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Abstract

Cosmic rays (CRs) are high energy particles in space. The Earth’s upper
atmosphere is continuously bombarded by CRs, resulting in atmospheric ionization and
producing various kinds of secondary particles, including gamma rays. The Earth’s
magnetic field behaves like a CR spectrometer which allows particles above a certain
energy to interact with the atmosphere at a given region. Therefore, the rates of CR-
atmosphere interactions, and hence the atmospheric ionization rates and gamma-ray
intensities, depend on the geomagnetic field locations. We use the Earth’s gamma-ray
data observed by the Fermi Gamma-ray Space Telescope to indirectly study the CR
spectrum, the atmosphere, and the geomagnetic field. The current result is the computer
model of the atmospheric ionization due to CRs, which can be compared against other
measurements and calculations to verify the validity of our model. We also use the
model to evaluate the effects of CRs on airplane passengers’ health. Furthermore, the
study of Earth’s gamma-ray emission has been one of the Fermi Collaboration’s tools to

calibrate and monitor the detector’s performance, which is very useful for other studies.
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Abstract lonization in Earth’s troposphere is mainly due to Galactic cosmic rays. Occasionally, solar
storms produce intense relativistic ion beams that significantly increase such ionization. One of the largest
recorded solar radiation storms, on 20 January 2005, resulted in up to 55-fold increases in the count rates
of ground-based particle detectors in polar regions. We use McMurdo and Inuvik neutron monitor data

to estimate accurate time profiles of ion energy spectra above the atmosphere at each location. Using
data-driven atmospheric models, we perform Monte Carlo simulations of particle-air interactions and
calculate atmospheric ionization and potential biological dosage versus altitude and time for each location.
We found that if airplane passengers had traversed the south polar region, they could have been exposed
to the typical annual cosmic radiation dosage at sea level within 1 h. These techniques can help evaluate
possible influences of solar activity on atmospheric properties.

1. Introduction

There is a variety of “space weather” effects on human activity due to high-speed solar wind streams and solar
storms, including those associated with solar energetic particles (SEPs). While humans at Earth are usually
well protected by Earth’s magnetic field and atmosphere, there are occasional solar storms that produce SEPs
of sufficient energy and intensity to shower in the atmosphere and significantly enhance the flux of ionizing
radiation above the background level due to Galactic cosmic rays (GCRs), for which the flux decreases less
rapidly with energy. Higher in the atmosphere, the less energetic SEPs have a relatively stronger contribution
to the ionizing radiation. Even at ground level, neutron monitors (NMs), as the ground-based detectors that
are most sensitive to relatively low energy cosmic rays (CRs), can sometimes detect SEPs. Such events of solar
origin are known as ground level enhancements (GLEs).

Potential space weather hazards for air travelers and aircraft electronics are closely related to atmospheric
ionization, as both are due to ionizing radiation from atmospheric showers. Historically, the first GLE was dis-
covered by Forbush in February 1942 [Forbush, 1946]. Later, enhanced atmospheric ionization at altitudes
above 30 km was observed during the giant GLE of 23 February 1956 [Dorman, 1963, 2004]. Modern mea-
surements of atmospheric ionization [e.g., Bazilevskaya et al., 2008] can provide a reality check on calculations.
Furthermore, atmospheric ionization is important to the formation and development of condensation nuclei
for aerosols [Mironova et al., 2012]. Some simulation studies suggest significant contributions from GCRs to
the atmospheric chemical composition in the stratosphere and troposphere, especially near the polar regions,
by enhancing the production of NO, and HO, [e.g., Calisto et al., 2011]. Hypothetically, these molecules have
measurable impacts on the amount of ozone which consequently affects the tropospheric temperature and
wind flow. Thus, the present study aims to estimate the distribution of ionization and radiation dosage in
the lower atmosphere (up to 25 km) as expected from a large GLE to provide more information about the
connections between CRs and the various phenomena mentioned above.

The giant GLE of 20 January 2005 was the strongest event in the past 60 years, and relativistic solar particle
fluxes were well measured by polar NMs, including the Spaceship Earth network [Bieber et al., 2013]. The CR flux
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Figure 1. One minute averaged percent increases of count rates, above the background rate produced by Galactic
cosmic rays (GCRs), from six polar region neutron monitor (NM) stations due to the giant solar radiation storm on
20 January 2005 (replotted from Bieber et al. [2013]). McMurdo and Inuvik data are emphasized in this work.

as measured by the high-altitude South Pole NM increased by ~5500%. Fortunately, such high increases
occurred only at or near Antarctica, with no commercial air travel; this event highlights the potential effects on
polar air flights when such increases occur over the north polar region in the future. With such a large increase
in particle fluxes, this event provides a good example case for estimating atmospheric ionization [Mishevetal.,
2012] and radiation dosage [Biitikofer and Fliickiger, 2011; Mishev, 2014; Mishev et al., 2015]. Here we make
direct use of accurate measurements by NMs of the time-dependent particle flux at different locations,
combined with detailed Monte Carlo simulations based on the estimated atmospheric structure at those loca-
tions and times, to precisely estimate atmospheric ionization and radiation dosage due to relativistic solar
particles as a function of altitude and time.

2. Methods

2.1. Neutron Monitor Data

When CRs strike the upper atmosphere, showers of secondary particles, including neutrons, are produced and
can be detected by NMs on the ground. An important advantage of NMs is a high detection rate, allowing
precise measurement of secondary neutron count variation in a relatively short (e.g., 1 min) time interval.
We can use the NM count rate data to obtain information about the CR spectrum at the top of the atmosphere
as a function of time. This is discussed in detail in section 2.2.

For a given location on Earth, only CRs above a certain rigidity (momentum per charge) can penetrate the
Earth’s magnetic field to interact with the atmosphere. This geomagnetic cutoff rigidity varies from 217 GV in
and near Thailand to <0.01 GV near the geomagnetic poles, where there is an atmospheric cutoff of ~1 GV for
CR showers to register counts in ground-based NMs. Therefore, NM stations at different locations are sensitive
to different rigidity ranges of the CR spectrum. SEPs, predominantly relativistic protons and alpha particles,
can have arigidity up to ~10 GV and may arrive to Earth mostly near the polar regions, resulting in increases of
NM count rates above the background GCR count rates. On 20 January 2005 starting from 6:50 UT, a major GLE
was observed near the polar regions. Satellite instruments also clearly registered this event with enormous
increases of particle fluxes and significant changes of spectral parameters. Percent increases of selected polar
region NM count rates of this GLE are shown in Figure 1.

Near the start of this GLE, as shown in Figure 1, there was a very strong anisotropy in the solar particle flux,
with a ratio of flux arriving near the South Pole to that near the North Pole of over 1000:1 at 6:54 UT, and the
anisotropy became much weaker in the later (decay) phase of the event [Bieber et al., 2013]. At times of strong
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anisotropy, remote satellite data may not provide accurate particle fluxes above specific locations of interest.
We therefore use NM count rate data, specifically from low-cutoff stations at McMurdo (77.9°S 166.6°E,
in Antarctica) and Inuvik (68.4°N 133.7°W, in Canada), to calculate the time-dependent CR spectra above the
atmosphere at those locations. As shown in Figure 1, NM data from Terre Adélie and Thule during this GLE
event could represent two opposite ends of the extreme cases, while data from McMurdo and Inuvik are good
base-case scenarios for the south and north polar regions, enabling us to compare our results against those
from other studies more consistently. Furthermore, an important motivation to study the location at Inuvik
station is the dense air traffic in that region, for relevance to the actual health effects on airline passengers.

2.2, Estimations of GCR and SEP Spectra

GCR Spectra. The solar cycle effects known as solar modulation can affect GCRs up to ~30 GV and are known
to follow a cycle of about 11-12 years. We use the parameterization of the local GCR proton spectrum from
Usoskin et al. [2011a], taking into account the solar modulation effect for this specific event by putting in the
force field potential ¢ = 1188 MV as estimated for 20 January 2005 [Usoskin et al., 2011b]. As recommended
by Usoskin et al. [2011a], we model the contribution of ions with Z > 2, which we call “heavy ions,” as if they
were alpha particles with a flux of number of nucleons equal to 30% of the proton flux. Our trajectory sim-
ulations using the 11th generation International Geomagnetic Reference Field and the method of Lin et al.
[1995] indicate that during times of interest, the vertical geomagnetic cutoff rigidity was below about 10 MV,
a rigidity range where particles generate negligible ionization below 25 km in altitude. Therefore, we do not
implement a geomagnetic cutoff at McMurdo or Inuvik. For the timescale of a few hours in this study, it is
sufficient to approximate that the GCR fluxes are constant in time and isotropic.

SEP Spectra. The SEP spectra of this GLE are more complicated to model. The SEP-induced ionization of the
lower atmosphere is dominated by GeV range particles, so we stress an accurate representation of the time
dependence of SEP spectra in this high-energy range. The time variation of the GeV range SEP flux is measured
precisely at NM stations, and as described earlier we estimate the SEP fluxes at McMurdo, Antarctica, and
Inuvik, Canada, based on the near-sea level NM count rates there.

We use NM count rates only to estimate the time-dependent amplitudes of the SEP spectra; the spectral
shapes are as estimated below. To justify the use of local NM count rates to determine the time-dependent
amplitudes of the SEP spectra at each location, we note that our calculation of the median kinetic energy of pri-
mary cosmic rays, in terms of their contribution to either atmospheric ionization or radiation dosage at 12 km
altitude above either McMurdo or Inuvik, ranges between 0.8 and 1.4 GeV, in comparison with the median
kinetic energy of protons contributing to the NM count rate of 1.40 GeV [Bieber et al., 2013]. Furthermore,
because of magnetic mirroring along the converging magnetic field lines near Earth’s poles, a wide range
of particle arrival directions at a given rigidity maps to a narrow range of asymptotic directions in space.
For example, we calculate that for the median rigidity for either NM station, arrival directions at zenith
angle 30°, i.e,, over a circle of diameter 60°, map into asymptotic directions over an oval of diameter ~3°.
Thus, the primary cosmic ray directions contributing to the NM count rate are very similar to those contribut-
ing to atmospheric ionization and radiation dosage at aircraft altitude.

Regarding the SEP spectral shape, the rigidity spectral index of SEPs during the GLE of 20 January 2005 was
measured minute by minute using the count rate ratio of bare neutron counters to the NM at the South Pole
[Bieber et al., 2013]. These two detector systems have different energy sensitivity so their ratio can be used
to roughly estimate the spectral index [Bieber and Evenson, 1991]. This method has been used to study the
spectral index of various GLEs [Bieber et al., 2002; Sdiz et al., 2008] and gave very similar results to an indepen-
dent method based on data for many NMs [Cramp et al., 1997] for the GLE of 22 October 1989 [Ruffolo et al.,
2006]. Because the SEP spectral index reported by Bieber et al. [2013] for 20 January 2005 was measured with
1 min resolution over the narrow rigidity range of ~1 to 5 GV as sampled by polar NMs, it is the most rele-
vant determination of the spectral index for the present study. (That work also contains a summary of widely
varying estimates of the spectral index for that event, for different or broader ranges of rigidity and coarser
time resolution.) Bieber et al. [2013] found that the apparent spectral index y over that rigidity range was
~3 at the the onset at 0649 UT but rapidly increased (softened) to nearly 5 by 0653 UT. The spectrum was ini-
tially hard because the most energetic particles arrived first, but it quickly softened due to velocity dispersion.
There was another dip to a lower (harder) spectral index at 0655 UT due to a second dispersive injection
peak. Afterward, the spectrum gradually became softer to approach a steady state with y = 5.0. An attrac-
tive physical interpretation is that the acceleration of particles near the Sun, of short duration, produced an
SEP distribution with a spectral index of 5.0 over this rigidity interval and that the apparent spectral index as
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observed at Earth was lower (harder) immediately after each injection because many lower energy particles
had not arrived yet. This interpretation is supported by Figure 4 of Bieber et al. [2013], which compares the
spectrum at a polar NM with the proton spectrum measured by the GOES spacecraft at lower energies, and
shows that the GOES spectrum was initially much lower than the NM spectral trend and then caught up to it
at later times. (Note that Mewaldt et al. [2005] consider that the GOES proton data channels above 200 MeV
are difficult to reconcile with a smooth extrapolation of the spectra observed below 100 MeV and therefore
do not make use of such data; if such data are removed from Figure 4 of Bieber et al. [2013], the data are indeed
easier to understand in terms of velocity dispersion.)

To model this dispersive onset, we implement a simple time-varying cutoff at low energy; recall that our esti-
mates of ionization and radiation dosage below an altitude of 25 km are most sensitive to GeV range particles.
The time-dependent p and He energy spectra are described by a power law in rigidity with the constant
spectral index of 5.0 and a low-energy cutoff T,

dN, Ro ° T
FR = IO(t) <ﬁ> exp <Tc([‘)——T) forT > Tc(t), (1

where N is particle intensity (number of particles per unit area, per unit time, and per unit solid angle), T is
kinetic energy per nucleon, R is rigidity, and t is time. Here /; is the spectral amplitude, which depends on the
(arbitrary) choice of reference rigidity, R,.

With the spectral shape determined in this way, the remainder of this subsection describes how we use the
precisely measured NM count rate at each station during each 1 min interval to infer the amplitude I, of the
proton and heavy ion spectra for that minute.

In order to extract the SEP spectra from NM count rates, we use results from an analysis of data from a lati-
tude survey [Nuntiyakul et al., 2014], which was performed by carrying an NM on a ship across a wide range
of geographical locations with widely varying geomagnetic cutoff rigidity between October 2004 and April
2005. This provides a measured combined response function of sea level NMs to all GCR particle types around
January 2005 as a function of rigidity.

Next, we employ the local GCR proton and heavy ion (with He + heavy ions modeled as additional He) spectral
models from Usoskin et al. [2011a] as previously described. Using the average solar modulation potential
during the period of interest (¢ = 636.3 MV between October 2004 and April 2005; see http://cosmicrays.
oulu.fi/phi/Phi_mon.txt) along with the parameterized ratio of He to p yield functions at varying rigidity from
Caballero-Lopez and Moraal [2012], we obtain the NM yield functions for p and He separately, for which the
values are shown in Table S1 in the supporting information and a comparison with some other yield functions
in the literature is shown in Figure S1 in the supporting information. Our yield functions based on latitude
survey data can then be used to calculate the SEP p and heavy ion spectra above McMurdo and Inuvik NM
stations from the measured percentage increases of NM count rates (over the GCR background) under these
assumptions.

1. The yield functions for the shipborne NM in the latitude survey [Nuntiyakul et al., 2014] are used for the
McMurdo and Inuvik NM, which is reasonable given that they use the same NM64 design and were all
near-sea level. Differences in pressure and atmospheric properties at different locations affect the yield
functions at the level of a few percent and are negligible compared to other uncertainties.

2. The low-energy cutoff of the spectra T,(t) decreases with time, depending on the arrival of particles with
different velocities traversing a distance of 1.029 AU along the mean interplanetary magnetic field follow-
ing the Archimedean spiral for the measured solar wind speed of about 800 km s~ starting from injection
at ~2 solar radii. Particles with T > 1 GeV nucleon™" started to arrive at 6:50 UT (see top left panel of Figure 4
in Bieber et al. [2013]). This simple form of the low-energy cutoff is derived for an instantaneous injection
of particles at the distance of 0.01 AU from the solar center. Given that the low-energy cutoff very rapidly
decreases to below 100 MeV, as can be seen in the supporting information, and particles at such low ener-
gies have very little effect on the ionization and dosage below 25 km, we consider these approximations to
be justified and to have very little effect on the results.

3. The SEP He/p ratio for this event is 0.044 at 1.4 GeV/n, which is obtained from fitting the highest-energy
data sets for He (20-60 MeV/n) and p (20-400 MeV/n) fluence spectra in Mewaldt [2006] and extrapolating
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the fits to 1.4 GeV/n, the SEP proton median energy for polar NM observations during this event. The
extrapolation is needed because only GeV range SEPs contribute significantly to the atmospheric ionization
below ~25 km altitude. It is even more challenging to quantify the GeV range SEP heavy ion composition,
so we assume the same relative fractional contribution of ions with Z> 2 as for GCR (~50% of He). This
gives the (heavy ion)/p ratio of 0.066 at 1.4 GeV/n, the number used in this study. This ratio is likely time
and location dependent, but due to the lack of measured GeV data, it is impossible to precisely model it.
We therefore assume that the ratio is constant in time and is the same for both McMurdo and Inuvik.
By analyzing measurements at lower energies, we estimate the uncertainty of this ratio in the GeV range
to be ~20% and observe that varying this ratio by +£20% results in roughly 5% changes in the calculated
ionization, indicating a small impact from the uncertainty of this ratio.

We have checked the validity of our calculated NM yield functions due to GCR protons and heavy ions as
follows. We compute that, at McMurdo and Inuvik, ~40% of NM counts are produced by ions heavier than pro-
tons, which is reasonable compared to other estimations from the literature, such as 33% by Caballero-Lopez
and Moraal [2012] (sea level, 1.0 GV rigidity cutoff) and 51% by Maurin et al. [2015] (at 10 GV). Note that
this fraction depends on numerous factors such as atmospheric depth, cutoff rigidity, and solar modulation.
We also tested using simulation-based NM yield functions at sea level for p and He from Mangeard et al.
[2016b], which are significantly higher than ours between 1 and 10 GV (see Figure S1 in the supporting
information). We then obtain a lower SEP spectral amplitude and understandably obtain ionization rates that
are lower than the results shown here by ~35%. Those authors pointed out that FLUKA simulations such as
theirs overestimate the yield function below 7 GV when compared with other estimates, and the SEP flux is
concentrated at such lower rigidities, so we instead use our yield functions based on latitude survey data and
claim ~35% uncertainty in the resulting ionization due to the choice of NM yield functions.

2.3. Monte Carlo Simulations of Atmospheric lonization

Realistic models of Earth’s atmosphere for McMurdo and Inuvik are created with meteorological data from
the Global Data Assimilation System (GDAS; see https://www.ready.noaa.gov/gdas1.php) below ~25 km alti-
tude and from NRLMSISE [Picone et al., 2002] above that. The GDAS database provides average atmospheric
properties (e.g., humidity, density, pressure, and temperature) from actual measurements between 6:00 and
12:00 UT, while the NRLMSISE model is averaged monthly. Our atmospheric models are composed of 0.25 km
thick layers from the altitude of each NM up to ~70 km. More details can be found in Appendix A of Mangeard
etal. [2016a]. As noted in section 2.2, the primary cosmic ray directions contributing to the NM count rate are
very similar to those contributing to atmospheric ionization and radiation dosage at aircraft altitudes and that
range of directions is quite narrow [see Bieber et al., 2013, Figure 2], so we neglect effects of differences in the
SEP flux over that narrow range.

We use the FLUKA 2011 package [Ferrari et al., 2005; Béhlen et al., 2014] to perform the simulations of atmo-
sphericionization. GCR and SEP particles with energy spectra described in section 2.2 are simulated to interact
with the modeled atmosphere. For both GCRs and SEPs, we apply no geomagnetic rigidity cutoff at either
McMurdo or Inuvik. The exact value does not significantly affect the result because showers from low-energy
particles have a negligible effect on atmospheric ionization at altitudes of interest (below 25 km). In 1 min
time steps during 6:50-8:00 UT, the energy deposited in each atmospheric layer is recorded and converted
into an ionization rate using the average ionization potential of air of 35 eV [Porter et al., 1976], a value that was
also used by Mishev et al. [2012]. The radiation equivalent dose for each layer is also recorded using FLUKA's
“DOSE-EQ” default option which provides particle fluences convoluted with conversion factors for different
types of particles. The ambient dose equivalent conversion data are from the International Commission on
Radiological Protection [ICRP, 1996]. Therefore, we obtain the ionization and equivalent dose rate as a func-
tion of altitude at any given time between 6:50 and 8:00 UT. We show results up to only 25 km altitude because
of the uncertainties in the determination of lower energy CR fluxes which strongly affect the calculations at
high altitude but have negligible effects below 25 km.

Atmospheric ionization and radiation dosage from this specific event have been studied by Mishev et al. [2012,
2015] and at higher altitudes by von Savigny et al. [2007], using space-based CR spectral data and a different
simulation method for various geographical locations. The present analysis is complementary to previous
studies because it is based on detailed temporal measurements from NMs at specific locations, to precisely
specify the time evolution of atmospheric ionization and radiation dosage as a function of altitude.
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Figure 2. (a3, d) Modeled cosmic ray spectra used as inputs to simulate the (b, e) atmospheric ionization production rate and (c, f) instantaneous equivalent dose
rate above McMurdo (Antarctica) NM station at the peak time of the GLE of 20 January 2005 (Figures 2a—2c) and a time during the decay phase (Figures 2d-2f).
Here the blue and red lines or symbols are associated with GCRs and solar energetic particles (SEPs), respectively. An animation of these graphs as a function of
time throughout the event is included in the supporting information.

3. Results and Discussion

Results from simulations for selected times are shown in Figure 2 for McMurdo and Figure 3 for Inuvik. Results
for all times are included in the supporting information. Figures 2a-2c and 3a-3c are at the (local) GLE peak
time, while Figures 2d-2f and 3d-3f are during the GLE decay phase. The peak times of the SEP fluxes above
McMurdo and Inuvik are different: 6:55 UT at McMurdo and 7:06 UT at Inuvik. Estimated SEP and GCR spectra
are shown in Figures 2a and 2d and 3a and 3d. Our estimated SEP flux is comparable to that of GCRs near
~10GeV nucleon~" during the peak of the NM count rate at each location. Our inferred SEP proton flux around
~600 MeV at 6:55 UT above McMurdo is similar to that measured by the Geostationary Orbit Environment
Satellite (GOES) [see, e.g., Matthid et al., 2009, Figure 7] considering the instrumental energy bin and extreme
anisotropy for this event.

Results of atmospheric ionization production rates are shown in Figures 2b and 2e and 3b and 3e. We first con-
sider the total ionization rate at about 12 km above sea level, which is a typical altitude for commercial aircraft.
Near the peak time, the ionization rate from SEPs at McMurdo is greater than that from GCRs by ~2 orders
of magnitude, whereas at Inuvik, the ionization rate from SEPs is greater than that from GCRs by an order
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Figure 3. Same as Figure 2 but for the Inuvik (Canada) NM station. Fortunately for air travelers, the relativistic solar particle fluxes were much lower in the north
polar region, where commercial air flights are more frequent, compared with the south polar region. An animation of these graphs as a function of time
throughout the event is included in the supporting information.

of magnitude. During the decay phase of the GLE, the ionization rate from SEPs is roughly a factor of 3 higher
than that from GCRs at both McMurdo and Inuvik.

Near the peak time of this GLE, at sea level, the ionization rate from SEPs was about a factor of 2 over that
from GCRs at McMurdo, while the ionization rate from SEPs at Inuvik was only ~25% of that from GCRs. During
the decay phase of the GLE, the ionization rate from SEPs was negligible at both locations near the ground.
At above ~10 km, ionization rates from SEPs are higher than those from GCRs for all times between 6:50 and
8:00 UT considered at both locations. This is because most charged SEPs have lower energies than most GCRs,
and they cannot penetrate the atmosphere to low altitudes, tending to ionize the air only at higher altitudes.

Before comparing with some previous results, we note some potential sources of uncertainty. Mishev and
Velinov [2014] report very good agreement between data from balloon-borne measurements and FLUKA
simulation results for GCR-induced ionization. Nevertheless, this does not guarantee such accuracy for
SEP-induced ionization. Their study reveals an effect of the choice of the hadron interaction generator on
the order of 15% for GCR-induced ionization. A similar spread among the GCR-induced radiation dose rates
from different models was reported by Biitikofer et al. [2009]; however, they found a much wider variation of
up to 48% among estimates for SEP-induced radiation, when changing only the interaction model. Such an
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effect of the hadronic interaction generator may be the largest source of uncertainty in our results. As noted
earlier, the conversion from NM observations to the time-dependent SEP amplitude requires the use of yield
functions, and we estimate that to cause an uncertainty of ~35% in our results. In section 2.2, we noted that
our estimated 20% uncertainty in the SEP heavy/p ratio should lead to only a 5% uncertainty in the results.
Combining these uncertainties in quadrature, we estimate a total uncertainty of ~60% in our results.

We now compare our simulation results for the atmospheric ionization to those from previous analyses.
The parameterization of GCR-induced ion-pair production rates from balloon measurements at solar maxi-
mum by Heaps [1978] and calculations using the CR-induced ionization model by Usoskin and Kovaltsov [2006]
with our GCR p and He spectra are shown by cross and star symbols, respectively, in Figures 2b and 2e and 3b
and 3e. Our simulated ionization rate due to GCRs has a profile shape that is consistent with results from both
analyses. The magnitude is lower than that of Heaps [1978] by ~20% at above 15 km and greater than that of
Usoskin and Kovaltsov [2006] by ~10% at a few kilometers above the ground. These small differences are not
unreasonable since there are many caveats in the comparison, such as differences in geomagnetic location,
solar modulation, and atmospheric properties. Furthermore, our calculations and the simulated ionization
yield functions by Usoskin and Kovaltsov [2006] consider only GCRs and neglect other ionization sources such
as ultraviolet radiation from the Sun, which may be important at above ~20 km [see Calisto et al., 2011,
Figure 1]. This could partly explain the discrepancies with the empirical data based on observations of all ion-
ization sources by Heaps [1978]; the present calculations for GCRs are closer to results by Heaps [1978] than are
the calculations by Usoskin and Kovaltsov [2006]. Our simulated ion pair production rates are also qualitatively
consistent with other previous studies [see, e.g., Bazilevskaya et al., 2008, Figure 2; Mishev et al., 2012].

Our calculated instantaneous equivalent dose rates at different altitudes are shown in Figures 2c and 2f and
3c and 3f, in which the measured average GCR-generated dose rate received by air crews at typical airplane
altitude [Bailey, 2000; Bartlett, 2004] and at sea level is also shown for comparison. Our simulation results
are somewhat higher than the measurements, with improved agreement at higher altitude. The triangles
represent calculations of the combined GCR and SEP contribution on 20 January 2005 from Mishev et al. [2015]
forthe north and south polar regions: The upward triangle is for the time at 7:00 UT, and the downward triangle
is for 8:00 UT. Comparisons with Mishev et al. [2015] are more clearly illustrated in Figure 4. Results from our
simulations in Figures 2c and 3c suggest that during the peak of this GLE at ~12 km altitude, the instantaneous
radiation dose rate increased by a factor of ~300 above the average GCR rate at McMurdo and by a factor of
~40 at Inuvik.

Time variations of our total (GCR + SEP) ionization and equivalent dose rates at 11.7 km altitude, the value
considered by Mishev et al. [2015], are shown in Figures 4a and b4. Our simulated equivalent dose rates at
McMurdo and Inuvik are consistent with the results by Mishev et al. [2015] at 7:00 UT and 8:00 UT at the same
altitude as shown in Figure 4b and are qualitatively consistent with Figure 4 in Biitikofer et al. [2009].

The world average annual background radiation exposure for humans is ~2.4 mSy, in which ~0.4 mSv is from
CRs [United Nations Scientific Committee on the Effects of Atomic Radiation, 2008]. The suggested annual limit
of radiation exposure for the public is 1 mSv above the background, though a higher dose could be allowed
if the 5 year average dose does not exceed 1 mSv/yr [ICRP, 2007]. From Movies S1d and S2d in the supporting
information, we estimate that an airplane passenger spending ~1 h at 12 km altitude above McMurdo or
Inuvik during this GLE would have received ~0.5 mSv or ~0.2 mSv additional radiation exposure, respectively,
due to the SEPs. Since the NM count rate at Terre Adélie is ~1.5 times of that at McMurdo (see Figure 1), the
most extreme additional radiation dose due to this GLE event could be at least ~0.75 mSv. These amounts
are similar to the average dosage from GCRs during an entire year at ground level and are still within the
suggested annual limit of 1 mSv above the background.

For the strongest GLE ever recorded in February 1956, the maximum percent increase of the atmospheric
neutron count rate is estimated to be ~9000% near the polar regions [Duggal, 1979; Bieber et al., 2013], which
is ~4 times the maximum count rate at McMurdo during the January 2005 event and lasted for about 5 h.
If we assume that the time profiles of the percent increase for both events near the peak time are similar, a
simple scaling of our results would place the radiation dosage received by airplane passengers near the poles
during this enormous February 1956 event at around a few millisievert per hour. Passengers spending ~5 h
near the polar regions could have been exposed to a dosage which greatly exceeded the suggested annual
limit just from this event alone. Even if the accumulated radiation exposure at airplane altitude for either the
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Figure 4. (a) Simulated total (GCR + SEP) ionization and (b) equivalent dose rates in 1 min time steps at 11.7 km above
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2005 or 1956 GLE event does not exceed the suggested annual or 5 year average limit, receiving an enormous
amount of radiation in a very short period of time may pose dangerous health effects, which need to be further
studied.
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Cosmic-ray electron-positron spectrum from 7 GeV to 2 TeV with the Fermi
Large Area Telescope
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We present a measurement of the cosmic-ray electron 4 positron spectrum between 7 GeV and
2 TeV performed with almost seven years of data collected with the Fermi Large Area Telescope. We find
that the spectrum is well fit by a broken power law with a break energy at about 50 GeV. Above 50 GeV,
the spectrum is well described by a single power law with a spectral index of 3.07 £0.02
(stat 4 syst) £ 0.04(energy measurement). An exponential cutoff lower than 1.8 TeV is excluded at
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95% CL.

DOI: 10.1103/PhysRevD.95.082007

I. INTRODUCTION

While propagating throughout the Galaxy, high-energy
cosmic-ray electrons and positrons (CRE) rapidly lose
energy by interacting with the interstellar radiation field
through inverse Compton scattering and by synchrotron
emission on the Galactic magnetic field. Their diffusion
distance is several hundred parsecs at 1 TeV, much shorter
than the radial scale of the Galaxy [1]. Therefore, the shape
of the CRE spectrum from ~100 GeV up to several TeV

frbonino @to.infn.it
"Philippe.Bruel @l1lr.in2p3.fr
*alberto.manfreda@pi.infn.it

(as well as the positron fraction [2—4] and CRE anisotropy
[5]) can provide evidence for local CRE sources of
astrophysical (supernova remnants and pulsar wind nebulae
[6-11]) or exotic (dark matter [12—14]) nature.

Recent measurements by AMS-02 [15] and Fermi [16]
have shown that the CRE spectrum can be fit with a single
power law up to ~1 TeV, with an index of 3.170 =+ 0.008
and 3.08 + 0.05, respectively. The H.E.S.S. [17,18] mea-
surements gave the first indication of a cutoff at ~2 TeV.
These results can be interpreted as local CRE sources with a
spectral cutoff at about this energy [19].

The Fermi Large Area Telescope (LAT) [20], while
designed to detect gamma rays, is able to collect and
identify CREs with a large acceptance by combining
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information from its three subsystems, a silicon-strip
detector based tracker-converter (TKR), an imaging calo-
rimeter (CAL) consisting of eight layers of CsI crystals and
an anticoincidence detector (ACD) constructed from tiles of
plastic scintillator surrounding the TKR and CAL.

Extending the CRE energy measurement beyond 1 TeV
with the LAT is challenging because, at such high energy,
only ~35% of the shower is on average contained in the
CAL and a significant fraction of the CAL crystals along
the shower axis are saturated (crystal saturation occurs
when more than ~70 GeV is deposited in one crystal,
which occurs for CREs above ~600 GeV). Thanks to the
new Pass 8 event analysis [21], with improved track and
shower reconstruction as well as improved multivariate
methods for background suppression, we can achieve a
level of background contamination smaller than 25% and
an energy resolution (defined as the half-width of the 68%
containment range) better than 20% up to 2 TeV.

In this article, we present an updated measurement of the
CRE spectrum, using almost seven years of LAT Pass 8 data
up to 2 TeV, performing the first direct measurement above
1 TeV. A search for anisotropies, using the same data and
event selection, and a theoretical interpretation of the CRE
spectrum are presented in separate publications [22] [23].

The paper is structured as follows: the event selection is
introduced in Sec. II and further detailed in the two
following sections. The energy measurement and the study
of systematic uncertainties are described in Secs. Vand VI,
respectively, while the results are presented and discussed
in Sec. VIL

II. EVENT SELECTION

The LAT on-board gamma filter is designed to reject
charged particles, but it accepts all events with a deposited
energy in the CAL larger than 20 GeV. As in the previous
LAT CRE measurement [16], we performed two indepen-
dent analyses: the high-energy (HE) analysis above 42 GeV
and the low-energy (LE) analysis between 7 and 70 GeV.
The former selects events passing the on-board gamma
filter, whereas for the latter we use an unbiased sample of
all trigger types, prescaled on-board by a factor of 250. In
both analyses, we first apply a set of simple cuts before
performing a multivariate analysis in order to reduce as
much as possible the residual proton contamination.

We use LAT Pass 8 data collected between August 4,
2008, and June 24, 2015, requiring that the rocking angle of
the LAT from the zenith is less than 51 degrees. The overall
live time for this data set is 4.68 years. We select events
within 60 degrees from the LAT boresight in order to
eliminate potential contamination from photons produced
in cosmic-ray induced air showers in Earth’s atmosphere.
The so-called photon Earth limb is located at 113 degrees
from the zenith.

We require events with a well reconstructed track, whose
path lengths through the CAL are larger than 8 radiation
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lengths. The event energy is estimated by fitting the shower
profile in the CAL. We reject badly reconstructed events by
requiring that the »?/n.d.f. of the shower profile fit is less
than 20. In order to remove alphas and heavier ions we use
the path-length-corrected signal in the ACD and the TKR
time over threshold which provide charge-deposition
information. Both variables are sensitive to the ionization
signal which is proportional to Z>. Applying a cut in the
plane spanned by these two variables around the Z = 1
group reduces contamination of alphas and ions to less than
a few per mil with respect to protons. This cut also reduces
the residual contribution from celestial photons below 1%
of the CRE flux. The LE selection requires more than
2 GeV deposited in the CAL.

For both the HE and the LE analyses, these cuts (hereafter
referred to as “precuts”) are combined with further selections
based on multivariate classification analyses. We use the
multivariate analysis toolkit TMVA [24] to train boosted
decision trees (BDT) with simulated data sets. After training,
each BDT provides a variable pgp between —1 and +1,
corresponding to most protonlike and most electronlike
events, respectively. Since the pgpr distribution for electrons
peaks very sharply at 1, we use Pcgg = logo(1 — pgpr) as
the CRE estimator. For each energy bin of the analyses, we fit
the distribution of Pcrg with two templates corresponding to
simulated electrons and background, respectively. After
choosing the cut on Pcgg that selects the CRE candidates,
we use the result of the template fit to estimate and subtract
the number of residual background events. The HE and LE
multivariate analyses are described in the two following
sections.

The simulated data sets that are used to train the BDTs
were generated with the standard LAT Monte Carlo (MC)
suite [20], a detailed simulation of the passage of particles
through the LAT based on the GEANT4 package [25].
Independent simulated data sets were produced to perform
data/MC comparisons, model the CRE acceptance and
estimate the residual background contamination. Above
42 GeV, the residual background after precuts due to
nonproton particles is negligible compared to that due to
protons, so the Monte Carlo background sample used in the
HE analysis is the output of a pure proton simulation, from
4 GeV to 20 TeV. For the LE analysis, the background MC
sample used for the training is a simulation of cosmic rays
of both primary and secondary origin in low Earth orbit
and Earth limb photons [26].

ITI. HIGH-ENERGY ANALYSIS

To account for the rapid changes in event topology in the
LAT between several GeV and several TeV, we define eight
bins in measured energy (equally spaced in log;, E between
31.6 GeV and 3.16 TeV) and train a BDT for each bin.
All BDTs are trained with the same set of variables among the
hundreds computed during the LAT event reconstruction.
These variables were proven to be the most efficient ones in
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discriminating between electrons and protons thanks to an
optimization procedure using only MC data sets.

These discriminating variables characterize the shower
trajectory and topology using information from the CAL
and TKR subsystems. We use TKR-only information, such
as the average time over threshold and the number of hits in
the three sections of the TKR, as well as CAL-only
information, such as estimates of the shower transverse
size, the crystal-based y> of the shower profile fit, and the
ratio of the energies deposited in the first and second CAL
layers. We also use TKR-CAL information like the ratio of
the number of TKR hits to the energy deposited in the first
two CAL layers and the distance of closest approach of the
CAL cluster centroid to the track.

A. Data/MC agreement

The agreement between data and simulation for Pcgg is
critical to the analysis: it ensures the goodness of the
template fit, from which the background contamination is
estimated, and it drives the precision of the selection
efficiency predicted by the simulation. As this agreement
depends on the data/MC agreement of the individual
variables used as input to the BDTs, we performed a
systematic comparison of their distributions measured in
data and predicted by the simulation for electrons at various
energies (eight bins in log;y £ between 31.6 GeV and
3.16 TeV) and incidence angles (five bins in cos # between
0.5 and 1, where @ is the angle between the event direction
and the LAT boresight).

We found that the widths of the distributions are in good
agreement (within 15%), but, for some variables, the
position of the peak is shifted. From the differences of
peak positions between data and MC, we derived additive
corrections that we parametrized as functions of energy and
incidence angle, to ensure good data/MC agreement. We
refer to these corrections as the individual variables
calibration (IVC) corrections. Rather than applying them
to the simulation, we apply them to data. Both solutions are
equivalent with respect to BDT efficiency (because the [IVC
corrections are simple shifts) but the latter is more
computationally convenient as it does not require retraining
the BDTs.

Figure 1 shows the energy dependence of the peak
positions for two variables, the transverse size of the
shower and the crystal-based y? of the shower profile fit,
for data and MC. Although the data/MC discrepancy for the
transverse size of the shower could be solved by rescaling
the energy, it is not the case for the crystal-based y? of the
shower profile fit. As a consequence, these disagreements
are not an indication of a problem in energy measurement.
We believe that they are the consequence of imperfections
in the instrument simulation.

The effect of the IVC corrections is clearly visible in
Fig. 2 for the transverse size of the shower, which is
one of the variables with the largest data/MC discrepancy.
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FIG. 1. Energy dependence of the peak position of the

distribution of two variables: the logarithm of the transverse size
of the shower (left) and the logarithm of the crystal based y? of
the shower profile fit (right). The black and red points correspond
to data and simulation, respectively.
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FIG. 2. The logarithm of the shower transverse size before
(black lines) and after (black circles) IVC correction for events
between 56 and 100 GeV (top) and between 1 and 1.78 TeV
(bottom). The contribution from residual background (blue) has
been subtracted from the data distributions. The red histograms
correspond to the electron simulation.

The general trend is that, before correction, the shifts
increase with energy and can be as large as the distribution
RMS. After correction, the residual differences between
peak positions are less than 10% of the distribution RMS;
we take them into account when estimating the systematic
uncertainties, as described in Sec. VI

B. Template fit

For each energy bin, we construct the MC electron and
proton distributions of Pcrg and use them as templates: we
fit the Pcgrg distribution of the data with the sum of two MC
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FIG. 3. The result of the template fit in two energy bins [56,

65 GeV] (top) and [866, 1000 GeV] (bottom). For both energy
bins, the fit is performed over the interval [-5, 0] and the x-axis
range is chosen to focus on the electron peak region. The data
Pcgrg distribution is shown before (black lines) and after (black
circles) IVC corrections. The green histograms correspond to the
sum of the electron (red) and proton (blue) templates. The vertical
line show for each energy bin the position of the selection cut
P CRE < P cut*

templates whose normalizations are the two parameters of
the fit.

Ideally, we would perform the fit over the whole range of
Pcrg. Unfortunately, the data/MC agreement after IVC
corrections is not good enough in the “pure” proton range,
i.e., for Pcrg above ~0. This is simply due to the fact that
the initial data/MC disagreement of individual variables is
not always the same for electrons and protons. The IVC
corrections, which are optimized for electrons, cannot
ensure a good data/MC agreement for protons. As a result,
the peak of the proton Pcgg distribution (Pcrg 2 0) is not
well reproduced by the simulation.

To mitigate the effect of the data/MC discrepancy near
the proton peak we restrict the template fit to an interval
Pcre < Ppax- To find the optimal value of P,,,, we looked
at how the y* of the template fit depends on it. We
performed a scan starting at P, = —1, which is well
outside the proton peak, but still above the predicted
position of the maximum of the signal distribution, and
then progressively increasing it. We found that the ?/n.d.f.
remains flat until the fit interval starts to comprise a
significant part of the proton peak and we chose P .«
for which the y? has doubled compared to its initial plateau.
Because the data/MC disagreement is larger at high energy,
the chosen value of P, decreases with energy, as can be
seen in Fig. 5.
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FIG. 4. The result of the template fit in two energy bins [56,
65 GeV] (left) and [866, 1000 GeV] (right). For both energy bins,
the fit is performed over the interval [-5,0] and the x-axis range is
chosen to focus on the proton peak region. The data Pcrg
distribution is shown before (black lines) and after (black circles)
IVC corrections. The green histograms correspond to the sum of
the electron (red) and proton (blue) templates.

Figures 3 and 4 show the result of the template fit in two
energy bins. One can see that the IVC corrections improve
the data/MC agreement for the electron peak but not for the
proton peak.

It is to be noted that the data/MC disagreement for the
proton peak of the Pcrg distribution is not an issue for the
CRE analysis: the residual background contamination
corresponds to protons whose showers appear very much
like electromagnetic showers. So, by construction, the IVC
corrections are valid for these events and we expect the tail
of the proton Pcgg distribution in the signal region to be
well reproduced by the simulation.

C. High-energy selection

We define our selection by looking, in each energy bin,
for the cut on Pcrg which minimizes the flux uncertainty,
taking into account all systematics (discussed in Sec. VI).
The minimum is not very pronounced, especially above
100 GeV. We choose to apply a slightly harder cut between
300 GeV and 2 TeV, in order to facilitate the IVC
corrections, whose precision benefits from a low residual
background contamination. Figure 5 shows the Pcrp
selection cut and its efficiency as a function of energy.
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FIG.5. Left: Pcgg selection cut (solid) and P, the upper end
of the template fit interval (dotted), as a function of energy. Right:
efficiency of the Pcrg selection cut as a function of energy.
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FIG. 6. Acceptance and residual background contamination as
a function of energy. The displayed LE acceptance is multiplied
by 250 (as if there were no prescale factor due to the on-board
filter).

The steps seen every four bins in the selection cut
correspond to the transitions between the different Pcgrg
estimators at the boundaries of the BDT log g E bins.
The Pcrg selection cut is well below P,,,.

The acceptance and the residual background contami-
nation (defined as the ratio of the number of residual
background events to the total number of events) for the HE
selection are shown in Fig. 6. The fact that the acceptance
decreases with energy, while the residual contamination
increases, highlights the increasing difficulty of the back-
ground rejection with energy. Because the IVC corrections
procedure requires enough statistics and at the same time a
low background contamination, we stop the HE analysis
when the residual contamination reaches 20%, which
occurs at 2 TeV.

IV. LOW-ENERGY ANALYSIS

The LE selection is based on the same multivariate
analysis approach as used for the HE selection. Because the
energy range of the LE selection is much smaller than the
HE one, we trained only one BDT, with a set of variables
optimized for the LE energy range. Since the LE analysis
stops at 70 GeV, there is no need to apply the IVC
corrections.

The cut on Pcgg as a function of energy is set so that the
cut efficiency for electrons is ~90% from 7 GeV to 20 GeV
and decreases to ~65% at 70 GeV. The residual background
contamination is estimated by the same template fitting
technique used in the HE analysis. The acceptance and the
residual background contamination for the LE selection are
shown in Fig. 6.

Below ~20 GeV, the flux of CREs observed by the LAT
is strongly influenced by the shielding effect of the
magnetic field of the Earth. At a given geomagnetic
position and direction with respect to zenith, Galactic
charged particles can reach the detector only if they are
above a certain rigidity. The dependence of the rigidity
cutoff on location can be conveniently parametrized by the
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FIG. 7. Fit of the count spectrum for the Mcllwain L bin [1.44,
1.49]. The control region, used in the estimation of the systematic
uncertainties, corresponds to the interval [E.., 1.3E,], where E, is
the measured energy cutoff.

Mcllwain L parameter [27]. Geographic coordinates with
the same Mcllwain L parameter are magnetically equiv-
alent from the standpoint of incoming charged particles.
The orbit of Fermi spans an interval of Mcllwain L of
0.98-1.73, corresponding to vertical rigidity cutoff values
from ~6 GeV to ~14 GeV. Therefore, measuring the CRE
spectrum at a given energy E requires selecting data
collected in a Mcllwain L interval in which the rigidity
cutoff is smaller than E.

In order to parametrize the relation between the rigidity
cutoff and Mcllwain L, we fit the count spectrum in
15 Mcllwain L bins with f(E) = c¢,E™" 4 c,E™"?/
(14 (E/Ey)™®). The first term in f(E) corresponds to
secondary CREs while the second term in f(E) corre-
sponds to primary CREs,' which are suppressed below the
energy Ej,. An example of this fit is shown in Fig. 7. We use
the position of the maximum of the second term as a
measure of the local value of the energy cutoff E,. averaged
over the instrument acceptance.

We map the dependence of the energy cutoff on the
Mcllwain L parameter with the empirical relation
E, = —14.91+67.25/L — 75.71 /L% + 39.44/13. For each
energy bin of the CRE spectrum, we use this relation to
find the Mcllwain L value L, corresponding to the lower
boundary of the energy bin and select data collected in
regions with L > L ;.. The corresponding fraction of live
time spent by the LAT in the selected regions is ~1.25% in
the lowest energy bin (from 7 to 7.8 GeV) and becomes
~100% above ~18.2 GeV (see Fig. 8).

Even above the nominal rigidity cutoff a fraction of
electrons and positrons is prevented from reaching the
detector by the magnetic shadow of the Earth. In order to
estimate this fraction of undetected CREs, we use the particle
trajectory tracing code (hereafter “tracer”) developed by

'In this section, we refer to primary CREs as electrons of
Galactic origin, and to secondary CREs as splash and reentrant
electrons produced in the interactions of primaries in the Earth’s
atmosphere.
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FIG. 8. Normalized distribution of the instrument live time in
different Mcllwain L bins for the data sample. Grey lines show
the Mcllwain L cut in each energy bin (with numbers indicating
the lower edge of the bin).

Smart and Shea [27] and the 2010 model of the Earth’s
magnetic field from the International Geomagnetic
Reference Field (IGRF) [28], as we did in [29]. For
efficiency’s sake, the tracer computes the trajectories of test
particles in the reverse direction, starting from the spacecraft.
The test particles (electrons and positrons) are generated
according to a power law with an index of 3.2 using the
abundance ratios measured by AMS-02 for electrons and
positrons [4].

We consider test particles with trajectories reaching 20
Earth radii to have escaped the geomagnetic field, thus
corresponding to CREs actually observed by the instru-
ment, while trajectories intersecting the Earth’s atmosphere
correspond to lost particles. For a given Mcllwain L
selection, we use the tracer output to estimate the fraction
of the latter.

The effect of the geomagnetic field on the loss of
primaries is enhanced by a combination of the wide angular
aperture of the LAT and its periodic rocking motion with
respect to the local zenith, with the result that the edge of
the field of view is often very close to the Earth. Because of
the rocking angle dependence, we derived correction
factors separately for the first year of the mission (rocking
angle of 35°) and for the following years (rocking angle of
50°). These correction factors are shown in Fig. 9, as well as
the correction factors that we obtain when considering
energy cutoffs 30% higher. When estimating the systematic
uncertainty for the LE analysis, we vary the energy cutoff
choice between E. and 1.3E,. For each energy cutoff, we
derive the corresponding Mcllwain L selection and tracer
correction and compute the CRE flux. The CRE fluxes that
we obtain are within 3% of the nominal flux despite the
large variation of the tracer correction.

V. ENERGY MEASUREMENT

As for the previous versions of the LAT event analysis
Passes 6 and 7, the Pass 8 energy reconstruction above
~5 GeV is performed by fitting the longitudinal shower
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FIG. 9. LE correction factors for the first year of the mission
(triangles) and for the following years (squares). Full markers
correspond to the nominal energy cutoff, while the empty
markers correspond to a cutoff 30% higher. Both are almost
identical above 22 GeV.

profile, using the 8 CAL layer energies. The fit parameters
are the energy and two parameters that describe the shape
of the profile: the shape parameter a and the position of the
shower maximum 7',,,. Further details on the profile fit can
be found in Appendix A.

Pass 8 improves the energy reconstruction and extends
the energy range up to at least 2 TeV. Figure 10 shows that
the energy resolution (defined as the half-width of the 68%
containment range) ranges from 4% at 10 GeV to 8% at
800 GeV. Above 800 GeV the energy reconstruction is
more difficult because of both low shower containment and
crystal saturation. As a result the energy resolution
increases more rapidly up to 17% at 2 TeV.

Compared to the previous CRE LAT analysis [16], the
energy resolution is significantly improved: at 1 TeV the
68% and 95% containment half-widths were 14% and 34 %,
respectively. With Pass 8 they are 10% and 25%, while the
gain in acceptance is 50%.

In order to define a subclass of events with a better energy
resolution, which is used in Sec. VII to test the sensitivity of
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FIG. 10. Energy resolution for various selections: all events
(black), events with more than 12 radiation lengths in the CAL
(red). Solid (dotted) lines correspond to the 68% (95%) contain-
ment halfwidth. Thin and thick lines correspond to the LE and the
HE analysis, respectively.
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the spectrum to energy resolution, we select events with a
CAL path-length greater than 12 X,. It corresponds to ~15%
of the whole data set. The average CAL path-length of this
long-path-events selection is 13.3 X, and the energy reso-
lution is 4% at 1 TeV and 8% at 2 TeV.

Because the CAL is only 8.6 X, long on-axis, the
showers of electrons in the energy range of our analysis are
not fully contained. The shower leakage is corrected for by
the energy reconstruction. Therefore we have to consider
two independent sources of systematic uncertainties for the
measured energy. The first one is the uncertainty of the
absolute energy scale and the second one is the uncertainty
induced by the energy reconstruction. The estimation of
these uncertainties is described below.

The geomagnetic cutoff in the CRE spectrum at about
10 GeV provides a spectral feature that allows an absolute
calibration of the LAT energy scale. At this energy, the
leakage from the CAL is ~20% and the shower maximum
lies in the middle of the CAL. As a consequence, the
shower profile fit allows a precise energy reconstruction
and the systematic uncertainty on the energy reconstruction
at 10 GeV is negligible.

A previous measurement of the geomagnetic cutoff was
used to check the LAT energy scale based on one year of
LAT data [29]. The same analysis, using almost seven years
of Pass 8 data, is reported in Appendix B. We find that
the ratio of the measured to expected geomagnetic
cutoff is 1.033 4 0.004(stat) £ 0.020(syst). As a result,
we decrease the event energies in data by —3.3% in both the
LE and HE analyses and conclude that the systematic
uncertainty on the absolute energy scale is 2%.

Above 10 GeV the shower leakage increases linearly with
log,o E and the shower maximum gets closer to the end of the
CAL. Therefore we expect that a potential systematic bias on
the energy reconstruction would increase with the energy as
well. For each event, the rear leakage corresponds to the
extrapolation of the shower profile beyond the total amount
of radiation lengths seen by the shower. The precision of this
extrapolation depends on the precision we have on the
parameters of the fit that drive the shower shape. In order
to assess this precision, we compare the distributions of @ and
T ax In data and in the simulation, as shown in Fig. 11 for
events between 1 and 1.78 TeV. We find that the data/MC
differences as a function of energy for @ and T, are,
respectively, within +6,(E) and +6;(E), with §,(E)=
0.05logo(E/[10GeV]) and 67(E) =0.1log;o(E/[10GeV]).

We estimate the uncertainty due to shower leakage by
varying @ and T, within £8,(E) and +6;(FE), renorm-
alizing the modified profile so that it matches the last layer
energy and computing the maximum leakage variation. We
find that it varies linearly with log;, E and that the resulting
variation of the total reconstructed energy varies linearly
with log E as 6E . (E) = 0.025log;((E/[10 GeV]), which
is 5% at 1 TeV. We have checked that saturation does not
contribute significantly to this systematic uncertainty, as
explained in Appendix A.
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FIG. 11. The shower profile parameters a (top) and 7.

(bottom) for events between 1 and 1.78 TeV. The contribution
from residual background (blue) has been subtracted from the
data distributions. The red histograms correspond to the electron
simulation.

VI. SYSTEMATIC UNCERTAINTIES

For the HE analysis, we consider four sources of
systematic uncertainty. The first three (acceptance, con-
tamination, IVC) relate to the event selection, while the last
one is the uncertainty of the energy measurement.

The uncertainty on the acceptance is estimated in each
energy bin by measuring the sensitivity of the measured
CRE flux to the choice of the cut on Prg by varying P, in
a range corresponding to a variation in efficiency of £20%
around the nominal efficiency (under the requirement that
Py < Pprayx)- The flux variation, which we attribute to a
remaining data/MC disagreement, is found to be less than
2% up to ~500 GeV, increasing to 6% at 2 TeV.

The number of residual background events is estimated by
fitting simulated background templates to the data. In order to
take into account the uncertainty of the GEANT4 prediction of
the fraction of protons mimicking electromagnetic showers,
we assume a 20% uncertainty on the number of background
events after the selection cut [30-32]. Due to the small
residual background contamination, this uncertainty leads to
a change in the number of signal events of less than 2% up to
1 TeV, increasing to 7% at 2 TeV.

For each input variable to the BDT, the IVC corrections
are derived from the difference between the peak position
of the data and MC distributions. After IVC corrections,
there are still some small residual differences. We derive
two alternative sets of IVC corrections in which each
correction is displaced by plus or minus the maximum of
the residual differences at any energy and inclination angle.
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FIG. 12. The logarithm of the shower transverse size after the
nominal IVC correction (black) and after moving the correction
factors by plus or minus the maximum data/MC residual
differences (blue and green) for events between 56 and
100 GeV (top) and between 1 and 1.78 TeV (bottom). The
contribution from residual background has been subtracted from
the data distributions. The red histograms correspond to the
electron simulation.

Figure 12 compares the distributions of the transverse size
of the shower obtained with these two sets of corrections to
the nominal one and the prediction of the simulation. The
variation of the number of signal events compared to the
nominal IVC corrections increases from 2% at 42 GeV to
10% at 1 TeV, reaching 14% at 2 TeV.

Regarding the systematic uncertainty on the energy
measurement, there are two independent sources of uncer-
tainty as presented in Sec. V. The first one is the systematic
uncertainty on the absolute energy scale, which does not
depend on energy and is 2%. The second one is the
systematic uncertainty on the energy reconstruction and
varies linearly with log,y £ from 0% at 10 GeV to 5% at
1 TeV.

In order to account for the energy dependent part of the
energy measurement systematic uncertainty, we change the
energies of all flight-data events according to some
conservative scenarios that depend on the spectral hypoth-
esis we test and repeat the whole analysis. Compared to this
uncertainty, the constant 2% uncertainty on the absolute
energy scale is subdominant and is not considered when
fitting the CRE spectrum.

When fitting the CRE spectrum in the HE analysis
energy range, we add in quadrature the acceptance uncer-
tainty to the statistical uncertainty and we treat the sum of
the contamination and the IVC corrections uncertainties as
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nuisance parameters, as described in Appendix C. When
displaying the spectrum, the statistical and systematic
uncertainties (except the one on the energy measurement)
are added in quadrature.

For the LE analysis, we consider the acceptance
and contamination systematic uncertainties, as well as
the changes induced in the spectrum by changing the
Mcllwain L selection. The sum of these uncertainties is
<4% and is added in quadrature to the statistical
uncertainty.

VII. RESULTS AND DISCUSSION

For both the LE and HE analyses, we fit the CRE count
spectrum by forward folding the input flux using the
detector response matrix (DRM) in order to take into
account the detector energy resolution. The results are
shown in Figs. 13 and 15. Tables with fluxes as well as
event numbers can be found in Appendix D. The bin-by-bin
fluxes are obtained by performing a fit with the DRM in
each bin separately with a single power law with a fixed 3.1
spectral index. We note that the LE and HE spectra match
very well over the overlapping range 42 < E < 70 GeV.

The dashed lines illustrate the systematic uncertainty on
the energy reconstruction and correspond to the central
values of the LAT flux for two scenarios in which the
energy is changed by a factor that varies linearly in logq E
between 0% at 10 GeV and +5% at 1 TeV. We emphasize
that these lines do not take into account the statistical
uncertainty nor the systematic uncertainties unrelated to the
energy measurement.

We also derive the HE spectrum using the subclass of
events with a path length in the CAL greater than 12 X,
introduced in Sec. V. This spectrum is systematically lower
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FIG. 13. CRE spectrum between 7 GeV and 2 TeV measured by
the LAT and the previous LAT measurement [16]. All error bars
represent the quadratic sum of statistical and systematic uncer-
tainties (except the one on the energy measurement). The LAT
flux is multiplied by the cube of the representative energy in each
bin, computed following Eq. (6) of [33] with an E~3 spectrum.
The area between the dashed lines corresponds to the uncertainty
band due to the LAT energy reconstruction uncertainty only. The
2% systematic uncertainty on the energy scale is not indicated.
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FIG. 14. CRE spectrum between 42 GeV and 2 TeV measured
with all events (grey band) and with long-path events (black
points). In both cases, the statistical and systematic uncertainties
(except for the energy measurement) are added in quadrature. The
area between the dashed lines corresponds to the uncertainty band
due to the LAT energy reconstruction uncertainty only of the all-
event selection.

than but compatible with the all-events spectrum, as can be
seen in Fig. 14. Although the energy resolution for the
long-path selection is much better, the systematic uncer-
tainties (except the one on the energy measurement) are
similar to the ones of the all-events spectrum up to 200 GeV
and larger above. Regarding the systematic uncertainty on
the energy measurement, the long-path selection spectrum
is halfway between the nominal spectrum and the spectrum
corresponding to an energy correction of -5% at 1 TeV. It is
compatible with the systematic uncertainty on the energy
measurement of the long-path selection which is 2.5% at
1 TeV. We conclude that the long-path selection does not
allow a more precise measurement of the CRE spectrum but
it tends to favor a scenario in which the energy correction is
negative rather than positive.

Below 100 GeV, the new LAT measurement differs from
the previous one by 10%—-30%, as can be seen in Fig. 13.
A large part of this difference below 30 GeV is due to the
lack of correction in the previous analysis for the loss of
CREs above the geomagnetic energy cutoff. After applying
this correction, the remaining difference is 10-15% and is
due to imperfections in the simulation that was used in
the previous analysis (remnants of electronic signals from
out-of-time particles were not simulated [34]).

The CRE spectrum between 7 and 42 GeV is well fitted
by a power law with a spectral index 3.21 + 0.02. The low
7% (225 for 15 degrees of freedom) means that the
systematic uncertainties are too large to detect the deviation
from a power law due to the magnetic field of the helio-
sphere. This is strengthened by the fact that fitting between
15 and 42 GeV changes the spectral index by only 0.005.
We therefore do not take into account the heliospheric
effects in the following fits.

As can be seen in Fig. 15, when not taking into account
the uncertainty on the energy reconstruction, the LAT CRE
spectrum is above the AMS-02 one for energies larger than
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FIG. 15. CRE spectrum between 7 GeV and 2 TeV measured by
the LAT along with other recent measurements by AMS-02 [15]
and H.E.S.S. [17,18]. All error bars represent the quadratic sum
of statistical and systematic uncertainties (except the one on the
energy measurement). The LAT flux is multiplied by the cube of
the representative energy in each bin, computed following Eq. (6)
of [33] with an E~3 spectrum. The area between the dashed lines
corresponds to the uncertainty band due to the LAT energy
measurement uncertainty only. The 2% systematic uncertainty on
the energy scale is not indicated.

~70 GeV and suggests the presence of a break in the
spectrum. Fitting the spectrum between 7 GeV and 2 TeV
with a single power law yields y*> = 64.6 for 36 degrees of
freedom, corresponding to a probability of 2.4 x 1073.
As expected, a broken power-law fit yields a much lower
> = 19.2 for 34 degrees of freedom. The break energy is
53 4+ 8 GeV and the spectral indices below and above the
break are 3.21 £ 0.02 and 3.07 £ 0.02, respectively.

In order to estimate the influence of the energy meas-
urement systematic uncertainty on the detection of a break,
we consider the event-energy rescaling scenario that would
be responsible for such a break, among the scenarios
allowed by the systematic uncertainty on the energy
reconstruction. In this scenario, the energy is unchanged
up to 50 GeV and then decreases linearly with logy E to
—5% at 1 TeV. The single power-law fit then yields a
x> =49.9 for 36 degrees of freedom, corresponding to a
6% probability.

This relatively low probability suggests that the broken
power-law hypothesis would be preferred. The broken
power-law fit, performed with the same scenario, yields
indeed a lower y? = 28.9 for 34 degrees of freedom, a
break energy of 47 £ 6 GeV and spectral indices below and
above the break of 3.21 £ 0.02 and 3.11 &£ 0.02, respec-
tively. The y? difference is 21 for two less degrees of
freedom. The broken power-law hypothesis is thus pre-
ferred at the 46 level. We note that in all the fits, some of the
systematic uncertainties are treated using the nuisance
parameter approach. Therefore the y? and corresponding
probabilities depend slightly on the number of nuisance
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parameters but the level of significance of the break does
not change.

AMS-02 estimated the lower limit above which the flux
is described by a single power law and found 30.2 GeV
[15], reporting a spectral index above this energy of
3.170 + 0.008(stat + syst) & 0.008(energy measurement).
Performing a single power-law fit of the LAT spectrum
above the same energy with the energy modification
scenario introduced above, we find a spectral index of
3.125 £ 0.020, with a y? of 28.9 for 22 degrees of freedom,
corresponding to a 14% probability. Comparing this result
to the lower AMS-02 value allowed by the systematic
uncertainty on the energy scale, we find that the difference
between the Fermi and AMS-02 spectral indices above
30.2 GeVis 0.037 £ 0.022. The difference is at the level of
1.76. This could indicate that systematic uncertainties on
the energy measurement in one or both of the results are
slightly larger than estimated.

At higher energies, H.E.S.S. reported in [17] that,
leaving its energy scale factor free, the H.E.S.S. data above
600 GeV combined with earlier data were well reproduced
by an exponentially cutoff power law with an index of
3.05 £ 0.02 and a cutoff at 2.1 £ 0.3 TeV. The LAT CRE
spectrum above 50 GeV, as indicated by the previous
broken power-law fits, is compatible with a single power
law with a spectral index of 3.07 + 0.02(stat + syst)
£0.04(energy measurement). Fitting the count spectrum
above 50 GeV with an exponentially cutoff power law
E~7e~E/E: does not yield statistically significant evidence
for a cutoff (a y? difference of 1 for 1 less degree of
freedom) and we exclude E. < 2.1 TeV at 95% CL.
Assuming a scenario in which the energy is changed by
0% at 50 GeV to —=5% at 1 TeV, we exclude E,. < 1.8 TeV
at 95% CL.

Regarding the agreement between the H.E.S.S. and LAT
spectra, we note that, as can be seen in Fig. 15, the energy
measurement scenario corresponding to the lower dashed
line yields a LAT CRE spectrum that connects to H.E.S.S.
data around 1 TeV. With this scenario, the LAT spectral
index is ~3.11, relatively steeper than 3.05, as reported by
H.E.S.S. As a result, a LAT and H.E.S.S. combined fit
would lead to a cutoff larger than ~2.1 TeV, well above the
LAT lower limit of 1.8 TeV.

The precision of the LAT measurement is limited
primarily by the energy dependent systematic uncertainty
on the energy measurement, due to the low containment of
CRE induced showers in the LAT calorimeter that worsens
with energy. A possible way to mitigate this issue would be
to use CRE events with an incidence angle greater than
60 degrees. The showers of these events are much more
contained in the LAT instrument and the systematic
uncertainty on the energy reconstruction would thus be
reduced. Unfortunately, the drawback of this approach is
that the track information of such events is scarce or
inaccurate, which strongly hampers background rejection.
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We have started to investigate this approach but assessing
the improvement that it can lead to is beyond the scope of
this paper.

If this approach proves to be successful, its results, along
with updated measurements of AMS-02 and H.E.S.S. and
the first results of DAMPE [35] and CALET [36], would
certainly help in detecting and characterizing precisely the
features of the CRE spectrum between 10 GeV and
several TeVs.
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APPENDIX A: ENERGY RECONSTRUCTION

The LAT energy reconstruction above ~5 GeV is per-
formed by fitting the shower profile, using the eight CAL
layer energies. We use the following representation of the
longitudinal shower profile [37],

dE(1)
dt

(ﬂt)a—lﬂe—/h
T(a) -

=ExP(a,p,t) = E % (A1)

where ¢ is the longitudinal shower depth in units of radiation
length, a the shape parameter, and f the scaling parameter.
The profile shape P is such that f P(a, B, 1)dt = 1 and its
maximum for given values of @ and f is reached at
Thax = (@—1)/p. The profile fit has three parameters
(the energy and two shape parameters) and 5 degrees of
freedom.

We use a model of the longitudinal profile (mean and
standard deviation of the shape parameters) and a model of
the average radial profile of electromagnetic showers in
Csl. Both models describe the variation of the longitudinal
and radial profiles with energy and were derived using
dedicated GEANT4 simulations from 1 GeV to 3 TeV.

The profile fit fully takes into account the geometry of
the LAT calorimeter (especially the gaps between modules)
in order to predict the energy deposited in the layers
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and crystals for any given shower profile. The energy
deposition prediction is performed on an event-by-event
basis, by going forward along the event axis (measured
with the tracker) in steps of 1.85 mm (0.1X)). At each step,
we compute the fraction of energy deposited in each
crystal, taking into account the shower longitudinal and
radial profiles and the calorimeter geometry.

The fraction of energy deposited in the crystals as a
function of distance along the event axis is translated into a
fraction of deposited energy as a function of radiation
length, which is used in the profile fit to compute the layer
energies that are compared to the measured ones. It is to be
noted that the longitudinal profile is free to fluctuate in the
fit according to the model of the longitudinal profile
derived with GEANT4. This is done by adding to the y> a
gaussian prior for each of the shape parameters, with mean
and standard deviation as given by the model of the
longitudinal profile. More information can be found in [38].

Pass 8 introduces several improvements to the energy
reconstruction:

(i) the upper end of the energy range over which the
shower longitudinal and radial models have been
computed has been increased from 150 GeV
to 3 TeV;

(i1) the widening of the radial profile in the gaps between
modules has been modeled;

(iii) in the Pass 6/7 version of the profile fit, layers with
at least one saturated crystal were discarded. In Pass
8, only the saturated crystals are discarded: for each
layer, the energy that is considered in the fit is the
sum of the energy of the nonsaturated crystals.

The last point must be taken into account when
estimating the systematic uncertainty on the energy
reconstruction presented in Sec. V. The energy deposited
in the saturated crystals is missed and this additional
leakage amounts on average to 10% at 1 TeV, increasing
to 25% at 2 TeV. Saturation occurs for crystals in the core of
the shower. Therefore, the predicted energy for the layers
with saturated crystals depends on the radial profile model
that we use.

In order to quantify the dependence of the energy
reconstrution on the radial profile model, we scale it by
+20%. As expected, scaling the radial profile changes the
x* of the fit but we find that this variation occurs only above
~800 GeV, that is to say when crystal saturation is
important. Below ~800 GeV, the y° is unchanged. The
comparison of the log,,? between data and MC shows
that the data/MC difference increases linearly with log;, E,
from 0 at 10 GeV to 0.13 at 1 TeV, without any sharp
variation around 800 GeV. Quantitatively, the variation of
this data/MC difference between 800 GeV and 1 TeV is less
than 0.05, which would correspond to a 5% scaling of the
radial profile. We therefore conclude that the radial profile
model we use is correct within 5%. When scaling the radial
profile within 5%, we find that the reconstructed energy
variation is smaller than 0.16E.(E) and conclude that
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saturation does not significantly contribute to the system-
atic uncertainty on the energy reconstruction.

APPENDIX B: MEASUREMENT OF THE
ABSOLUTE ENERGY SCALE AT ~10 GeV

The geomagnetic cutoff in the CRE spectrum provides a
spectral feature that allows an absolute calibration of the
LAT energy scale. A previous measurement of the geo-
magnetic cutoff was used to calibrate the LAT energy scale
based on one year of LAT data [29]. We performed the
same analysis, using almost seven years of Pass 8 data, in
six Mcllwain L intervals. We used the LE CRE estimator
with a cut ensuring a constant 2% residual background
contamination. The Pcgrg cut efficiency for electrons is
~30% below 5 GeV, rising to 90% at 10 GeV. In order to
check the sensitivity of the measurements to the selection,
we also used a selection ensuring a constant 5% residual
background contamination, which corresponds to an effi-
ciency of 70% below 5 GeV, rising to 95% at 10 GeV.

After background subtraction, we are left with primary
and secondary electrons. In order to measure the fraction of
secondaries, we fit the CRE azimuthal distribution with the
sum of two templates: for primary CREs, we use the one
predicted by the tracer and, for secondary electrons, we use
the one observed in data well below the rigidity cutoff
(when the primary fraction is lower than 0.5%). Figure 16
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FIG. 16. Examples of the template fit of the azimuthal dis-
tribution for Mcllwain L in [1.0, 1.1]: events between 7.9 and
8.4 GeV (top) and between 8.4 and 8.9 GeV (bottom). The black,
red, blue and green histograms correspond to data, the secondary
template, the primary template, and the sum of the secondary and
primary templates. North and East correspond to 0 and 90°,
respectively.
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FIG. 17. Measured count spectrum (black) of primary CREs
after removal of secondary electrons for the Mcllwain L interval
[1.0, 1.1], and the count spectrum predicted by the tracer. The
latter is normalized so that its integral above 20 GeV is the same
as in the data.

shows two examples of such fits for Mcllwain L in
[1.0, 1.1]. They correspond to two adjacent energy bins
below the geomagnetic cutoff, in which the primary
fraction increases from 20% to 45%.

For each Mcllwain L interval, we fit for the contribution
of secondaries as a function of energy and subtract it to
obtain the count spectrum of primary CRE. We fit the count
spectrum with E~7»/(1 + (E/E.)™*), where E, is the
cutoff and y,, is the spectral index above E.. We modity
the tracer input spectrum according to solar modulation,
using the force field approximation with a solar modulation
parameter ¢ set to an average value for the 2008-2015
period of 500 MV. Figure 17 shows the result of the fit for
the Mcllwain L interval [1.0, 1.1]. We then compare the
values of E,. obtained in the data and predicted by the tracer
to check the LAT absolute energy scale.

The E%@/E"er ratios in the six Mcllwain L intervals
are in agreement, as shown in Fig. 18, and the average
ratio is 1.033 £ 0.004. We varied the parameters of the
analysis (event selection, energy interval used to derive
the template of secondaries and spectral index of the tracer
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c
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_

FIG. 18. The Ed@/E™°r ratio as a function of McIlwain L. The
horizontal line corresponds to the average ratio.
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spectrum) and found that the average ratio did not vary by
more than 0.3%. Using the IGRF 1995 model changed the
result by less than 0.1%. We performed this analysis in
various time periods and the ratio was constant within less
than 1%. We also changed the solar modulation parameter
¢ to 0 and 1000 MV and the ratio changed by 0.5%. We
thus estimate the systematic uncertainty of the ratio
measurement to be 2%. The previous LAT measurement
of the absolute energy scale found an average ratio of
1.025 4+ 0.005(stat) & 0.025(syst), which is compatible
with the new result.

APPENDIX C: SYSTEMATIC UNCERTAINTIES
AS NUISANCE PARAMETERS

The potential systematic bias in the CRE flux measure-
ment induced by the systematic uncertainties on back-
ground subtraction and the IVC corrections can be modeled
as a sequence of unknown correction factors. They corre-
spond to nuisance parameters that are derived in the fit of
the CRE spectrum when we test different parameterizations
for the CRE spectrum.

We define S(E) as the quadratic sum of the contami-
nation and IVC corrections systematic uncertainties
(discussed in Sec. VI) as a function of energy. We choose
N reference energies &;, logarithmically spaced between
42 GeV and 2 TeV, in order to define s(E;w), a piecewise
function, linear in log,, E, defined by its values w; at &;.
The set of w; are the nuisance parameters. The correction
factor for the predicted number of counts in the analysis
energy bin i is 1 + s(E;; w)S(E;) and the y? function for
the spectral fit is given by

"N =1+ s(E;; W)S(ED i (0)\ 2
)(2:Z< [ (5Nv,.V)()]ﬂ()> ¥

¥ N=5
- N=6

Nuisance parameter
o
T

E [GeV]

FIG. 19. Nuisance parameters found by the fit of the CRE
spectrum between 50 GeV and 2 TeV for various numbers of
reference energies: NV =5 (black), 6 (red), and 7 (blue).
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where @ are the free parameters of the CRE spectral model,
n is the number of energy bins of the analysis, N, is the
number of counts measured in bin i, u; is the predicted
number of counts after convolution with the DRM and 6N,
is the quadratic sum of the statistical and acceptance
uncertainties. The second term of the y? function corre-
sponds to a Gaussian prior on the amplitude of the nuisance
parameters.

The choice of the number of nuisance parameters A
cannot be inferred from first principles. Between the
contamination and the IVC corrections systematic uncer-
tainties, the latter dominates. Because we build eight
BDTs, the importance of the BDT input variables can
change from bin to bin. As a consequence, a change of the
IVC correction for one observable can have a signifi-
cantly different impact even on two adjacent BDT
energy bins.

Ignoring any correlation between BDT energy bins
would lead to the choice N/ = 8. But the importance of
the input variables depends on the variation of the event
topology with energy, which is not expected to change
abruptly at the BDT energy boundaries. And this argument

TABLE 1.
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also applies for the contamination uncertainty. In order to
take into account the BDT bin-to-bin correlation, we chose
N =6. We checked that the fit results do not change
significantly with N' =5 or 7.

When fitting the CRE spectrum between 50 GeV and
2 TeV with a single power law and N/ = 6, we find 3> =
15.5 for 18 degrees of freedom. The nuisance parameters
values found by the fitting procedure are shown in Fig. 19,
as well as those found with N' = 5 and 7. In all three cases,
the nuisance parameters are within 1 and the spectral
index is 3.07 + 0.02.

When fitting with an exponentially cutoff power law
E~7eE/Ee  the 95% CL lower limit on the energy cutoff for
N =5,6and 7 is 2.18, 2.13, and 2.19, respectively.

APPENDIX D: TABLES

Tables I and II give the number of events, the residual
background contamination, and the CRE flux in each
energy bin for the LE and HE analyses, respectively.
These tables are available in machine-readable format at
https://www-glast.stanford.edu/pub_data/1144.

Number of events after background subtraction (without correction for the loss of CREs above the

geomagnetic energy cutoff), residual background contamination and flux Jg, with its statistical and systematic

errors, for the LE selection.

Energy (GeV) Counts Contamination Jg (GeV~ s~ Im2sr7!)

7.0-7.8 8231 0.02 5.93x (1 40.016 & 0.032) x10~
7.8-8.7 35912 0.02 4.18x (1 4 0.008 £ 0.034) x10~%
8.7-9.7 51417 0.02 3.02x (1 4 0.007 4 0.035) x10~9!
9.7-10.8 60019 0.03 2.15% (1 £ 0.007 £ 0.035) x107%
10.8-12.0 66545 0.03 1.53% (1 +0.007 + 0.036) x107°!
12.0-13.3 74725 0.02 1.09% (1 4 0.007 & 0.030) x 107!
13.3-14.8 84090 0.03 7.90x (1 4 0.007 £ 0.029) x10792
14.8-16.4 89109 0.03 5.67x (14 0.007 & 0.030) x10~2
16.4-18.2 81203 0.03 4.02x (1 4 0.007 + 0.030) x10792
18.2-20.2 68111 0.03 2.88x (1 4 0.008 £ 0.029) x10~2
20.2-22.4 56832 0.03 2.06x (1 £ 0.008 + 0.028) x10792
22.4-24.8 46535 0.03 1.47x (1 4 0.009 & 0.022) x10~2
24.8-27.6 38267 0.03 1.07x (1 4+ 0.010 £ 0.017) x10792
27.6-30.7 30449 0.03 7.54x (1 4+0.011 £0.018) x10~9
30.7-34.1 23408 0.04 5.33x (1 £+ 0.013 + 0.020) x107%
34.1-37.9 18867 0.04 3.87x (1 £0.014 +0.019) x107%
37.9-42.2 14718 0.05 2.72x (1 +£0.016 +£0.017) x107%
42.2-47.0 11186 0.05 1.92x (1 4+0.019 £ 0.018) x109
47.0-52.3 8618 0.06 1.35x (1 4+0.021 £ 0.015) x1079
52.3-58.5 6942 0.05 9.89x (1 £0.023 £+ 0.015) x10~*
58.5-65.3 5165 0.05 6.89x% (1 4 0.027 4 0.024) x10~%
65.3-73.0 3891 0.08 4.82% (1 +0.034 + 0.038) x10~*
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Number of events after background subtraction, residual background contamination and flux J, with

its statistical and systematic errors (the acceptance uncertainty and the sum of the contamination and IVC correction

uncertainties are shown separately), for the HE selection.

Energy (GeV) Counts Contamination Jg (GeV s Im2gr7 1)

42.2-48.7 3948132 0.02 1.78x (1 £ 0.001 £ 0.012 £ 0.013) x10~%
48.7-56.2 2945632 0.02 1.14x (1 4 0.001 4 0.008 4 0.014) x10~9
56.2-64.9 2189648 0.02 7.42x (140.002 4 0.027 4+ 0.016) x10~%
64.9-75.0 1609640 0.02 4.66x (1 +0.001 +0.016 +0.017) x10~%
75.0-86.6 1161424 0.03 2.98x (1 40.002 + 0.009 + 0.020) x10~%*
86.6-100.0 865855 0.03 1.93% (1 4 0.002 4 0.012 4 0.022) x10~%
100.0-115.5 629884 0.03 1.24% (14 0.002 + 0.012 + 0.023) x10~%
115.5-133.4 466148 0.03 8.06x (1 £0.002 + 0.016 & 0.025) x10~%
133.4-154.0 343066 0.04 5.24x (140.002 4 0.021 4 0.029) x10~%
154.0-177.8 253798 0.04 3.33x (1 £0.003 £ 0.013 & 0.034) x10~%
177.8-205.4 187997 0.04 2.16x (1 40.003 4 0.015 4 0.029) x10~%
205.4-237.1 138234 0.05 1.40x (1 £ 0.003 £ 0.020 4 0.032) x10~%
237.1-273.8 101444 0.05 8.80x (1 £ 0.004 + 0.016 4 0.040) x107%
273.8-316.2 75547 0.06 5.88x (1 4 0.005 £ 0.014 4 0.045) x107%
316.2-365.2 54462 0.06 3.70x (1 & 0.005 & 0.018 & 0.044) x10~%
365.2-421.7 37883 0.07 2.33x (14 0.006 4 0.019 4 0.054) x10~%
421.7-487.0 28142 0.07 1.56x (1 £0.007 & 0.007 + 0.060) x107%
487.0-562.3 19641 0.08 9.62x (1 4 0.008 4 0.016 4 0.071) x10~"7
562.3-649.4 14000 0.07 6.16x (14 0.009 & 0.033 & 0.067) x10~"7
649.4-749.9 10240 0.06 4.11x (1 £0.010 4 0.042 4+ 0.070) x10~"7
749.9-866.0 7338 0.08 2.67x (1 +0.012 +0.024 4+ 0.082) x10~%7
866.0—-1000.0 4938 0.10 1.63x (14 0.015 4 0.024 4 0.094) x10~77
1000.0-1154.8 3406 0.11 1.03% (1 4 0.018 4 0.028 + 0.088) x10~"7
1154.8-1333.5 2249 0.15 6.31x (1 40.023 +0.016 4 0.097) x10~%8
1333.5-1539.9 1491 0.13 3.83x (1 £0.027 +0.075 +0.107) x10~%8
1539.9-1778.3 1086 0.19 2.57x (1 40.036 4 0.047 4 0.143) x10~8
1778.3-2053.5 737 0.22 1.62x (1 4+ 0.039 4+ 0.077 +0.115) x10~%8
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Abstract. Most of the matter in the universe is invisible and is known as dark matter (DM).
Weakly Interacting Massive Particles (WIMPs) are possible theoretical candidates for DM.
Hypothetically, WIMPs can be detected indirectly by their annihilation or decay products. A
possible product is a v ray. Many DM profile models predict a higher density of WIMPs near
the Galactic center. Here we search for monochromatic y-ray emission from the Galactic center
region in data from the Large Area Telescope (LAT), the main instrument onboard the Fermi
Gamma-ray Space Telescope. We present the preliminary results of the analysis of y-ray spectral
lines to search for DM annihilation and decay signals using the latest version of the LAT data.

1. Introduction

Many studies in cosmology and astrophysics provide evidence of the existence of dark matter
(DM) (see, e.g., [1,2]). Observations of the dynamics of galaxies in a cluster and the rotational
velocities of a galaxy imply that there is more mass in the cluster or the galaxy than what
can be detected electromagnetically [3-5]. Observation of the Bullet Cluster by weak lensing
indicates that DM can be described as particles with low interaction cross section with
ordinary matter [6,7]. Moreover, the cosmic microwave background measurement constrains
the DM density in the Universe [8]. Many possible hypothetical candidates for DM exist,
including Weakly Interacting Massive Particles (WIMPs) thermally produced in the early
universe [1,2,9]. Theoretically WIMPs could be observed via WIMP-nucleon scattering in
underground experiments, could be produced by a collision of particles in the collider, or could
also contribute to cosmic ray (CR) fluxes by their annihilation or decay [10]. Among various
candidate particles produced by WIMP annihilation or decay, ~y rays are interesting because their
propagation is unperturbed by the interstellar magnetic field and preserves spatial information
about their sources.

Typical astrophysical sources emit a broad spectral shape in ~GeV range v rays, which can
usually be well approximated as a power law with a high-energy cutoff. Sharp spectral features
in this energy range are not expected from any known sources, but could originate from the
annihilation or decay of nonrelativistic particles in the ~GeV—-TeV mass range. Therefore, the
search for y-ray spectral lines has been employed as one possible tool for DM detection [11,12].

Since June 2008, the Fermi Large Area Telescope (LAT), which is the main instrument
on the Fermi Gamma Ray Space Telescope (Fermi), has been continuously observing the ~y-ray
sky in the energy range from about 20 MeV to more than 300 GeV. The LAT may be sensitive
to v rays produced from WIMP annihilation or decay. We use 8 years of public data with the
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most recent event selection version of the LAT data (Pass 8 Clean) to search for spectral lines
between 50-290 GeV in many regions of interest.

2. Method
2.1. Regions of interest
The regions of interest (ROIs) are defined as circular regions of the sky with different angular
radii centered at the Galactic center (GC). Each region is optimized for different profiles of
the DM distribution in the Galaxy (i.e., Navarro-Frenk-White profile (NF'W), contracted NF'W
profile (NFWc), Einasto profile, and the core isothermal profile). The details of the optimization
procedure are described in [14] in appendix B. The names of five ROIs used in this analysis come
from the values of the radius that they subtend, e.g., R3 for » = 3°. R3 (optimized for NFWc),
R16 (optimized for Einasto), R41 (optimized for NFW), and R90 (optimized for core isothermal)
are more sensitive to WIMP annihilation, while R180 is more sensitive to the WIMP decay [15].
In addition, we mask out the Galactic plane (GP) (| b|< 5° and | [ |> 6°) where -ray emission
from astrophysical sources is very bright and can obscure the faint DM signals. Although both
R3 and R16 also contain high-concentration of astrophysical sources similar to the GP, DM
particles which only interact gravitationally are predicted to clump together more densely near
the GC. Therefore, the fraction of DM signals to the astrophysical background in R3 and R16
may be higher in than that in the GP.

We use the Earth limb (EL) and the GP (excluding the GC), which we call the inverse
ROI, as control regions. The v-ray emission from the EL is produced by CRs interacting
with the Earth’s upper atmosphere, resulting in an extremely bright y-ray ring as viewed by
Fermi due to its proximity [16]. The inverse ROI contains various types of y-ray sources, so it
provides good statistics of the astrophysical background. The «-ray emission in the inverse ROI
is also dominated by astrophysical sources and the diffuse emission due to CRs interacting with
interstellar medium. Thus, we do not expect to detect any DM signals in these control regions.

10

Counts/bin

|
©

Figure 1: Counts map of 40-300 GeV photons in the Galactic coordinates plotted in the Aitoff

projection. The ROIs (R3, R16, R41, R90, and R180) are shown. The inverse ROI (white area)
has been masked out here.
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2.2. Data selection

We use the latest version of data (Pass 8) [13] developed by the LAT Collaboration. We use 8
years Fermi-LAT data (August 2008 — August 2016) with the “Clean” event selection between
40-300 GeV to search for spectral lines between 50 and 290 GeV. In addition, In addition, we
avoid contaminations from the bright EL emission by selecting photons with zenith angle smaller
than 100°, where the zenith angle is the angle between the originated location of a photon and
the zenith direction from the LAT’s point of view. It is important to note that the LAT energy
resolution between 40-300 GeV is about 5-8%.

2.3. Fitting procedure

To search for y-ray lines, we perform a maximum likelihood fit in the selected energy range for
each of the 5 ROIs. We use 130 energy bins with equal width across the fit energy range, so the
bin width is comparable to or smaller than the LAT energy resolution. We define the functional
form for the background photon count spectrum as

Fig(E) = NpgE e
We define the functional form for the DM signal as a narrow Gaussian shape:

(E —~ Ew)2)

FDM<E) = NDM exp < — 2w2

where E, is the line energy which is varied between 50-290 GeV, and Npy and w are free model
parameters. From the instrument’s energy resolution, w is constrained to be between 5-8% of
E,. The best-fit parameters are obtained by performing a maximum likelihood analysis of the

measurement data and the Fgg + Fpy model. The likelihood function is £ = Hi\l P(o; | my),
where P(o; | m;) is the Poisson probability of observing o; counts given that the model predicts
m; counts in each energy bin i. We vary the fitting parameters of the power law (background) and
the Gaussian (DM signal) to determine the maximum likelihood. The significance (s) of the line

signal at E, is derived from the square-root of the test statistic (7'S) : s = vV1'S = (2In ﬁBﬁg;f - )%

where £B8tPM ig the maximum likelihood from the background+DM signal hypothesis, and £B&
is that for only the background hypothesis (without DM signal).

3. Results & Discussion

We perform a search for y-ray lines in the energy range 50-290 GeV in the five ROIs and two
control regions. The signal significance values from fitting spectral lines at various energies in
all regions are shown in Figure 2. The calculated statistical significances for all the ROIs and
the line energies are below 3.0c0. In high-energy particle physics, a statistical significance less
than 3.00 is considered consistent with background fluctuation. Thus, we find no evidence of
significant lines between 50-290 GeV. Figure 2 shows the count spectrum and fit results for
R180 with the line energy at 90 GeV, where we observe the largest significance (s = 1.80). We
check the influence of the arbitrarily chosen energy bin width of 2.0 GeV used in our analysis
by varying the energy bin width among these values: 0.5, 1.0, 1.5, 2.0, 4.0, and 8.0 GeV. All fit
results give significances less than 2.00.

We examine two control regions which are expected to contain no DM signal and find
no lines with s > 3.00 in this energy range. Figure 2 shows the count spectrum fit at 90 GeV
using EL and the inverse ROI data, which indicate 0.00 and 0.0¢. The v-ray spectra from the
control regions can therefore be concluded as featureless. This excludes the possibility that the
instrumental effect is responsible for any spectral line in the ROIs.

We have performed a search for y-ray lines from 50-290 GeV in the five ROIs which are
optimized for various DM density profiles, using 8 years of Fermi-LAT Pass 8 data. We find no
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Figure 2: Fit results at 90 GeV line energy in R180 (a), the Earth limb (b), and the inverse
ROI (c) are shown. The significance value as a function of line energy from the analyses of count
spectra from five ROIs and two control regions are summarized in (d).

significant spectral lines in all ROIs. Our analyses in the control regions, the EL and the inverse
ROI, show no significant sharp spectral feature. We will expand the search to a wider energy
range in the future study.
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