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The IceCube Neutrino Observatory is a cubic kilometre scale detector for high-energy neutrinos
above hundreds of GeV produced in Earth’s atmosphere as well as outside our solar system whenever
particles are accelerated to ultra-relativistic energies. The prompt atmospheric contribution is a
result of the creation of heavy mesons with charm components in the atmosphere. Past studies from
IceCube using a maximum likelihood estimation over the whole neutrino energy spectrum always
reported a best-fit zero prompt contribution so far [1–5], contrary to theory [6, 7]. In this analysis we
tried to measure this prompt atmospheric flux in muon neutrino event data from different IceCube
releases. In contrast to past studies we performed a binned least-squares fit of the conventional
atmospheric flux from data at low energies and subtracted this fit and an astrophysical flux reported
by IceCube to measure a prompt contribution. Due to a lack of statistics and accessible information
from data releases, our results are also compatible with a zero prompt contribution.

I. INTRODUCTION

Neutrinos remain of great interest to particle physi-
cists and astrophysicists ever since their first proposition
by Pauli in 1930. Despite, or even due to, their weakly
interacting or so called ghost-like nature, we have made
fundamental discoveries about their properties, but are
still only on the verge of using this knowledge to gain
further insight into the universe [8].

An essential tool to use neutrinos as cosmic messengers
are neutrino detector experiments, which depend on an
advanced understanding and a clear distinction of the
different processes leading to neutrino fluxes detectable
here on Earth. In this project, we are looking mainly at
muon neutrino events in the northern hemisphere1 from
two years of IceCube data (2010-2011) from a data release
corresponding to [2], to search for a prompt atmospheric
muon neutrino flux contribution.

For this we will perform a binned least-squares fit of
a simple conventional atmospheric neutrino flux model
in the lower end of the neutrino energy spectrum and
use the difference of this fit and the data in the high
energy end to possibly be able to measure a prompt at-
mospheric and diffuse astrophysical muon neutrino con-
tribution. We will then subtract an astrophysical flux
contribution reported by IceCube to determine a prompt
component in our data. This method deviates from the
maximum likelihood approach performed by the IceCube
Collaboration in the sense, that not all parameters for all
high-energy neutrino flux components are fit at the same
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1 ’Northern’ and ’southern’ hemisphere relate to halves of the ce-

lestial sphere as observed from IceCube located at the south pole,
not terrestrial hemispheres. They are divided by the horizon at
a zenith angle θ = 90◦ and correspond to θ > 90◦ or θ < 90◦

respectively.

time, which so far yielded a best-fit zero prompt compo-
nent in all results [1–5] possibly due to the astrophysical
component absorbing the prompt component.

A. Muon neutrino flux contributions

High-energy neutrinos of Eν & 100 GeV serve multiple
purposes in modern physics. They are a by-product of
hadronic interactions where weakly-decaying mesons like
charged pions or kaons are produced. Accordingly they
can be generated outside our own galaxy when matter
is accelerated to relativistic energies. Yet they are also
produced in the Earth’s atmosphere due to cosmic rays,
which is the main source for high-energy neutrinos de-
tectable on Earth, reaching invariant masses in these in-
teractions that are difficult to probe even in current col-
lider experiments like the LHC [3]. For many astrophys-
ical applications however this atmospheric contribution
serves as a background, which makes a thorough under-
standing of its properties crucial.

a. Conventional atmospheric neutrino flux When
cosmic rays consisting mainly of relativistic protons
and atomic nuclei interact with air molecules at high-
altitudes, they produce an atmospheric neutrino flux.
The main contribution to this flux is the formation of
charged pions and kaons. They have decay channels like

π± → µ± + νµ → e± + νe + 2νµ . (1)

In the TeV neutrino energy range, this flux resembles a
power law with a spectral index approaching ΦAtm

ν+ν̄ (E) ∝
E−3.7, roughly one power steeper (softer) than the spec-
trum of the parent cosmic ray particles in this energy
range ∼ E−2.7 [8, 10]. This is the case as a consider-
able fraction of these mesons with lifetimes on the or-
der of τ ∼ 10−8 s interact again before decaying, which
is highly dependent on the atmospheric density at pro-
duction altitude and the propagation direction of the
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FIG. 1. The expected νµ+νµ flux contributions for neutrino
energies over 1 TeV in the northern hemisphere are shown.
They consist of two astrophysical flux fits (dotted) [2, 4] as
well as a modified prompt atmospheric (dot-dashed) [6, 7] and
conventional atmospheric flux (solid, binned) [2, 9]. Uncer-
tainty bands are given accordingly.

mesons. Therefore this conventional atmospheric flux
shows a high angular dependence, being maximal around
the horizon [3, 9]. The flavor composition of this flux de-
pends on the energy, since for higher energies muons do
not decay before hitting Earth, leading to a flavor ratio
at lower energies ∼ 1 GeV of roughly νµ : νe ≈ 2 : 1
compared to a flavor ratio at ∼ 1 TeV of 20 : 1.

b. Prompt atmospheric neutrino flux At even higher
energies a different contribution due to the production of
heavy, very short lived mesons with charm components
like D0, D± → X + νe,ν arises [6], which decay nearly
equally likely into all neutrino flavors. As these parent
mesons decay strongly, they have much shorter lifetimes
τ ∼ 10−12 s which gives them the name ’prompt’, making
interactions in this time highly unlikely and resulting in
a solid-angle independent, isotropic flux. Therefore one
expects a harder flux which better resembles the parent
cosmic ray spectrum at these energies. This contribution
has not been conclusively observed. Additionally theo-
retical models for it differ due to theoretical uncertain-
ties in the cross-section of charm production in hadronic
collisions at high energies as well as experimental un-
certainties for the incoming cosmic-ray spectrum [7]. To
our current understanding the prompt contribution is ex-
pected to be dominant over the conventional atmospheric
flux at energies Eν & 1 PeV, see Fig. 1.

c. Diffuse astrophysical muon neutrino flux Neutri-
nos can also be produced outside of our solar system and
will travel undeflected through magnetic fields and mat-
ter in contrast to high-energy photons or baryons, there-
fore serving as ideal cosmic messengers [11]. This can
then point us to the direction of their source and tell us
much about its internal processes. Due to the expected
high number of point sources for these neutrinos, they
add up to an isotropic neutrino flux measurable here on
Earth. IceCube reported on this so called diffuse astro-

physical flux, which follows a flavor-independent isotropic
power-law ΦAstr

ν+ν̄ ∝ E−γ with a spectral index γ ≈ 2 [1–5],
as proposed by theory [3, 10]. The flavor-independence is
a result of neutrino oscillations over cosmological length
scales [3, 8].

B. The IceCube Detector

The IceCube detector is a high-energy neutrino obser-
vatory localized between 1.5 and 2.5 km depth in glacial
ice at the South Pole which instruments a cubic kilometre
volume of ice with optical sensors [12]. It detects neutri-
nos of all flavors by observing the Cherenkov radiation
induced by the charged end products of deep-inelastic
neutrino-nucleon scattering in the ice. Therefore IceCube
can detect neutrinos in a larger volume than just the de-
tector itself, if the end-products can reach it from the
outside. When a neutrino νl interacts with a nucleon N
of an ice molecule, it can do so via charged- (CC, Eq.
2) or neutral-current (NC, Eq. 3) interactions, with X a
hadronic product of the reaction [11]

νl +N → X + l (2)

νl +N → X + νl . (3)

If the end-product is charged and moving faster than
the speed of light in the medium, i.e. glacial ice, it emits
Cherenkov photons. Those are detected by photomulti-
plier tubes that are in the case of IceCube implemented
in 5160 Digital Optical Modules (DOMs), which are at-
tached to 86 cables in the ice. The detector is running
in this final configuration since 2011. The DOMs are
spaced 17 m apart vertically and the cables are spaced
horizontally in a hexagonal grid 125 m apart, except for
8 strings placed nearer to each other in the middle part
of the detector which form the DeepCore subarray. Ice-
Cube as a whole is sensitive to neutrinos with energies
Eν & 10 GeV [3, 12].

For each event both the incident direction of the neu-
trino as well as its energy and most probable flavor can be
reconstructed. For this one uses that muons created dur-
ing νµ CC-interactions leave a track of Cherenkov pho-
tons and can traverse hundreds of kilometers of ice. Elec-
trons and tauons produced in νe and ντ CC-interactions
in contrast result in a spatially short electromagnetic cas-
cade. Electrons will rapidly lose energy through interac-
tions in the medium while tauons will decay promptly.
This results in additional measurable radiation losses.
The hadronic cascade created in every deep-inelastic
neutrino-nucleon scattering similarly emits Cherenkov
photons over a short distance. Those cascades result in
a signal nearly spherical in shape due to the large sepa-
ration of the strings.

After the first classification different energy informa-
tion is generated per event. First the amount of collected
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photons serves as an energy proxy which includes radia-
tion losses of the hadronic products for starting events in-
side the detector as well as the Cherenkov track of muons
for CC νµ interactions. In the case of muon production
one can then determine the most-probable muon energy
inside the detector by comparing the signal to templates
of simulated muon interactions in IceCube. In most cases
the muon will leave the detector which results in an un-
certainty for the muon energy. From these information
one can determine the most probable calibrated νµ en-
ergy (this process is called ’unfolding’), which requires
an assumption on the neutrino flux and detailed sim-
ulations of muon energy losses and detector responses.
This reconstructed neutrino energy will be on average
higher than the muon energy by a factor of roughly 2.
For through-going events though one has to assume an
interaction point, as muons created in high-energy inter-
actions can traverse hundreds of kilometres of ice losing
energy in the process and will then result in a low-energy
event in the detector wrongly accounted for. There-
fore if one considers through-going events, the unfolding
method may be biased to lower energies [2, 3, 11].

One large background for neutrino observation are at-
mospheric muons produced in cosmic ray air-showers, see
Eq. 1, that can penetrate the 1.5 km overburden of ice
and reach the detector at sufficiently high energies from
the southern hemisphere. They outnumber neutrino in-
teractions by a factor ∼ 106. Two reliable methods of
background rejection are 1) to only use neutrino events
incident from the northern hemisphere, where the bulk of
Earth completely absorbs penetrating muons or 2) to im-
plement a veto system, in which only events starting in-
side the detector volume are attributed as neutrino events
[2, 3].

II. ANALYSIS METHOD

A. Flux determination

In our project we first compared different data releases
from the IceCube Collaboration [13] together with the in-
ternal platinum cut event data for the Matter-Enhanced
Oscillations With Steriles (MEOWS) search from Ice-
Cube. We were looking for νµ event data with the best
background filtering method and as much information
per event as possible in order for us to compute a prompt
atmospheric flux contribution. We then settled on rele-
vant data from two data releases.

For the computation of fluxes we used Monte Carlo
generated effective detector areas Aeff per flavor, which
came with each release. As this area is dependant on
neutrino energy and neutrino zenith angle, they were
calculated for bins of different energy proxies with bin
edges {Ei}, and cosines of the zenith angles {cos θj}
to get constant solid angles per bin. By using the
event data and the bins, we histogrammed the events

FIG. 2. The calculated fluxes in the northern hemisphere
for the three considered νµ data samples (points) are shown
with error bars together with the expected conventional at-
mospheric flux contribution (red, solid) [2, 9].

accordingly, to generate a number of event per bin2

Nν(Ei, Ei+1, cos θj , cos θj+1). By dividing it by the ef-
fective detector area per bin as well as the lifetime t of
each detector configuration, we could compute a flux per
bin Fν in units m−2 s−1.

To account for different bin configurations one usually
instead looks at a continuous flux density distribution
Φν(E, cos θ) in units GeV−1 sr−1 m−2 s−1, which relates
to the flux as

Fν(E,E+ dE, cos θ, cos θ+ d cos θ) = Φν(E, cos θ) dE dΩ
(4)

with dE, dΩ the measures in energy and solid angle.
Accordingly if integrated per bin we find

Fν =

∫∫
bin

Φν(E, cos θ) dE dΩ . (5)

This can be solved more rigorously with a log-
likelihood approach and theoretical predictions of the un-
derlying fluxes, which we do not pursue. Instead we can
simplify the integration to a multiplication by assum-
ing an odd flux density function per bin. Then we find∫∫

dE dΩ → ∆E∆Ω = 2π∆E∆ cos θ. This ultimately
yields our flux computation model per bin

Φν =
Nν

2π ·Aeff · t ·∆E∆ cos θ
. (6)

To combine results from the same data release but dif-
ferent detector configurations and resulting different ef-
fective areas, we used a lifetime weighted mean

Φν,tot =

∑
i ti · Φν,i∑

i ti
(7)

2 For readability we will from now on omit the bin edges as argu-
ments if a function is specified to be given per bin.
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for the resulting flux of each detector configuration.

B. Data Samples

a. All-Sky point-source 2010 to 2012 The first data
release we considered corresponds to [14]. It contains
3 years of IceCube track-like neutrino candidate events
detected between June 2010 and May 2013 with a veto
implemented to reject atmospheric muons but regard
through-going tracks in the northern hemisphere. In the
first year not all 86 strings were already implemented,
but only 79. Per event energy proxy and reconstructed
zenith angle data was released, but not calibrated neu-
trino energy. This yields an overburden in the calculated
flux possibly due to the bias when considering through-
going tracks as stated earlier, which can be seen in Fig.
2. In total the data set contained approximately 334k
events.

b. Two year astrophysical flux 2010/11 The release
we used mainly in our analysis corresponds to [2]. Only
neutrinos from the northern hemisphere are looked at
in this study, which do not have to be starting events.
Reconstructed muon energy proxy and zenith angle are
stated for each event. As the effective area is generated
in three bin categories - true neutrino energy, cosine of
the zenith angle and energy proxy - we had to resort to
different strategies as we had no access to a computa-
tion of the true neutrino energy. In total the data set
contained approximately 35k events.

FIG. 3. The calculated fluxes in the northern hemisphere
for the integration ansatz (int) as well as the ansatz using the
energy proxy as true neutrino energy (equal) and two times
the energy proxy as true neutrino energy (2x) for the two
year astrophysical sample are shown with error bars together
with the expected conventional atmospheric flux contribution
[2, 9]. Note that the data is shown in dependence of energy
proxy, while the model in dependence of true neutrino energy.

First we used an integration technique (denoted as int
in Fig. 3 and 5) in order to take a mean of the effective
area in the observable event information

Aeff(Eproxy, cos θ) =
1

∆Eν

∫
dEνAeff(Eν , cos θ, Eproxy).

(8)

Another approach was to input Eproxy as the true neu-
trino energy Eν (denoted as equal in Fig. 3 and 5) as
an approximation because we had no map from energy
proxy to true neutrino energy. It could have been gener-
ated using Monte Carlo simulation, but this was outside
the scope of this project. In accord with previous simula-
tions performed by IceCube we also considered a different
approximation Eν ≈ 2 × Eproxy to calculate a flux (de-
noted as 2x in Fig. 3, 4 and 5). This is more reasonable
as it accounts for the inelastic CC interaction where en-
ergy is lost and not purely transferred to the muon as an
average linear map. All these approaches are compared
over the northern hemisphere in Fig. 3.

FIG. 4. The result of the conventional atmospheric fit in
the northern hemisphere for the 2x ansatz in the two year
astrophysical sample is shown as an example. In the upper
figure one can see the extrapolated fit (blue, solid) performed
in the region marked by vertical lines as well as data (orange,
points). The error of the fit is to small to be seen. In the lower
figure one sees the result, where we subtracted the extrapo-
lated fit from data (red, points) together with the expected
astrophysical (dotted) and prompt atmospheric contributions
(dash-dotted). Note that negative flux data points are not
visible, but their error bars can exceed zero flux.
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FIG. 5. The 1-σ confidence intervals of the least-squares fit of the different data sets as well as the literature flux (red dot)
are shown. The 1-σ confidence intervals for literature fluxes remain too small to be seen. In the left figure we show the fitting
parameters of the least-squares fit for the conventional atmospheric flux in the northern hemisphere. The All-Sky point-source
data can not be seen, as the normalization was roughly four orders of magnitude higher than the other ones. In the right figure
we show the 1-σ confidence interval of all data sets as well as the literature value for the prompt component in the northern
hemisphere after subtraction of the best-fit conventional atmospheric and literature astrophysical νµ flux components. Note
that all fluxes have an unphysical best fit negative normalization.

C. Atmospheric contribution fitting

As the All-Sky point source data showed an error pos-
sibly due to unfolding, we concentrated on the two year
astrophysical flux data. By looking at the whole northern
hemisphere we gather maximum statistics for our analy-
sis.

We then assumed a simple power-law model

ΦAtm
ν (E, cos θ;φ0, γ) = φ0 ·

(
E

10 GeV

)−γ
for the conven-

tional atmospheric flux component, to perform a binned
least squares fit to data. We did this in an energy range
[Estart, Eend] where IceCube is sensible to neutrinos yet
the astrophysical and prompt atmospheric contributions
are still suppressed, see again Fig. 1 for νµ. As the
conventional atmospheric flux gets softer in the higher
energy regime and we want to see an excess of flux we
settled for a fit in the range [2× 103 GeV, 1× 104 GeV].
This range was also chosen to avoid detector threshold
effects at the lower bound. The flux per bin to which we
fit our data is calculated from our power-law model cor-
respondingly to how we calculated fluxes from data (see
again Eq. 5 and 6)

ΦAtm
ν,bin(φ0, γ) =

∫∫
bin

ΦAtm
ν (E, cos θ) dE dΩ

∆E∆Ω
(9)

to avoid systematic errors. This yields

ΦAtm
ν,bin(φ0, γ) = φ0 ·

(10 GeV)
−γ

γ − 1
·
E−γ+1
i+1 − E−γ+1

i

Ei+1 − Ei
(10)

per bin in units GeV−1 sr−1 m−2 s−1.

By subtracting this power-law conventional atmo-
spheric contribution we expect to visualize the prompt
atmospheric and astrophysical flux contributions, see
Fig. 4.

In a last step, we subtracted the model for the astro-
physical flux contribution reported by IceCube in earlier
studies [4]

ΦAstr
ν (E) =

2.5± 0.8

3
× 10−14 ·

(
E

100 TeV

)−(2.9±0.3)

(11)
in GeV−1 sr−1 m−2 s−1.

We performed a final fit to this difference to a power-

law Φprompt
ν (E, cos θ;φ0, γ) = φ0 ·

(
E

100 TeV

)−γ
in the en-

ergy range starting with the end bin of the conventional
atmospheric fit Eend = 1× 104 GeV and ending with the
last energy bin containing events. The results of all fits
can be seen in Fig. 5.

D. Uncertainties

For the error estimation we used a standard error of
1 ± 1 events per event. We propagated this error in the
histogram, where each bin then contained Nν ±

√
Nν

events. In the case of the two year astrophysical data
sample we also had an error per bin in effective area due
to finite simulation statistics, which we propagated as
well. We then included this propagated error in the com-
putation of the least-squares fit and used the returned
covariance matrix to determine the uncertainty for it. All
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together this yielded the error of the resulting prompt at-
mospheric and astrophysical flux components as can be
seen in Fig. 4.

To include uncertainties of the literature values in log
space, we used first order error propagation to find for an
observable Φ ± σΦ with a symmetric error in real space
the corresponding symmetric error in log space

Φ
+Φ·(exp (σΦ/Φ)−1)
−Φ·(1−exp (σΦ/Φ)) . (12)

This was important for the power law fluxes especially
in the figures, as the lower bound in real space resulted
in a negative flux that is unphysical.

Confidence intervals were plotted using the covariance
matrix returned by the least-squares methods. We com-

puted the Pearson confidence coefficient p = cov(φ0,γ)
σφ0

σγ
to

determine eigenvalues of this covariance matrix and ulti-
mately the radii of the 1-σ ellipse according to [15].

We encountered several systematic uncertainties in this
project mainly due to a lack of accessible results from
IceCube like reconstructed neutrino energy as well as
in-depth information to the computation of effective ar-
eas. Further, we did not include uncertainties for re-
constructed angle and energy and did not use a Poisson
distribution for error calculation of events per bin but
instead 1 ± 1 events which leads to zero error for bins
containing no events contrary to expectation. These er-
rors were inevitable in the scope of this project, otherwise
we would have had access to these information or could
have computed them ourselves. This especially compli-
cated the handling of the two year astrophysical flux data
which seemed to be the most promising.

Theoretical uncertainties are accompanying as well, es-
pecially for the prompt atmospheric and astrophyiscal
flux contributions as they can be created at energies at
which we can only extrapolate QCD parameters. A dif-
ferent cut for the energy interval in which the fit was per-
formed could have been made. We could have also used
a broken power-law for our analysis or a more suitable
model for the conventional flux like HKKMS which con-
siders the energy spectrum of the cosmic ray primaries.

III. RESULT

In this project we looked at IceCube Neutrino events
with a combined detector lifetime of 5 years from two
data releases and separate studies. One release contained
neutrino events measured between 2010 and 2011 and the
other one, which utilized different cuts, between 2010 and
2012.

As we had no access to true neutrino energy recon-
structions which was needed for a thorough analysis in
the two year astrophysical flux data release from IceCube,
we had to compare different methods for calculating ef-
fective detector areas.

FIG. 6. The result of the best-fit prompt result for the All-
Sky point-source data after subtraction of the best-fit conven-
tional atmospheric and astrophysical contribution reported by
IceCube [4] is shown (green, points) together with a best-fit
power law prompt contribution from data (orange, solid) and
theoretical predictions (blue, dash-dotted). The vertical line
marks the start for the fit, the end is for the last bin contain-
ing neutrino events.

We first fitted a power-law model flux to data, to ac-
count for the conventional atmospheric flux contribution.
We subtracted this conventional atmospheric contribu-
tion and a literature astrophysical flux contribution to
look for a prompt component. The results of these fits
in comparison to literature can be seen in Fig. 5. The
literature conventional atmospheric ΦAtm

νµ flux did not lie
inside of the confidence interval of any of the performed
least-squares fits to data. The expected prompt contri-
bution showed a negative normalization in every case.
We suspect this to be because in the high energy regime
we had no events in some bins and therefore a net neg-
ative flux after subtracting our power-law conventional
fit as well as the literature astrophysical component. As
these data points had negative values with little error, it
influenced the last-squares fit to favour these bins.

The All-Sky point-source data release showed to have
a similar normalization and spectral slope than the liter-
ature ERS prompt [7] with a best-fit result

Φprompt
ν = (−0.2± 0.8)× 10−14

(
E

100 TeV

)−(2±1)

(13)

in units GeV−1sr−1m−2s−1. The fit for this result can
be seen in Fig. 6. In comparison, the theoretical ERS
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prompt is expected to behave like

ΦERS
ν = (0.07± 0.01)× 10−14

(
E

100 TeV

)−(2.88±0.03)

(14)
in units GeV−1sr−1m−2s−1.

We report on no measurable prompt atmospheric flux
component in our analysis, which is also due to insuffi-
cient reconstructed information per neutrino event.

Still, a prompt atmospheric flux should exist and on
average lead to roughly 0.81 through-going prompt muon
neutrino events between 1 TeV and 100 PeV from the
northern hemisphere in IceCube per day. We calculated

this value using the effective area from the All-Sky point
source 2012 release. The measurement of this flux will
therefore remain a goal for IceCube which as well shows
the importance of long-time neutrino detector experi-
ments with high statistics.
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