewsofthedetector(correspondingtotheleftandrightsubfigures).Threesubdetectorscanbe
seen,fromtoptobottom:thesearethecalorimeter(BGO),tracker(STK),andplasticscintillator
detector(PSD).Hitsinthetrackerareshownwithblackstars.Trackcandidatesreconstructedwith
thestandardalgorithm[6,37]areshownwithgraylines.Thetotaldeposited(observed)energyin
BGOisindicatedontopofthefigure.

thetrackisidentified,itisprojectedontothePSDsubdetector,whichcanprovidethe
absolutechargemeasurementwithhighresolutioninabroaddynamicrange,uptonickel
(Z=28)[46,47].Moreover,itisworthmentioningthatthewidthofaPSDbaris2.8cm,
whichismuchhigherthanthepointingresolutionoftheSTK,50–100µm[6].Hence,the
PSDmeasurementisnotsovulnerabletopotentialerrorsintheSTKtrackidentification.
Inotherwords,giventhattheselectedSTKtrackcandidateisrelativelyclosetothereal
trajectoryoftheparticle,evenifitiswronglyidentified,thePSDmeasurementislikely
correct.Withtheargumentationabove,thePSDrightfullyservesasamajortoolforab-
solutechargeidentificationinDAMPE.However,theadvantageofarelativelylargePSD
barsizeturnsintoaweaknessathighenergies,especiallyinthecontextofprotonandlight
ionidentification,asdescribedbelow.

Figure2demonstratestheultimatechargeidentificationcapacityofPSDandSTKwith
respecttoprotonsandheliumnuclei,indifferentenergybins,upto1PeV.Thedistributions
areobtainedfromsimulation,usingthetrueparticledirection.Inaddition,aselectionis
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17Particle tracking (regression): CNN (tracker + calorimeter)
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Q: Why this is important/exciting for physics? 
A:  Enables most precise CR measurement towards PeV!
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EBGO = 40-60 TeV

Before (Kalman):

Now (CNNs): 

We are able to identify a 
Cosmic Ray “needle” in a 
“haystack" of noise!                      



18

Somewhat unexpected result: our 
calorimeter CNN outperforms classical 
shower-shape fitting up to 6 times!

Classical

CNN

On the domain shift ...
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In the specific example of the DAMPE calorimeter CNN, 
something which is trained purely on simulated data 
(Geant4, FLUKA) matches real data extremely well:
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This is not always the case!



A. Tykhonov AI for cosmic ray detection in space at high-energy frontier

Recovered 
signal

PROBLEM: Lost signal - happens at very high energies (> 100 TeV) due to the detector saturation 
➡ Up to 50% of information lost... 

SOLUTION: We employ CNNs to recover the missing “pixels” using the image of the calorimeter 
➡ recovered profiting of the information of surrounding pixels

19

Important instrumentation implications ...

More CNN applications: recovery of lost signal (regression)



x4  better proton background 
rejection at > 10 TeV 
compared to classical 
methods!

Standard method (shower-shape):
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Neural Network classifier:
BGO energy (GeV)
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Droz et al. JINST 16 P07036 (2021)

20Electrons VS protons (classification): a fully-connected NN

This is a perfect example of a simpler NN performing 
better on a real data (compared to CNN)



21Back to particle physics with Cosmic Rays thanks to AI!

Consider DAMPE detector as your typical particle detector 
(fixed-target experiment) but exposed to a "free" beam of 
particle with energies higher than LHC!

CalorimeterTrackerPlastic 
scintillator

To perform particle-physics type measurement, we need to 
select particles in the CR "beam" in a clean unbiased way
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EBGO = 40-60 TeV

Before (Kalman):

Now (CNNs): CR "beam"



22Back to particle physics with Cosmic Rays thanks to AI!

CNN-based tracking enabled the measurement of proton and helium inelastic hadronic cross sections, otherwise 
unachievable at that level of precision!

First proton cross section 
measurement spanning almost 2 
order of magnitude in c.m.s. 
energy by a single experiment

Complementary to accelerator 
and air-shower results

First measurement of helium cross 
section at such high energies

Phys. Rev. D 111, 012002 (2025) arxiv:2408.17224  
(work lead by Dr. Paul Coppin at UniGeneva)



23Conclusions

Papers/results already integrated in data analysis pipeline of DAMPE: 
 - Track reconstruction with CNNs (regression): https://arxiv.org/abs/2206.04532 
 - Electron VS Proton classification with NNs (classification): https://arxiv.org/abs/2102.05534 
 - Recovery of lost signal / saturation correction (regression): https://arxiv.org/abs/2201.12185  
Work in progress: https://arxiv.org/abs/2503.10521 and a few more in preparation ...

To be continued, stay tuned …. 
Thank You!

• DAMPE a state-of-the art particle detector in space 
pioneering TeV-PeV frontier 

• DAMPE physics goals naturally push for deep learning to 
replace conventional methods (Kalman etc.) 
➡ Enables precise TeV-PeV particle detection 
➡ Helps/enables particle physics with cosmic rays 
➡ CNNs and NNs do the job so far, but we look beyond...

https://arxiv.org/abs/2206.04532
https://arxiv.org/abs/2102.05534
https://arxiv.org/abs/2201.12185
https://arxiv.org/abs/2503.10521

