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Extragalactic very high-energy (VHE; E > 100 GeV) gamma rays suffer absorption in interactions with photons of the Extragalactic Background Light (EBL). The EBL is an isotropic diffuse field 
spanning the optical and infrared regions of the electromagnetic spectrum. Observational data allow for uncertainties in the current EBL models, which in turn affect VHE analyses. We present 
an open-source code to compute the EBL using a forward-folding model. The dominant contribution to the optical background is stellar emission, which we compute by evolving the spectrum of 
a single stellar population, using the mean metallicity evolution and the star formation rate through redshift. Additional EBL sources can be provided by the user. The code already includes 
optional contributions from sources such as stripped stars, intra-halo light, and axion-like particle (ALP) dark matter decay. The optical emissivity is then absorbed by interstellar dust and 
reemitted in the infrared regime. We offer multiple modeling options for this process, by using either spectral templates or a combination of blackbodies.

We present a use case where we simulate an observation of Markarian 501 in a high-flux state using the Large High Altitude Air Shower Observatory array (LHAASO). The observed VHE 
spectrum is highly sensitive to the EBL opacity coming from the infrared, allowing us to distinguish between different dust reemission models and constrain model parameters.
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Stellar contribution

We evolve the stellar population through cosmic time, following the mean metallicity of the 
Universe. We convolve the luminosity Lλ of a simple stellar population (SSP) with the stellar 
formation rate ρ⁎, respectively shown in the left and right sides of Fig. 1. 
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Cosmic ALP decay

ALPs are one of the candidates to make up dark 
matter [8, 9]. If this were the case, there would be a 
continuous decay of ALPs through cosmic time. This 
decay would be a source of photons, and if the decay 

happens in the EBL range, another source for its 
intensity.
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OPTICAL SOURCES OF THE EBL

Fig. 1: Left: synthetic stellar 
spectra for an SSP, at several 
ages (colors) and metallicities 
(opacity). Calculated with 
Starburst99 [1]. Right: The ρ  ⁎
as a function of redshift. Three 
models overlap. 
Parametrization by [2] shown 
as a dashed line.
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Fig. 2: Left: fraction of photons that escape dust absorption, shown for different redshifts. Parametrization 
from [5]. Right: BOSA spectral templates of dust reemission for different metallicities [4].
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Two techniques are implemented:
● Spectral synthetic templates of dust reemission, such as the Chary [3] or the BOSA 

templates [4], in the right side of Fig. 2. Their respective EBL models are shown in Fig. 3.
● Sum of black bodies representing emission from dust at different temperatures. We show 

the model 2BB in Fig.3, two dust populations with T1 = 450K and T2 = 63K.
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Fig. 4: flare from Markarian 
501 from 1997 as seen by 
HEGRA [10, 11]. Fits with a 
PL + EBL using the EBL 
models from Fig. 3.
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We start by fitting VHE observations

In Fig. 4 we show a VHE observation with the High Energy Gamma Ray 
Astronomy (HEGRA) observatory, and fits with the spectral model of a 
power law (PL) and optical depth τ, which quantifies the amount of photons 
lost to pair production in the intergalactic medium and is calculated from the 
EBL intensity [12]. We inject these fitted spectra in our simulations.
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Fig. 5: Histograms with results from the 1000 Poisson-distributed pseudo-experiments 
assuming Chary is the true EBL model, for the fittings performed with the EBL models 
from Fig.3. Left: likelihood ratios. Vertical lines are the LogLikelihood ratio of the 
Asimov datasets. The black line in the cumulative histogram (bottom) is the fitted χ2 
distribution of the true EBL histogram. Right: best fit parameters. Dotted vertical lines 
are the best fit parameters of the true model.
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Monte Carlo simulations

We simulate an observation of the VHE flare from Fig. 4 with LHAASO, and compare the results obtained with 
different EBL models. We perform 1000 Poisson-distributed pseudo-experiments and study their log-likelihood values.

In Fig. 5 we show the results assuming Chary as the true EBL model, and comparing it to the others. We can 
distinguish between the BOSA and the other EBL models, but not between Chary and 2BB. Neither the log-likelihood 
ratios nor the best fit parameters allow us to distinguish between Chary and 2BB.
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Fig. 3: EBL lower limits as colored filled markers and 
upper limits as grey open symbols [6, 7]. EBL models 
calculated with stellar contribution and different dust 
reemission models, fitted to lower limits.
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Electron identification 
• Below 476 GeV: K-estimater (2-parameter cut)
• Above 476 GeV: Boosted Decision Tree (BDT)
• Residual proton contamination: a few % to TeV
• 80% constant efficiency after pre-selection

Observation period 
• Oct. 13, 2015 – Dec. 31, 2024 (9.2 years, 3368 days)
• High-energy (HE) trigger: 𝐸 > 10 GeV
• Continually operating for over 9 nears

Detector simulation
• EPICS with DPMJET-III validated by beam test
• Used to derive efficiency, correction factors, 
      and background estimates.

Calibration
• MIP-based, time-dependent gain correction for each detector component
• Absolute energy scale adjusted by +3.5% from geomagnetic cutoff analysis

Track reconstruction
• Electromagnetic shower tracking algorithm
• Energy-independent high efficiency and reliability

Pre-selection criteria
• Offline trigger confirmation with stricter threshold
• Geometrical acceptance & track quality cut
• 𝐸 < 1.25 using CHD
• EM-like longitudinal & lateral shower profiles
• ~90% efficiency after pre-selection

Energy reconstruction
• Sum of energy in TASC and IMC with small correction
• Correction < 5% up to TeV region

Mission overview 
• Launched in August 2015 and installed on the ISS Japanese Experiment Module “Kibo”
• Continually operating for over 9 nears

Scientific objectives:
• Search for nearby sources of high-energy electrons
• Investigate possible signatures of dark matter
• Study cosmic-ray acceleration and propagation
• Search for the counter parts of γ-ray burst and GWs
• Monitor the solar modulation, space weather, etc.

Targets
• Electrons (1 GeV – 20 TeV)
• Proton and Nuclei ( a few 10 GeV – 1 PeV)
• Gamma-rays ( 1 GeV – 10 TeV)

CALET Calorimeter
• Consists of 

• CHD (Charge Detector): charge identification (Z=1 – 40)
• IMC (Imaging Calorimeter): shower tracking and PID
• TASC (Total Absorption Calorimeter): 
  energy measurement 

Key Features of CALET Calorimeter
• High energy resolution: ~2% above 20 GeV for electrons and gamma-rays
• Excellent proton rejection power: >105 using imaging capability
• Wide dynamic range: from MIP to ~ PeV
• Precise charge resolution: 0.15 – 0.3e (p– Fe)
• Stable operation and calibration verified via cosmic-ray MIP and beam test data

Precise Measurement of the Electron plus Positron Spectrum
with CALET on the International Space Station

Yosui Akaike1, 2 and Shoji Torii1 for the CALET Collaboration

The primary objectives of the CALorimetric Electron Telescope (CALET) mission are to search for possible nearby cosmic-ray sources and dark matter signatures through the precise measurement of the electron 
plus positron (all-electron) spectrum. The instrument is optimized to measure the all-electron spectrum well into the TeV region, with a total thickness of 30 radiation lengths at normal incidence and fine shower 

imaging capability. These capabilities provide an excellent energy resolution of 2\% over a wide energy range from 20~GeV to 20~TeV, and enable highly precise measurements by suppressing hadron 
contamination to below a few percent. CALET has been accumulating scientific data for more than nine years on the International Space Station without major interruption.

 In this study, we will present the latest results of the all-electron spectrum with high-statistics data, and briefly discuss its interpretation regarding nearby electron sources at the TeV region.

1 Waseda Research Institute for Science and Engineering, Waseda University, Japan
2 Space Environment Utilization Center, Human Spaceflight Technology Directorate, Japan Aerospace Exploration Agency, Japan

Introduction
Scientific objectives of the electron plus positron (all-electron) spectrum 
➢ Search for nearby cosmic-ray sources
•  High-energy electrons lose energy rapidly via synchrotron and inverse Compton scattering.
 ⇨ TeV-scale electrons probe nearby (<1kpc) and recent (<105yr) astrophysical sources.
•  Since the number of such candidates are limited, 
 measurements of the all-electrons may identify the sources such as nearby SNRs (e.g., Vela)

➢ Constrain dark matter Signatures
• A positron excess has been reported by PAMELA and AMS-02.
 Various models have been proposed, including astrophysical sources (e.g., PWNe) and dark matter.
 Precise measurement at high energies are crucial to constrain these scenarios.

Observation of the all-electron spectrum
➢ Challenges in electron measurements
• Low flux: Only a few events per m-2sr-1s-1above 1 TeV
• Large proton background:
  ~10× higher than electron at 10 GeV,
  ~1000× higher at 1 TeV 
• High energy resolution is essential to distinguish spectral
      features and constrain models.

CALET: CALorimetric Electron Telescope

Proton
(AMS-02, CALET)

Electron
(AMS-02, CALET)

x100
x1000

Data analysis I

Schematic view of CALET

Energy resolution for electrons

An example of 3.9 TeV electron event

BDT distributions in 1.5 TeV to 4.8 TeV

Data analysis II

Systematic Uncertainties

Systematic uncertainties
• Sources: trigger efficiency, tracking, charge 

& electron ID, BDT stability, MC model.
• BDT stability: evaluated from 100 training 

with varying cut efficiency (70-90%)
• All components integrated for total 

systematic error estimate

All-electron spectrum: energy range from 10 GeV to 7.5 TeV
• Data set increased by 27% compared to previous publication [PRL 131, 191001 (2023)] 

Japanese Experiment Module

• Good agreement with AMS-02 
up to ~2 TeV

• CALET shows slightly softer 
spectrum than Fermi-LAT and 
DAMPE from 60 GeV to ~1TeV.

• Expected cutoff around 1 TeV 
based on the decrease in 
number of sources 
significantly contributing to 
the all-electron spectrum

Spectral fit
• Fit with smoothly broken power law (SBPL):

• Break energy: 𝐸𝑏 = 752 ± 140 GeV
• Spectral change: Δγ = −0.80 ± 0.25
• Reduced χ2/NDF = 1.7/28

• Exponentially cutoff power law also fits well:
• Cutoff energy: 𝐸𝑐 = 2385 ± 299 GeV
• Index: γ = −3.08 ± 0.01
• Reduced χ2/NDF = 6.1/28

⇨ Significance over single power law: 6.7 σ.

Interpretation of the CALET all-electron spectrum with AMS-02 positron spectrum
• The spectrum is modeled using DRAGON propagation code, incorporating AMS-02 positron data 

and parameters from prior studies [PRL 111, 021102 (2013)].
• Below ~1 TeV, the spectrum including the positron excess is explained by secondaries and primary 

e±pairs from distant SNRs and pulsars.
• Above 1 TeV, nearby SNRs (Vela, Cygnus Loop, Monogem) are required to reproduce the observed 

spectrum.
• The combined contribution from these SNRs corresponds to an energy output of ~0.65 × 1048 erg in 

electrons above 1 GeV per source.
• Fits with and without nearby sources show similar χ2/NDF (35/80 vs. 33/80), but the inclusion 

provides better spectral agreement in the TeV region.

The electron plus positron spectrum

The fitted results in the range from 30 GeV to 4.8 TeV

Possible spectral fit over the whole energy region of CALET,
Including pulsars and nearby SNR sources as individual 
sources, with the Vela SNR dominating in the TeV region.

Spectral fit over the whole energy region of CALET and AMS-
02 positrons data, but without the contribution from nearby 
SNRs.

Results

Summary
• We updated the CALET all-electron spectrum with two more years of data, confirming a spectral 

break in the TeV region consistent with DMAPE. 
• The extended statistics improve precision in spectral shape and break characterization.
• Further observations will be carried out to draw definitive conclusions.

Electron and proton fluxes
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