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IceTop, the km2 surface array of the IceCube Neutrino Observatory at the South Pole, is sensitive to
air showers of all primary particles, including gamma rays. In particular, in the PeV energy range,
the combination of IceTop and IceCube’s deep optical detector provides excellent gamma-hadron
separation. Almost all air showers induced by cosmic-ray protons and heavier nuclei in this energy
range contain high-energy muons detectable by the deep detector, while most photon-induced air
showers do not. Therefore, IceCube’s deep detector can be used to strongly suppress hadronic
background in photon searches. Furthermore, the lateral distribution of the air-shower signal in
IceTop provides additional gamma-hadron separation. In the PeV energy range, the gamma-hadron
separation achieved is better than 10−3: air-shower events measured with IceCube are suppressed
more than 1000 times stronger than photon-induced showers of the same energy simulated with
Sibyll 2.3d. This improved gamma-hadron separation in combination with an extension of the
energy range to lower energies provides discovery potential for future searches for PeV photon
sources in IceCube’s field of view.
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IceCube Gamma-Hadron Separation

1. Introduction

The IceCube Neutrino Observatory at the South Pole is a unique experiment consisting of the
km2-size IceTop surface array for air showers above a km3 optical array deep in the Antarctic ice.
The latter detects not only particles from neutrino-induced interactions, but mostly high-energy
atmospheric muons from cosmic-ray air showers. Because high-energy muons are absent in most
gamma-ray induced air showers up to several PeV of energy, the combination of IceTop and the
deep array can be used to separate hadronic cosmic rays from gamma rays. Earlier IceCube studies
focused on the search for multi-PeV gamma rays [1] and were performed before LHAASO detected
first sources of PeV photons with a surface array of similar size as IceTop [2]. Although LHAASO
has a different field-of-view (FOV) than IceCube for gamma rays, we expect that photon-induced
air showers are already present in IceCube’s data if any similar source is in IceCube’s FOV.

Because the flux of LHAASO’s PeV sources is much stronger at energies below a PeV, we
have improved the reconstruction methods for air showers to be more efficient in the sub-PeV range
and improved the method of gamma-hadron separation to provide a higher rejection of hadronic
cosmic rays [3]. Here, we summarize the method of gamma-hadron-separation: the top layers
of the deep array serve as a veto to reject hadronic showers (see Fig. 1), and the compactness
of the lateral distribution, measured by IceTop through a quantity named Charge Distance (CD),
provides additional separation power. Finally, we estimate the number of events and significance
expected for potential LHAASO-like sources, which illustrates IceCube’s discovery potential for
PeV gamma-ray sources.

2. Method

To study gamma-hadron separation with IceCube, we have used simulations and measured
air-shower data; the latter are predominantly from hadronic cosmic rays. For the simulations, we
have produced several 10, 000’s of CORSIKA air-shower events (at least 1, 000 per energy bin of
Δ log10 𝐸 = 0.1) using the interaction model Sibyll 2.3d, and also used existing simulation sets with
Sibyll 2.1, as we have observed no relevant difference regarding the air-shower parameters studied
in this work for gamma-hadron separation. Nonetheless, we also use measured data to study the
hadronic background for two reasons: First, it is known that simulations do not fully reproduce
measurements [4]; second, because the simulations are computationally expensive, measured events
provide a much higher statistics in the relevant energy range of 𝐸 ≲ 10 PeV. Therefore, we use
approximately one year of IceCube events: the 2012 run recorded between April 2012 and May
2013. To keep the analysis blinded for future point-source searches, we have randomized the right
ascension of the measured air showers.

As first major improvement over previous analyses, we have lowered the energy threshold by
improving the reconstruction efficiency towards lower energies (see Fig. 2), at which IceTop is only
partially efficient. IceTop, built of 81 pairs of ice-Cherenkov tanks [5], triggers upon coincident
signals in three pairs of tanks (so 6 tanks total). Nonetheless, many analyses only consider events
with at least five pairs of tanks with signals (10 tanks total), because of the higher precision for the
air-shower reconstruction. Using the established functions describing the lateral distribution and
arrival time of the shower front recorded by IceTop, we have adapted the fitting procedure to feature
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Figure 1: Projection of the IceCube detector with its IceTop surface array on top and the deep optical in-ice
array. For air showers whose axis intersects both arrays, the in-ice array is used as a veto, rejecting air
showers that have any signal in the top five layers.

fewer free parameters for air-showers with signal in at least three pairs of IceTop tanks, and still
keep a decent angular resolution and energy reconstruction (see Fig. 3).

The reconstruction of the air-shower arrival direction and energy is based only on signals
recorded coincidentally in both tanks of a pair to reduce the impact of random background. However,
signals in only one of the two tanks are often caused by muons and can be used for gamma-hadron
separation. Therefore, a calibration method for these single-tank signals was developed (for details
see Ref. [3]), and they are included in this analysis for the calculation of a quantity called Charge
Distance (𝐶𝐷), which measures the compactness of the lateral distribution of an air shower recorded
by IceTop:

𝐶𝐷 = log10

∑︁
𝑖

( 𝑞𝑖

0.1 VEM

)𝑑𝑖/10 m
, (1)

with 𝑞𝑖 the signal size ’charge’ in the 𝑖th tank measured in units of vertical equivalent muons (VEM)
and 𝑑𝑖 the distance of that tank from the shower core at ground in meters; the constants before
the units were chosen ad-hoc after testing constants of different orders of magnitude. Because
photon-induced air showers have a more compact footprint, their 𝐶𝐷 is on average smaller than
those of hadronic air showers, as seen in Fig. 4.

Due to the known deficiencies of hadronic interaction models, the 𝐶𝐷 distribution should
not be used to determine the mass composition without further studies, but the proton and iron
simulations show that the simulated 𝐶𝐷 is at least roughly consistent with IceTop’s measurement.
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Figure 2: Detection efficiency of IceTop for protons and photons (left) and combined detection and recon-
struction efficiency (right) over energy of the primary particle. The latter requires a successful reconstruction
of the shower direction and energy proxy 𝑆125 within certain quality cuts (see Ref. [3] for details).

We used the photon simulations and measured air showers to decide on cuts for the gamma-hadron
simulations, where the measurements are dominated by hadronic showers.

The two cuts providing gamma-hadron separation, i.e., the number of in-ice layers used as
a veto and the percentile of the 𝐶𝐷 cut, were optimized to provide maximum significance for
LHAASO-like mock sources with one year of 2012 IceCube data (see next section.) The number
of layers needs to be optimized for two reasons: some high-energy muons do not cause a detectable
signal in every layer they pass, so more veto layers provide a better rejection; however, more veto
layers also increase the chance of accidentally vetoing a gamma-ray shower because of random
background signals. Similarly, the 𝐶𝐷 percentile used as a cut needs to balance rejecting hadronic
cosmic rays versus keeping gamma-ray candidates. As the average 𝐶𝐷 increases with energy, also
the cut used on the 𝐶𝐷 is energy dependent and has been tuned as a function of IceTop’s energy
proxy 𝑆125 [5] to keep 85 % of the photons at each energy:

𝐶𝐷cut = 21.7 · log10(𝑆125/VEM) + 35.1 (2)

As a result of the optimization, we reject all air showers that have a signal in the five top layers
of the in-ice detector or have a 𝐶𝐷 larger than the 85th percentile of the CD distribution for photons
at the respective shower energy.

3. Results

Using the top five layers of the in-ice detector as veto and the 𝐶𝐷 cut at IceTop, together,
provides gamma-hadron separation by three to four orders of magnitude in the PeV energy range.
Because the fraction of hadronic showers without high-energy muons decreases with energy, the
separation power strongly increases with energy, suppressing hadronic showers relative to photon
showers by one order of magnitude around 100 TeV and more than four orders of magnitude above
3 PeV. The passing fractions for photon simulations and measured data can be seen in Fig. 5 over the
energy reconstructed through the correlation shown in Fig. 3. As the measured data are dominated
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Figure 3: Left: Angular resolution of the low-energy IceTop reconstruction, determined as the 68 %
percentile Δ𝜓 of the deviation between the true and reconstructed shower axis for simulated air showers
(shown as black dots). Right: The energy proxy 𝑆125, the signal strengths in IceTop at 125 m distance from
the shower axis, is approximately linearly correlated with the energy of the primary particle. Photon (top)
and proton (bottom) simulations show a similar angular resolution and energy correlation with 𝑆125.

by hadronic cosmic rays, the ratio between the survival fraction of the photon simulations and the
survival fraction of the measured data provides a measure for the gamma-hadron separation: the
gamma-hadron separation improves with energy from about one order of magnitude around 0.1 PeV
to more than four orders of magnitude above 3 PeV.

The unwanted rejection of about half of the photons is mostly due to accidental background
signal in the upper layers of the in-ice detector, as by construction only 15 % of photons are rejected
due to the 𝐶𝐷 cut. Only at higher energies of several PeV, the passing fraction of photons decreases
further, because a significant fraction of photon-induced showers contain at least one high-energy
muon producing an in-ice signal. The previous search had a much higher passing fraction for
photons, by tolerating some in-ice signal coincident with an air shower measured with IceTop [1].
However, not tolerating any in-ice signal at all provides much better gamma-hadron separation
without decreasing the survival fraction of photon candidates in the energy range around 1 PeV and,
hence, is preferred to search for gamma-ray sources emitting photons up to a maximum energy in
that range.

To study the detection potential of gamma-ray sources with the new method of gamma-hadron
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Figure 4: Distribution of the Charge Distance discriminator based on the lateral distribution of IceTop hits
of an air shower for simulations and measured data of the 2012 run.

separation, we have calculated the number of photons we would expect to arrive from hypothetical
mock sources at 𝜃 = 5◦ zenith angle above IceCube, assuming a flux corresponding to sources
detected by LHAASO [6]. Taking as search region for a specific source the solid angle defined
by the angular resolution (±Δ𝜓), we count the photon-induced air showers contained in IceTop.
Then, we multiply the number of these contained showers with the detection and reconstruction
efficiencies and the passing fraction of the gamma-hadron separation to calculate the number
of detected photons for each mock source (Fig. 6, left). Calculating the number of cosmic-ray
background events passing the gamma-hadron selection from the same solid angle, we then derive
the Li-Ma significance expected for each mock source as a function of the lowest energy considered
in the analysis (Fig. 6, right). We find that the strongest source would be detectable almost at 3
sigma in only one year of IceCube data with a starting energy of the analysis around 0.5 PeV.

This suggests that IceCube could discover corresponding sources when combining several
years of data. However, that combination is not trivial and subject to future work, as the rising snow
level above IceTop impacts the threshold, reconstruction, and 𝐶𝐷 cut. As another complication,
most sources are expected in the Galactic Plane, which is only visible at zenith angles 𝜃 ≳ 25◦,
but IceCube’s exposure for photons shrinks with zenith angle due to the requirement of the shower
axis intersecting both the surface and in-ice array: the maximum effective area with the current
method of gamma-hadron separation is about 0.25 km2 for vertical showers, which is about 40 % of
IceTop’s geometric area for the containment cuts used in this work, but shrinks to 0 at a zenith angle
of about 𝜃max = 33◦. Future work will thus aim at retaining more photons without reducing the
gamma-hadron separation power, e.g., by improving the selection of in-ice signals contributing to
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Figure 5: Gamma-hadron separation achieved by the combination of the (absence of) in-ice signal and the
Charge Distance measurement of IceTop. Shown is the passing fraction of photon simulations and measured
data of the 2012 run, where the measured data is dominated by hadronic cosmic rays. In comparison with
IceCube’s previous gamma-ray search [1], the separation power extends to lower energies and is significantly
enhanced in the PeV energy range.

the veto or by better discriminators from IceTop’s measurements for those air showers not rejected
by the in-ice detector.

4. Conclusion

IceTop, IceCube’s surface array for air showers, serves not only as a cosmic-ray detector and
as a veto of atmospheric background for neutrino observations with IceCube’s in-ice detector. It
also serves as a photon detector, when reversing the roles and using the in-ice detector as a veto
instead, to suppress hadronic air showers against photon-induced air showers. Recent progress in
analysis techniques lowered the detection threshold for such gamma-ray searches into the sub-PeV
energy range and improved the gamma-hadron separation significantly. With both improvements
combined, analyses of IceCube’s existing data now have discovery potential for gamma-ray sources
with a similar flux as the brightest PeV gamma-ray sources detected by LHAASO, if such a source
existed in the sky close to the celestial South Pole. To maximize the discovery potential, we plan
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Figure 6: Number of events (left) and statistical significance (right) that would be expected with one year of
IceCube data for a source at 85◦ elevation above IceCube with the same photon flux as some of the sources
detected by LHAASO (none of the LHAASO sources is in IceCube’s FOV, as LHAASO observes a different
part of the sky). The calculation considers all expected signal and measured background events above the
energy shown on the x-axis and within IceCube’s angular resolution for gamma rays.

to work on further improvements in the gamma-hadron separation and the combination of several
years of data with different snow levels, before unblinding. Also, IceCube’s FOV contains only
a small part of the Galactic Plane with limited exposure. This shortcoming will be significantly
improved by IceCube-Gen2 [7], which will not only increase the aperture by an order of magnitude,
but also extend the FOV to include a significant fraction of the Galactic Plane [8].
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