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Owing to their rapid cooling rate and hence loss-limited propagation distance, cosmic-ray electrons and
positrons (CRe) at very high energies probe local cosmic-ray accelerators and provide constraints on exotic
production mechanisms such as annihilation of dark matter particles. We present a high-statistics
measurement of the spectrum of CRe candidate events from 0.3 to 40 TeV with the High Energy
Stereoscopic System, covering 2 orders of magnitude in energy and reaching a proton rejection power of
better than 10*. The measured spectrum is well described by a broken power law, with a break around
1 TeV, where the spectral index increases from I'; = 3.25 4 0.02(stat) + 0.2(sys) to [, = 4.49+
0.04(stat) + 0.2(sys). Apart from the break, the spectrum is featureless. The absence of distinct signatures
at multi-TeV energies imposes constraints on the presence of nearby CRe accelerators and the local CRe

propagation mechanisms.

DOI: 10.1103/PhysRevLett.133.221001

Introduction—Cosmic-ray electrons and positrons (CRe)
at very high energies (£ 2 100 GeV) undergo fast radiation
losses while propagating in the Galaxy. Both inverse-
Compton scattering and synchrotron radiation losses limit
their cooling times and therefore propagation distance to
typically kiloparsec scales or below [1,2] in diffusion-
dominated Galactic cosmic-ray transport [3]. Therefore,
local CRe either indicate the existence of one (or several)
primary CRe sources in the local vicinity [4,5] or are the
result of cosmic-ray nuclei interacting with interstellar gas
producing secondary CRe [6], which would suggest a more
distributed origin of CRe. In particular, nearby pulsars and
their environments as well as supernova remnants have
been suggested as CRe sources [7-10]. However, no
unambiguous imprint of such local CRe sources has been
revealed in the spectrum, nor inferred through anisotropy
[11-14] of the CRe observed at Earth. The measurements
of the positron fraction rising with energy [15,16] triggered
interest in more exotic scenarios, such as the imprint of dark
matter annihilation, although conventional scenarios with
pulsars as CRe sources seem to be favored [17-19]. The
high-energy end of the CRe spectrum has been made
accessible by indirect, ground-based measurement tech-
niques. High Energy Stereoscopic System (H.E.S.S.) mea-
surements up to ~4 TeV [20,21] revealed the existence of a
break in the CRe spectrum at around 1 TeV, confirmed later
by MAGIC and VERITAS [22,23]. Direct measurements
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by the Fermi Large Area Telescope (Fermi-LAT) and
AMS-02 reached the onset of the break in the electron
spectrum [24,25], allowed for discrimination between
electrons and positrons [26], and ultimately extended the
energy range of direct measurements [27]. Further exten-
sion to 4.6 and 7.5 TeV, respectively, and a first con-
firmation of the break by direct measurements was obtained
by DAMPE [28] and CALET [29].

Using the vast statistics provided by 12 years of data,
advanced particle discrimination schemes, and improved
instrument response functions, we now constrain the CRe
measurement to an unequaled energy of 40 TeV and resolve
the spectral break with high statistics.

The dataset—H.E.S.S. is an array of imaging atmos-
pheric Cherenkov telescopes (IACTs) situated in Namibia,
with four 12 m diameter telescopes (CT1-4), operational
since 2003, and one large-size telescope with a mirror
diameter of 28 m in the center of the array (CTS5),
inaugurated in 2012. H.E.S.S. has proven its capability
to measure CRe already in 2008 [20,21], becoming the first
ground-based instrument to do so. Since leptonic charge
separation cannot be achieved with H.E.S.S., measure-
ments of the sum of electrons and positrons are performed,
and the term CRe is used for the sum of both hereafter.

The cameras of the CT1-4 telescopes were upgraded in
2017 with new electronics. The analysis presented here
uses all data taken with CT1—4 before the camera upgrade,
spanning a period of almost 12 years of H.E.S.S. obser-
vations, from December 2003 to June 2015.
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FIG. 1. The distribution of the main classifier, the MSSG, for y

rays from PKS 2155-304 in H.E.S.S. data after background
subtraction (black), compared to y-ray simulations generated with
a spectral index I' = 3.5 (blue).

Strict quality criteria have been applied to guarantee the
best possible data quality. In addition to standard quality
cuts [30], only observations with all four CT1-4 telescopes
operational and with zenith angles smaller than 45° were
used. The atmospheric transparency to Cherenkov radia-
tion, as inferred from the trigger rate [31], is also used in the
selection: only data with relative transparency larger than
60% are used.

Under the assumption of isotropy, all observations can be
used for a measurement of CRe. However, since discrimi-
nation between electron and y-ray-induced air showers is
challenging, the Galactic plane with its very extended y-ray
sources [32] and diffuse y-ray emission [33] is excluded
within +15° of latitude. Runs with pointing positions
within 5° from the Small and Large Magellanic Clouds
are also excluded. This selection results in a total of 6830
observation runs corresponding to ~2728 h of data. Only
events that are reconstructed to originate from within the
central 4° of the 5° diameter field of view are retained.
Events within 0.25° radius from known very-high-energy
y-ray sources are also rejected (the H.E.S.S. point spread
function for these data is typically 0.06°).

Potential remaining contaminations are the high-latitude
Galactic diffuse emission and the diffuse extragalactic y-ray

background, which has a flux well below the CRe flux and
shows an exponential cutoff at 250 GeV [34].

Monte Carlo simulations—Monte Carlo (MC) simula-
tions of IACTs are used at the reconstruction level to
correct data for instrumental or environmental effects, at the
analysis level for validation, and at the spectral recon-
struction level, where precise instrument response func-
tions are needed.

Standard TACT analyses use interpolations between
pregenerated MC datasets generated on a fixed grid of
the parameter space. Here a more precise approach is used:
In the runwise simulation scheme [35], every run is
simulated with the actual source trajectory and instrument
parameters of that run. This improves the agreement
between data and simulations [35] and provides more
accurate response functions.

For each run of the dataset, a large number of electron-
induced showers (typically on the order of 200 000) are
simulated with a hard spectrum (I" = 1.3), ensuring suffi-
cient statistics at high energies and reliable response func-
tions up to more than 80 TeV. This MC dataset is used at
different levels of the analysis to check the quality and
stability of the results (see Supplemental Material [30]).

Shower reconstruction and primary particle identifi-
cation—For the event reconstruction, an advanced recon-
struction technique (Model + +) based on comparison of
the camera images with a semianalytical model of the air
showers is applied [36]. The shower image goodness of fit
allows selection of relatively clean samples of y-ray or CRe
candidate events. The goodness of fit of each image is
rescaled by computing its difference to its mean as derived
from y-ray simulations and dividing the result by its rms.
This allows us to combine the results of each telescope in a
single variable, the mean scaled shower goodness (MSSG).
Given the similarity between the CRe and y-ray shower
development, this goodness-of-fit MSSG has a rather similar
distribution for both primary y rays and CRe. For the
analysis of y-ray sources, the cut value on MSSG is chosen
as a compromise between statistics of y-ray candidates and
background level, given that the remaining background can
be reliably determined from off-source regions, and sub-
tracted. For the investigation of the diffuse CRe flux, the
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FIG. 2. The MSSG distribution for H.E.S.S. data (black data points) in three energy bands: (a) 0.3—1 TeV, (b) 1-3 TeV, and (c) > 3 TeV.
The data are fitted with a parametrization of simulated electrons (blue, arb. norm.) and a parametrization of the hadronic cosmic rays (black
dashed line). The combined model of electrons and hadronic background is shown as the solid black line and ocher area.
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MSSG is calculated assuming the electron hypothesis, and a
hard cut of MSSG < —0.6 is used, together with additional
selections cuts (see Supplemental Material [30]). This
drastically reduces the background of cosmic-ray protons
and nuclei (CRn) among the CRe candidate events, at the
expense of signal statistics, resulting in a proton rejection of
better than 10* at a few TeV.

This technique crucially relies on the ability of the
simulations to accurately reproduce the MSSG distribution
for electromagnetic air showers. This was validated using
the MSSG distribution for y rays from the blazar PKS
2155-304 (using a dataset of 755 runs), after subtracting the
cosmic-ray background. The distribution is compared to y-
ray simulations obtained within the runwise scheme.
Identical cuts were used for selection of runs, images,
and events as for the CRe sample. As illustrated in Fig. 1,
the measured distribution is indeed well reproduced by
simulations, see also Supplemental Material [30].

In Fig. 2 the measured distribution in MSSG is shown, in
three energy ranges (ocher histograms), in comparison to
electron runwise simulations (blue curves). The data dis-
tributions exhibit a clear peak consistent with the electron
simulations, on top of a much broader distribution that
corresponds to CRn. The data are modeled as a sum of the
simulated MSSG distribution of electrons and an analytical
parametrization (dotted line) to account for the CRn
background. The resulting distribution—shown as a solid
black line—is in good agreement with the data, although it
should be noted that there is some freedom in the choice of
the analytical parametrization representing the hadronic
background.

The analysis presented here deliberately avoids using
distributions from simulated CRn and does not attempt to
subtract the CRn remaining after the CRe selection cuts. CRn
simulations have considerably larger uncertainties than those
of electromagnetic cascades, due to the model dependence in
the simulation of hadronic interactions. Moreover, the frac-
tion of hadronic showers triggering the instrument and
passing the selection cuts is much lower than for electro-
magnetic showers, making the production of a CRn
Monte Carlo dataset excessive in terms of computing time.

From Fig. 2, an estimate of the remaining CRn con-
tamination as a function of the MSSG cut can be obtained.
Below MSSG ~ —1, where very little CRn contamination is
expected, the measured MSSG distribution is in excellent
agreement with the predictions for -electrons. For
MSSG z —1, an increasing excess over the electron
simulations is seen, which is attributed to CRn. The applied
cut of MSSG < —0.6 results in a CRn contamination in the
CRe dataset of less than 25% for the energy range of
0.1-1 TeV and less than 30% for 1-3 TeV. Beyond
3 TeV a dominant background contribution cannot be
excluded [30].

Spectrum of electron + positron candidate events—This
analysis resulted in the selection of 265574 electronlike
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FIG. 3. Filled red circle data points: spectrum of CRe candidate

events measured by H.E.S.S. The dataset still contains a residual
background from CRn and therefore places an upper limit on the
true CRe flux. The dark red band indicates the broken-power-law
fit to the data [Eq. (1)], with the width of the band corresponding to
statistical errors. The light blue band denotes the estimated range
of the true CRe flux, considering the CRn contamination as well as
the statistical errors and systematic errors. Separately shown is the
systematic error on the global energy scale, which also impacts the
normalization of E3F(E), as visualized by the red arrow. Included
are CRe measurements by AMS-02 [25], Fermi-LAT [27],
CALET [29], DAMPE [28], VERITAS [23], and previous
H.E.S.S. measurements [20,21]. Also shown is the CR proton
flux based on AMS-02 [37] and DAMPE [38] data (scaled down
by 1073 — 107>) and the Fermi-LAT diffuse extragalactic y-ray
flux [34] (scaled up by 10?). The bottom panel shows the residuals
expressed in Ay = (¢; — ¢p(E))/o; where ¢; and o; are, respec-
tively, the flux measured in bin 7 and its statistical uncertainty, and
¢(E) is the expected flux from Eq. (1).

events from 0.3 to 40 TeV. The energy spectrum for these
events is derived using a forward-folding procedure assum-
ing that all selected events are electrons and using in-
strument response functions computed from electron
simulations described above. The red data points in
Fig. 3 show the resulting spectrum of these CRe candidate
events along with previous CRe measurements. Numerical
values are provided in Supplemental Material [30].
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FIG. 4. Local spectral index, calculated from adjacent data
points as I'(E) = Alog ¢/ Alog E, for the high-statistics H.E.S.S.
and AMS-02 [25] spectra. H.E.S.S. data are described by a
sigmoid function in log E, shown as a blue dashed line.

The spectrum of CRe candidate events is consistent with
an otherwise featureless broken power law with a break
around 1 TeV,

ro-n(cke) (B 0

with Fo = (126.1 £ 0.54, £ 13,,) GeV?m~2sr~!'s™! as
flux normalization; I'y = 3.25 £ 0.024, £+ 0.2, as the
low-energy index of the power law; I'; = 4.49 £ 0.04,,, =
0.24 as the high-energy index of the power law; E;, =

(1.17 £ 0.04, & 0.12,) TeV as the break energy; and

a =021+ 0.02, fgi';é’:;: as the sharpness of the break.

The dark red band in Fig. 3 indicates the best fit to the
data, with the width of the band corresponding to the
statistical errors of the data.

Systematic errors of the parameters described in Eq. (1)
are derived by varying analysis cuts as well as accounting
for the variation of the observed flux with zenith angle, with
atmospheric conditions and with time, i.e., aging of the
instrument, see Supplemental Material [30]. An additional
error on Fy and Ej, arises from a 10% uncertainty on the
global energy scale, which translates into a 21% uncer-
tainty in the energy-weighted F,, as indicated by the
double-headed red arrows in Fig. 3.

In the energy range of overlap, the measured flux
E*F(E) of CRe candidate events is overall about 30%
higher compared to other measurements. Taking into
account systematic uncertainties and the estimates of a
typical 15% hadronic contamination at energies below
3 TeV [30], the estimated range of the true CRe spectrum
(visualized as blue-shaded area in Fig. 3) is compatible to
other measurements.

The high statistics of the H.E.S.S. data allow us to
determine a local spectral index of CRe candidate events,

calculated as T'(E) = Alog¢/AlogE for data points
adjacent in E (Fig. 4). The calculation uses the resolu-
tion-unfolded spectra; given the energy resolution of better
than 10% (see Fig. 5 of [30]), resolution corrections are
modest. Also included in Fig. 4 is the local spectral index
calculated for AMS-02 data [25]. The variation of the
spectral index across the break is well described by a
sigmoid function in log E.

Discussion and conclusion—The analysis of an extended
dataset from H.E.S.S. led to the identification of a vastly
increased number of CRe-like events compared to the
previous H.E.S.S. measurement [20], extending to energies
of 40 TeV. The spectrum of CRe candidate events is well
described by a broken power law. The break at 1.17 TeV
is relatively sharp; the index change—consistent with a
AT" = 1 cooling break—occurs over a factor 3 in energy.

This sample of CRe candidate events contains a con-
tamination of CRn. For energies up to ~3 TeV—well
above the break—the contamination can be estimated from
the shape of the MSSG distribution (Fig. 2) and is smaller
than 30%; in this domain the measured spectral shape can
be taken as representative for the true CRe. At higher
energies, the contamination increases in accordance with
the much steeper CRe spectrum compared to the CRn
spectrum with its spectral index of about 2.7. With
increasing energy it is therefore increasingly difficult to
limit the contamination (see Fig. 3). The measured spec-
trum at the highest energies should be considered an upper
limit for the true CRe flux; the range of the true CRe flux is
indicated by the light blue area in Fig. 3.

Beyond CRe, y rays from the diffuse y-ray background
are also likely to pass the event selection cuts. However,
given the measured isotropic diffuse flux [34], this con-
tamination is plausibly negligible across the energy range
covered (see Fig. 3). Taking the well-measured Fermi-LAT
results as indicative for the TeV range [39], also the flux of
high-latitude Galactic diffuse emission is still significantly
lower than the measured CRe spectrum. This is supported
by the lack of variation of the spectrum normalization as
function of Galactic latitude (see [30], Fig. 18).

For the sub-TeV CRe flux, there is a ~30% significant
difference between AMS-02 and CALET data on the one
hand and Fermi-LAT and DAMPE on the other hand. The
systematic errors of the H.E.S.S. flux normalization do not
give preference to one or the other group of data. The
measured low-energy spectral index of I'j =3.25 is
slightly larger than the indices in the range of ~3.1
(Fermi-LAT, DAMPE) to ~3.2 (AMS-02) measured by
other experiments, but fully compatible within statistical
and systematic errors. The measured break energy of E;, =
1.17 TeV is, within systematic errors, marginally compat-
ible with the DAMPE value of 0.91 TeV, but is significantly
larger than the break of 0.71 TeV quoted by VERITAS.
Also the Fermi-LAT lower limit (95% CL) for the break
energy of 1.8 TeV is not compatible with the clear and
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highly significant spectral break observed with H.E.S.S.
and other experiments.

At high energy, the H.E.S.S. spectrum of CRe candidate
events extends well beyond the direct measurements pre-
sented recently [28,29] and other indirect measurements.
The high-energy index of I’ = 4.49 obtained with H.E.S.S.
for the spectrum of CRe candidates is larger than the values
of 3.92 of DAMPE and 4.1 of VERITAS. Given that the CRe
candidates include a CRn background whose relative
importance is increasing with energy, the measured value
should be interpreted as a lower limit for the true CRe high-
energy index, and a high-energy cutoff is not excluded.

The H.E.S.S. data do not confirm the existence of a
1.4 TeV peak in the spectrum, which has been associated
with a dark matter signal [40], nor the rise observed by
various experiments in their last energy points around 5 TeV.

The detection of a multi-TeV CRe flux and the associated
spectral break probe local CRe accelerators. The rapid
cooling at these energies imposes limitations on both the
electrons’ energy-loss time (~100 kyr) and their propagation
distance (a few hundred parsecs). The H.E.S.S. results
dismiss the presence of a strong close-by source causing
arise in E°F(E) at multi-TeV energies (e.g., [8]) and impose
limits on local sources: In a burstlike scenario, a Vela-type
source with a distance of 300 pc and an age of 11 kyr is
limited to a maximum energy of ~2 x 10 erg released in
electrons (see Supplemental Material [30]).

The high statistics of the H.E.S.S. data allow us to
characterize the shape of the observed spectral break. A
sharp break [@ =0 in Eq. (1)] is excluded with high
confidence; the break can be characterized by an a of
0.21, implying that the index changes by about unity over a
factor 3 in energy, as visible in Fig. 4. Uncertainties in the
CRn background at higher energies prevent us from ruling
out an exponential cutoff above a few TeV. Nevertheless,
the identification of a break at about 1 TeV remains a robust
finding and carries important information regarding CRe
acceleration and propagation within the local Galaxy. For
synthetic models with distributed ensembles of sources
(e.g., [10,41,42]) and a corresponding spread of propaga-
tion times, one tends to obtain significantly smoother
spectra than observed, with a smeared-out break. The
observed, still relatively sharp break may therefore favor
a scenario in which—at energies around one TeV—a single
nearby source, with a burstlike release of electrons (e.g.,
[43,44]), takes over a population of CRe escaping from
distributed sources (e.g., [45,46]), possibly resulting also in
an observable anisotropy at these energies. The steep fall-
off of the CRe candidate spectrum limits the capabilities of
space-borne instruments to measure the multi-TeV CRe
spectrum. The H.E.S.S. measurement can potentially be
further improved using machine learning to select CRe;
this, however, implies simulation of huge CRn background
samples, which is computationally extremely expensive.
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