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Dı́az-Vélez,40 M. Dittmer,43 A. Domi,26 L. Draper,53 H. Dujmovic,40 M. A. DuVernois,40 T. Ehrhardt,41 L.

Eidenschink,27 A. Eimer,26 P. Eller,27 E. Ellinger,63 S. El Mentawi,1 D. Elsässer,23 R. Engel,31, 32 H. Erpenbeck,40 J.
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A measurement of the diffuse astrophysical neutrino spectrum is presented using IceCube data
collected from 2011-2022 (10.3 years). We developed novel detection techniques to search for events
with a contained vertex and exiting track induced by muon neutrinos undergoing a charged-current
interaction. Searching for these starting track events allows us to not only more effectively reject
atmospheric muons but also atmospheric neutrino backgrounds in the southern sky, opening a new
window to the sub-100 TeV astrophysical neutrino sky. The event selection is constructed using
a dynamic starting track veto and machine learning algorithms. We use this data to measure
the astrophysical diffuse flux as a single power law flux (SPL) with a best-fit spectral index of
γ = 2.58+0.10

−0.09 and per-flavor normalization of ϕAstro
per−flavor = 1.68+0.19

−0.22 × 10−18 ×GeV−1cm−2s−1sr−1

(at 100 TeV). The sensitive energy range for this dataset is 3 - 550 TeV under the SPL assumption.
This data was also used to measure the flux under a broken power law, however we did not find any
evidence of a low energy cutoff.

CONTENTS

I. Introduction 4

II. Measurement Motivation 4
A. Astrophysical neutrinos 4
B. Starting track morphology 4

III. Detector and Simulations 5
A. Detector configuration 5
B. Simulation of neutrinos and atmospheric

muons 6

IV. Reconstructed Observables 7
A. Directional reconstruction 7
B. Energy reconstruction 8

V. Event Selection 8

∗ also at Institute of Physics, Sachivalaya Marg, Sainik School
Post, Bhubaneswar 751005, India

† also at Department of Space, Earth and Environment, Chalmers
University of Technology, 412 96 Gothenburg, Sweden

‡ also at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

A. Quality cuts 8

B. Starting track veto 9

C. Starting tracks boosted decision tree 11

VI. Measurement Methodology 12

A. Statistical analysis 12

B. Systematic uncertainties 12

1. Atmospheric Flux Systematics 12

2. Detector systematics 13

VII. Diffuse Flux Measurement 15

A. Measurement of the diffuse flux assuming a
single power law flux 15

B. Measurement of the diffuse flux assuming a
segmented power law 16

C. Measurement of the diffuse flux assuming a
broken power law 17

D. Measurement of the diffuse flux assuming a
non-isotropic diffuse flux 18

E. Search for prompt atmospheric neutrinos 19

F. Diffuse flux measurement summary and
outlook 19

VIII. Conclusion 20



4

Acknowledgments 20

A. Segmented Power Law Validation 21

B. Detector Systematic Constraints 21

C. Predicted Neutrino Zeniths 21

References 21

I. INTRODUCTION

High energy astrophysical neutrinos were discovered
by IceCube in 2013 [1–3]; since then, there have been
many efforts to understand the production mechanisms
by which these high energy neutrinos are created. En-
ergetic neutrinos are decay products, and the neutrino
flux points directly to the processes that created it [4].
In particular, we know there are extremely energetic ac-
celerators which drive cosmic rays to very high energies
via processes such as Fermi acceleration [5–7].

It is expected that some cosmic rays will interact with
hadronic matter or the photon flux near their source.
Charged pions (π±) and kaons (K±), produced in these
interactions decay into neutrinos and muons (π± →
νµ(ν̄µ)+µ±), with the muons subsequently decaying into
electrons and neutrinos (µ± → e± + ν̄e(νe) + νµ(ν̄µ)). In
this scenario, the neutrino flavor ratio at the source is
νµ : νe : ντ = 2 : 1 : 0 with oscillations converting this
ratio to approximately 1:1:1 [8] at Earth, although there
are alternative scenarios which predict other ratios [9].

In this paper, we present a measurement of the dif-
fuse astrophysical neutrino flux using novel classification
techniques and methods to reconstruct event observables.
The event selection and techniques described in this pa-
per are referred to as the Enhanced Starting Track Event
Selection (ESTES) [10–18]. The selection criteria reject
atmospheric muons and atmospheric neutrinos with ac-
companying muons in the southern equatorial sky, ex-
tending the measurement of the astrophysical diffuse flux
down to 3 TeV.

Section II provides an overview of this paper’s purposes
and goals. Section III discusses the detector configura-
tion and the simulated data used in this measurement.
Section IV outlines how the neutrino energy and direc-
tion are reconstructed. Section V is a summary of the
event selection. Section VI summarizes the likelihood
techniques employed and how systematic uncertainties
are incorporated. This is a binned-likelihood analysis
based on expectations from simulated astrophysical neu-
trinos, atmospheric neutrinos and muons. Finally, Sec-
tion VII discusses the results of the single power law,
broken power law, hemisphere model, and unfolded flux
measurements. A companion search for neutrino sources
using the ESTES data selection is presented in an accom-
panying paper [19].

II. MEASUREMENT MOTIVATION

A. Astrophysical neutrinos

IceCube searches for neutrino sources have seen evi-
dence for neutrino emission from TXS 0506+056 [20, 21],
NGC 1068 [22], and the Milky Way [23]. However, the
flux measured from these three sources is only a small
part of the total observed diffuse flux. Additional neu-
trino sources, potentially from multiple populations, are
required to explain it in full [24–26].
IceCube finds the total astrophysical neutrino diffuse

flux to be generally well described by a single power law,
and no additional complexity has so far been established.
However, there are reasons to believe that cosmic-ray ac-
celerators could produce spectral features at TeV and
sub-TeV energies, which motivates further detailed study
of the diffuse flux [27].
In pp-scenarios, the cosmic rays interact with gas near

the acceleration site. Neutrinos produced from pions and
kaons follow the energies of cosmic rays, and the neutrino
flux is expected with a similar spectral index as these
cosmic rays [28]. A hardening of the flux is predicted
below a break energy in specific models (motivated by
cosmic ray diffusion), the neutrino flux is only expected
to harden to a spectral index (γ) of ∼ 2.0 below this
break [29, 30].
In pγ scenarios, the cosmic rays interact with a photon

gas near the production site. This has been suggested
to occur in cosmic ray reservoirs such as active galaxies
(e.g. in NGC 1068) and other types of pγ sources [31–
42]. The properties of the photon gas, in particular, the
optical depth to photo-meson production, therefore drive
the properties of the expected neutrino flux.
In either case, pp or pγ, the charged pions/kaons and

muons can be further accelerated resulting in a hardening
in the neutrino spectrum [43–47].

B. Starting track morphology

While astrophysical neutrinos are the target of this
analysis, the largest contributors to the ESTES dataset
below 100TeV are atmospheric muons and atmospheric
neutrinos. Atmospheric muons trigger the detector at
a rate of 3000 Hz [48]. In comparison, approximately
100 astrophysical neutrinos are expected per year in this
dataset. To improve signal purity, a series of complex
cuts is deployed as described in detail in Section V.
Examples of strategies used recently by IceCube to

measure the astrophysical diffuse flux are: a cascade
dominated measurement [49], the selection of muon
neutrinos from the northern sky [50], and the “start-
ing event” selections [51–53]. The northern sky tracks
dataset applies a cut in zenith to reject the overwhelm-
ing background from atmospheric muons. However, this
data set is still dominated by atmospheric neutrinos at
energies below 100TeV.
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FIG. 1. The diagram illustrates the concept of a dynamic veto region described in Sec. VB. The depth of the veto region
depends on the location of the earliest hits and the total number of hits for a particular event. The orange circles indicate the
presence of the hadronic shower from the muon neutrino interaction. Left: A muon neutrino interacts inside the detector. It
leaves no light inside the veto region; therefore, the event is accepted. Center and right: An atmospheric muon will deposit
light near the detector edge resulting in a much smaller veto region and high likelihood of light observed within the veto region
(blue dots). This is true for events with a single muon (right), muon bundles, and atmospheric neutrinos with a coincident
muon from the same air shower (center). These are rejected by the ESTES data selection.

One way to distinguish incoming neutrinos from down-
going muons uses an event signature where the interac-
tion vertex can be located inside the detector. In con-
trast, incoming muons are removed if they have early
photons recorded in the outer regions of the detec-
tor. The starting events selections [51–53] reduce the
muon rate in the southern sky through veto techniques,
whereby events are removed if they have early photons
recorded in the outer regions of the detector. Retained
events in [51–53] include both cascade and starting track
events. These veto-based datasets also take advantage
of the neutrino self-veto effect [54–56], which results in
a suppression not only of atmospheric muons, but also
of the atmospheric neutrinos in the southern sky due
to the removal of atmospheric neutrinos that are ac-
companied by muons from the same shower. The self-
veto was first implemented by the High Energy Start-
ing Events (HESE, [51]) analysis. A more complex veto
was later constructed for the Medium Energy Starting
Events (MESE, [52]) analysis, which applies a veto vol-
ume proportional to the charge of the event (lower charge,
greater veto region size). While these datasets also allow
for starting tracks, the rates are greatly reduced in the
southern sky at lower energies due to their strict veto
definitions.

The ESTES dataset takes advantage of the muon track
topology to apply a dynamic veto and machine learning
to greatly improve retention of starting track events in
the southern sky. The dynamic veto is computed event-
to-event using the position and direction of the first ob-
served photon. The machine learning algorithms then
use the distribution of the energy losses along the muon
track and the positions to estimate the probability of a
particular event being an astrophysical neutrino. This
method allows measuring the astrophysical muon neu-

trino flux at lower energies. Figure 1 illustrates the differ-
ences between the ESTES target event morphology (left)
and background morphologies (middle and right) present
in the analysis.
Starting track events occur when a muon neutrino un-

dergoes a charged current deep inelastic scattering inter-
action within the fiducial, or interior, volume of the de-
tector. An initial cascade is observed from the hadronic
component of the interaction followed by a muon track
that eventually exits the detector. The presence of the
cascade is advantageous as it gives us more access to
the neutrino energy because a higher proportion of the
neutrino’s energy is deposited inside the detector. The
exiting muon track is also useful since it is then used to
reconstruct the neutrino direction.
An example of a starting track data event, which

passed all cuts, is shown in Fig. 2. This event’s re-
constructed zenith angle is 71◦ and reconstructed neu-
trino energy, defined as the sum of the predicted cascade
and muon energies, is 11TeV respectively using the tech-
niques discussed in Sec. IV.

III. DETECTOR AND SIMULATIONS

A. Detector configuration

The IceCube Neutrino Observatory is a cubic-
kilometer sized detector located in the geographic South
Pole buried 1.5 km under the Antarctic ice [57]. The
detector is comprised of 5160 digital optical modules
(DOMs), which each consist of a single photomultiplier
tube (PMT) [58] and associated data acquisition elec-
tronics [59]. As relativistic charged particles traverse
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FIG. 2. Event display of a data event satisfying the crite-
ria for the ESTES data selection. Red represents the earliest
light detected, while blue represents the last light detected.
The reconstructed zenith angle is θ = 71◦, and the recon-
structed neutrino energy (sum of the predicted cascade and
muon energies) is E = 11 TeV. The dashed line is the recon-
structed trajectory of the neutrino and the solid line is that
of the reconstructed muon. The cluster of early hits (in red)
is the cascade component, and the line of deposited charge is
the track component. No charge is deposited in the outer lay-
ers (upper left) of the detector, which makes this a “starting”
event.

the ice, the particles emit Cherenkov photons [60]. The
DOMs will detect some of these photons, which are then
converted by the readout system into an electronic signal.
We refer to a discrete signal in units of photo-electrons
(PEs) and assign it a position and time.

The detector consists of a hexagonal grid of 86 instru-
mented cables referred to as strings [59]. The DOMs
are spaced 17m apart vertically on the strings, and the
strings have a horizontal separation of 125m. There is a
central array, known as DeepCore, with 8 strings spaced
about 70m apart with each string containing 60 high
quantum efficiency DOMs spaced about 7m apart [61].
We use IceCube data collected from 2011-2022 and select
runs where the entire 86-string detector was operational.

B. Simulation of neutrinos and atmospheric muons

To model the atmospheric muons and neutrinos, pro-
duced through the interaction of cosmic rays with the
atmosphere, we use the Gaisser H4a cosmic-ray model
[62] and the Sibyll 2.3c hadronic interaction model [63]
as a baseline. We use the Matrix Cascade Equation solver
(MCEq) software package [64] to compute the fluxes at
the Earth’s surface. We define the conventional neutrino
flux as the neutrinos from the decay of pions, kaons, and
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FIG. 3. Atmospheric neutrino fluxes with and without ac-
counting for the self-veto. We observe a strong suppression of
down-going atmospheric neutrinos. We note that the astro-
physical neutrino rate is higher than the atmospheric neutrino
rate for events that pass the selection with energies of 50 TeV
and above for cosine zeniths greater than 0.2 with the self-
veto applied. (Note: matter effects not included here)

muons as the cosmic ray showers evolve in the atmo-
sphere. The prompt neutrino flux is defined as the neu-
trino flux produced by the decay of charmed hadrons [4].
These particles decay promptly (τ ∼ 10−12s) in the at-
mosphere. The conventional and prompt neutrinos are
shown as a function of zenith at 50 TeV in Fig.3. The
treatment of systematic uncertainties in the modeling of
these atmospheric backgrounds is discussed in Sec VIB 1.

Interactions of neutrinos in the Earth are modeled
assuming the Cooper-Sarkar-Mertsch-Sarkar (CSMS)
neutrino-nucleon cross-section [65] and Preliminary Ref-
erence Earth Model (PREM) [66] Earth density model.
In addition, deep inelastic scattering interactions near
(and inside) the detector are simulated using the Nu-
Gen software package [67] which calculates the probabil-
ity of this interaction occurring. NuGen also computes
the daughter particle properties such as energy and di-
rection.

For neutrinos with zenith angle < 90◦, down-going
neutrinos from the southern sky, we take into account
the “self-veto” effect [54–56] using the Nu-Veto software
package [56]. The self-veto effect is an analytical adjust-
ment to the atmospheric neutrino flux after taking into
account atmospheric muons from the same air shower
and how efficiently we can tag and remove these types
of events. We model the muon rejection probability us-
ing a Heaviside step function where all events contain-
ing a muon above a particular energy are rejected with
a 100% probability. In this analysis the probability is
modeled with an energy-dependent nuisance parameter
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as described in Sec. VIB 1. The self-veto effect is illus-
trated in Fig. 3 using the SPL best fit ηSelf−Veto = 2.1
(126 GeV), as defined in Sec. VIB.

The atmospheric muon events are simulated using
MuonGun [68] for single muons and CORSIKA [69] for
muon bundles. MuonGun has the advantage of simu-
lating targeted Monte Carlo (MC) where the muons are
all simulated near the detector allowing us to generate a
sufficiently large MC sample. CORSIKA simulates full
cosmic ray air-showers. This is advantageous because
we can model the multi-muon detector response. COR-
SIKA was used to model the muon rates in a background-
dominated region to validate the event selection perfor-
mance, further described in reference [15], and MuonGun
was used to model the remaining muon background after
all cuts were applied. To prevent double counting of sin-
gle muons between CORSIKA and MuonGun, we match
all muons from a CORSIKA shower where the muons in-
tersect with the MuonGun simulated detector geometry.
If the CORSIKA shower consists of only a single muon,
the event is removed.

The charged leptons are propagated through the South
Pole ice using PROPOSAL [70]. PROPOSAL models
the energy losses of the muons and taus as they travel
through the ice over extended distances. It also mod-
els stochastic processes such as inelastic photonuclear in-
teractions where the secondary particles are also prop-
agated through the ice. Cascade shower development
is modeled using the Cascade Monte Carlo (CMC) pro-
gram [71]. CMC models the longitudinal development
of the cascade-shower. The relativistic charged parti-
cles traverse the ice and emit photons. The photons are
propagated through the ice assuming a South Pole ice
depth-dependent scattering and absorption coefficient as
described in Refs. [72, 73]. These ice models are then
used to compute the expected arrival time and direction
at any given DOM in the detector.

IV. RECONSTRUCTED OBSERVABLES

The morphology of the observed light is used to re-
construct the event energy and direction of the charged
particles. The observables described in this section rely
on previously published IceCube algorithms. Some mod-
ifications to the algorithms have been made, to take ad-
vantage of the mixed properties of starting track events
which can include light from a hadronic cascade and
muon track. We discuss these modifications and the ex-
pected performance. We also rely on these reconstruction
algorithms as seeds to more complex observables used in
the event selection. In Sec. V, these will explicitly be
defined and labeled.

A. Directional reconstruction

The direction of the event is reconstructed using a se-
ries of increasingly complex algorithms. Initial direc-
tional reconstructions are performed using the LineFit
[74, 75], SPEFit [76], SplineMPE [76], and Millipede [77]
algorithms with each subsequent algorithm seeded by the
track direction found using the previous algorithm. The
most complex directional algorithm Millipede takes into
account all active DOMs in the detector, regardless of
whether they observe a signal or not, to compute the
overall direction and energy of the track. Millipede works
by splitting up the track into segments and fitting an in-
dependent energy loss for each segment, thus accommo-
dating the stochastic nature of the energy loss of muons.
Millipede is run once to calculate the track direction and
a set of energy losses along the track. This is then used
to compute many of the Starting Tracks BDT inputs as
described in Sec. VC.

However, the hadronic cascade at the neutrino inter-
action vertex can introduce an incorrect initial track di-
rection for events with shorter track lengths. Also, neu-
trino events with coincidental muons (not from the same
air shower) often result in incorrect directions due to the
presence of the photons from the second track. We, there-
fore, introduce a refined reconstruction that is a sequence
of three algorithms: 1) iterative-SplineMPE [76] 2) fhit
algorithm to select the “best track” from a list of tracks
3) Millipede using the “best track” as a seed.

The iterative-SplineMPE algorithm is adopted from
reference [76]. This algorithm attempts to find a global
zenith angle by refitting the track using different zenith
angles, azimuth angles, and positions randomly selected
and connecting it to the previous best-fit vertex. For
each tested track, if the likelihood shows improvement,
then this new track is chosen as the best track. If no im-
provement is seen over 50 iterations, then this iterative-
SplineMPE is passed to the next step.

The quantity fhit is then computed for a pre-defined
list of tracks (LineFit, SPEFit, SplineMPE, iterative-
SplineMPE, and Millipede). To calculate fhit, we take a
reconstructed track hypothesis and find all DOMs within
a perpendicular distance r along the reconstructed track.
This is a cylinder centered around the track with radius
r. The fhit is defined as the fraction of DOMs that de-
tect at least one hit within this radius r cylinder. The
fhit distribution is defined for different choices of r (100m,
200m, etc...). The track with the greatest cumulative fhit
is selected as the “best track”. This “best track” is then
used as the seed to the Millipede algorithm again. The
resulting direction from this Millipede fit is then used as
the observable for the flux measurement. The angular
resolution achieved using this procedure is shown in Fig.
4. The directional resolution for this procedure is 1.5◦ at
1 TeV and 0.66◦ at 100 TeV for starting track events.
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FIG. 4. Directional error 25, 50, 75% quantiles for starting
muon neutrinos as a function of the real neutrino energy. dψ is
the space angle distance between the reconstructed direction
and the truth direction. At 1TeV the events are reconstructed
with a median resolution of 1.6◦, at 100TeV we see a median
resolution of 0.66◦.

B. Energy reconstruction

The distribution of energy losses for the event is first
calculated using the Millipede algorithm [77] from Sec.
IVA. Millipede was set to compute the deposited energy
every 10 m along the track direction. The energy loss
per segment is then used to train a Random Forest [78,
79] to predict the energy from the hadronic and muonic
components separately [53]. Here, the muon energy is
defined as the muon’s energy at its creation. We take
the sum of the predicted cascade and muon energies to
define the “reconstructed energy” of each event. Figure 5
shows the reconstructed energy as a function of the true
neutrino energy assuming muon neutrino events only.

The energy resolution for this dataset is 25% at 1TeV
and remains almost constant up to ∼ 1PeV. The top
panel of Fig. 5 shows a slight biasing towards recon-
structing higher energies at 1TeV. Above 1 PeV, the en-
ergy resolution degrades to 30%. This loss in resolution is
due to the increasing amount of energy the muon escapes
the detector with. However, the achieved energy resolu-
tion of ∼ 25 − 30% is a significant improvement over
that which is traditionally achieved using track events
[50, 80, 81].
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FIG. 5. Top: Reconstructed event energy shown as a function
of true neutrino energy. For each true neutrino energy slice,
the distribution of events is normalized. The energy resolution
(σ) for starting track events is observed to be near 25% for
1 TeV and worsens to 30% above 1 PeV. This is due to the
increased amount of energy the muon eventually exits the
detector with for higher energy events. Bottom: Slices of
reconstructed event energies for neutrinos with true energy 1
TeV, 10 TeV, 100 TeV, and 1 PeV. We observe a slight loss
in energy resolution towards higher energies.

V. EVENT SELECTION

A. Quality cuts

Observed photons are recorded in units of PEs after
taking into account quantum efficiency and calibration
effects [82]. The IceCube detector trigger requires at
least 8 locally coincident DOM hits recorded within a 5
microsecond window. After the trigger, an event is pro-
cessed through the IceCube filtering scheme. There are
many different filters which all involve fast selection cri-
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FIG. 6. Homogenized total charge (HQtot/PE) distribution
for simulated atmospheric muons and astrophysical neutrinos.

teria relying on basic event properties. Each filter targets
different event morphologies. The ESTES dataset selects
events which pass at least one of the following filters:
Muon-Filter or Full-Sky-Starting-Filter [83]. One further
quality cut is applied to the data set before the specific
starting track event veto criteria are implemented. This
cut is based on a quantity called the “homogenized total
charge” (HQTot). HQTot is calculated by summing all
detected PEs, without DeepCore and excluding DOMs
where the sum of PEs in a single DOM is more than
50% of the total charge of the event because of their neg-
ative impact on reconstruction quality. The HQTot is
shown in Fig. 6 for simulated atmospheric muons and as-
trophysical neutrinos. The astrophysical neutrino rates
are further split into “contained” or “uncontained ver-
tex”, which are defined as events with a simulated vertex
located within or outside of the fiducial volume of the
detector. We select events where HQTot is more than
200PE, which removes low charge events susceptible to
large systematic uncertainties and poorly reconstructed
observables. These quality cuts cumulatively reduce the
atmospheric muon rate from 3 kHz to 0.1Hz.

B. Starting track veto

We now define the starting track veto (STV) as dia-
grammed in Fig. 1 (first proposed in reference [10]). A
veto region is constructed for each event taking into ac-
count the location of the first in-time observed photon
and the expected light emission profile of an incoming
muon track. This dynamic veto allows us to retain a
good efficiency for astrophysical neutrinos towards lower
energies while still significantly reducing the atmospheric
muon and neutrino rate.

The SplineMPE reconstructed muon track [76] is used

to identify the position, direction, and time of the ex-
pected muon track. Each DOM is then assigned a prob-
ability distribution of PEs that would be expected from
this muon track. This is shown as the red curves (Ex-
pected PE) in the lower panels of Fig. 7 and the 90%
PE expectation is shown as a gray time window. We
find the first PE in the event that can be produced by
this muon track (earliest in-time hit) within the allow-
able time windows. Using the track direction, earliest
in-time hit position, and Cherenkov cone geometry, we
define the “veto-region” as the region where light should
be observed assuming this particular light profile is from
an incoming muon track. In the case of an actual in-
coming muon track, the probability of observing light in
this veto-region is high. If the first hit is observed in an
outer layer DOM, the event is also likely to be marked
as an incoming muon. Meanwhile, the probability of ob-
serving light in this veto-region is low for a starting track
event. Fig. 7 shows three reference DOMs for a start-
ing track event: one before the neutrino interaction takes
place, one at the location of the first observed PE, and
one with multiple PEs observed. There are PEs observed
in the veto region at later times from scattered photons
from the hadronic shower development (or from noise),
but these hits would not be included in the time window
since they occur much later than hits predicted from a
muon track.
The probability that a DOM detects a photon is mod-

eled using a Poisson probability where the expected num-
ber of PEs (λ) follow the assumption that a through-
going muon track actually emitted Cherenkov light. The
expected number of these photons at each DOM is calcu-
lated using position, direction, timing, and energy of the
particle that emitted them (e.g. higher energy particles
emit more photons, particles near a DOM have a greater
chance of detection). The likelihood is now defined as
the product of all Poisson probabilities for all DOMs in
the veto-region (VR-DOMs). This likelihood, pmiss, is
defined as:

pmiss(k = 0, λi) = ΠVR-DOMs
i

e−λiλk
i

k!
(1)

with the performance shown in Fig. 8. pmiss is a mea-
surement of the probability that VR-DOMs saw no light
assuming the event was throughgoing; therefore we set k
= 0 for all VR-DOMs. pmiss values closer to 0 are defined
as more “starting-like” while values closer to 1 are defined
as more “throughgoing-like,” events that have their inter-
action vertex outside of the detector’s volume. We note
that the presence of noise hits is negligible as the noise
hit would need to occur in-time with the track to affect
the placement of the vertex. Noise hits can enter the veto
region by chance but the number of DOMs in the veto
region is large enough such that this is a negligible effect.
A cut of pmiss = 10−5 was found to be optimal to re-
duce the incoming muon rates by 2 orders of magnitude
while removing very little starting astrophysical neutrino
events. In addition to defining a pmiss, we can also use
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FIG. 7. Diagram of a starting track event, the dashed red line shows the incoming neutrino and the solid red line shows the
outgoing muon track. In the lower panel, the PE probability distributions for 3 reference DOMs are shown in red (assuming the
muon track emits all light) and the observed hits are show as purple vertical lines. The earliest possible hit from a muon track
is then connected to the track along the Cherenkov cone direction and used to define the “veto-region”. The inferred direct
Cherenkov emission cone is delineated by the cyan lines. The gray shaded regions in the sub-figures denote the time-windows
corresponding to 90% of the expected PEs. We see there are hits in the veto region that occur at much later times. These PEs,
likely to be from the hadronic shower development, are excluded due to this time-window criteria.

10 10 10 8 10 6 10 4 10 2 100

SplineMPE pmiss

10 2 10 2

10 1 10 1

100 100

No
rm

al
ize

d 
Ra

te
 fo

r p
 <

 p
ed

ge

Astro  Contained
Astro  Uncontained
Atmospheric 
Astro 
Astro e

FIG. 8. pmiss distribution for atmospheric muons and astro-
physical neutrinos. A cut requiring events to have pmiss <
10−5reduces atmospheric muon rates by three orders of mag-
nitude while retaining a high signal efficiency for muon neu-
trino events with interaction vertices contained inside the de-
tector volume. This figure is normalized to show pmiss shape
differences between the interaction types.

the reconstructed vertex and direction of the muon track
to estimate the length of the muon track inside the de-
tector. A cut of 300m is applied to ensure the track is of
sufficient length to predict its energy and direction.

Poorly reconstructed muons can pass this veto crite-
ria if the track enters through a corridor in the detector.
These corridors are defined as regions of un-instrumented
detector, passing directly between adjacent rows or verti-
cal columns of instrumented strings due to the detector’s
hexagonal grid. To combat this, we connect the center
of gravity of charges of the event to a predefined list of
these corridors. These new tracks are then refit using
the same SplineMPE algorithm as before. For all events,
we make a list of tracks with a reconstruction likelihood
value within 2% of the maximum likelihood, pmiss and
the track length are calculated for this list. Events with
a track length below 300 and events with a pmiss above
10−5 are rejected. The maximum pmiss from this proce-
dure is then used as an input to the BDT as described in
Sec. VC.

Finally, the starting track veto is used with a more
detailed muon light emission profile. Most importantly,
this improves the reconstruction of the vertex position.
We then take the same set of tracks that were selected
from the corridor scan and now compute the pmiss for
each track, only keeping the maximum pmiss from this
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list of tracks and this muon light emission profile. The
maximum pmiss is not used as a cut, however this is saved
for use in the BDT as described in Sec. VC.

C. Starting tracks boosted decision tree

After the initial quality and veto cuts, the atmospheric
muon rates are still ∼4 orders of magnitude higher than
the expected astrophysical neutrino rate. We have re-
moved atmospheric muons that deposit light close to the
detector edge but there is still a significant number of
difficult-to-detect muons remaining. To reduce this back-
ground, we use the XGBoost boosted decision tree (BDT)
algorithm [84] to classify events as atmospheric muons or
starting muon-neutrino charged current events. We use a
simulated dataset with 1 million atmospheric muons and
200,000 starting muon-neutrino charged current events to
train the BDT. The dataset was split into 70/30 train-
ing/validation where the training set was used to train
the BDT and the validation set was only used to select
the optimal model after hyper-parameter and input vari-
able optimization. An independent MC set with over
900,000 events was later used for the measurement. The
thirteen variables used are shown in Tab. I sorted by
importance after training.

Importance Description

1 Number of Millipede Losses > 5 GeV
2 Fraction of Energy in First 10m of Track
3 Max pmiss from simple muon hypothesis
4 Classifier
5 Deposited Energy
6 Reconstructed Zenith
7 Fraction of Hits on Outer

Layer of Detector
8 Distance to Detector Edge

from Perpendicular to Track
9 Distance to Detector Edge

from Vertex Position
10 Entry Position of Track - Z position
11 Track Length
12 Fraction of Hits within 100m

Cylinder Centered at the Track
13 Max Pmiss from detailed muon hypothesis

TABLE I. The 13 BDT inputs sorted by importance after
training. This was calculated assuming the best-fit 2-year
MESE astrophysical and atmospheric neutrinos fluxes [52].

Atmospheric muons with zenith (θ) > 80◦ are almost
all poorly reconstructed events and the characteristics of
such events are greatly different from atmospheric muons
with θ < 80◦ which tend to be difficult-to-detect muons.
The number of atmospheric muons expected greatly dif-
fers by angle; we therefore use the Precision-Recall Area
Under the Curve evaluation metric [85] to optimize the
BDT. After training, a single BDT model is used but
with different cuts on BDT score for each hemisphere
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FIG. 9. Summary of all cuts as described in Sec. V. We
start with an overwhelming atmospheric muon rate where the
muons outnumber the neutrinos by at least 5 orders of mag-
nitude. After applying all the cuts, the neutrinos outnumber
the muons by 2 orders of magnitude. The MC expectation
shown is pre-fit and shown for illustrative purposes only.

(θ > 80◦ and θ < 80◦). Using the best-fit single power
law flux parameters as described in Tab. IV, we show
the sorted BDT features in Tab. I. The performance of
the BDT using 1 year of IceCube data was shown in ref-
erences [15, 18].

Figure 9 summarizes the event rates from cut to cut.
We see significant decrease in muon rates at each cut at
the cost of some neutrino events. After applying all cuts,
the muons make up < 1% of the final event rate. 10798
data events are observed between 1 TeV and 10 PeV over
the entire sky. Table II summarizes the observed data
rates compared to the rates as computed from the MC
using the best-fit parameters from Tab. IV.

Events θ < 80◦ All Events
Astro Nu 298 680
Atmos Conv. Nu 980 10042
Atmos Conv. Mu 42 75
Total MC 1320 10797
Data 1365 10798

TABLE II. The observed data events and fitted MC events
broken up by type. The left column has an additional cut
on zenith < 80◦ to emphasize the higher proportion of astro-
physical neutrinos in the southern sky.
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VI. MEASUREMENT METHODOLOGY

A. Statistical analysis

The measurement of the diffuse flux utilizes the for-
ward folding likelihood technique. All simulated and ob-
served data events are placed into two-dimensional bin-
ning as summarized in Tab. III, totaling 190 bins. Each
bin has a corresponding expectation value as computed
using simulated data. The simulated data is a sum of the
astrophysical neutrinos, atmospheric conventional neu-
trinos, atmospheric prompt neutrinos, and atmospheric
muons:

λ = λAstro + λConv + λPrompt + λMuon. (2)

Observable Bin Range Number of Bins

Energy 1 TeV to 1 PeV
18 (log)
[+1 overflow]

Cosine Zenith -1 to 1 10 (linear)

TABLE III. Summary of 190 bins used to define observed
and expected number of events in the likelihood Eq. 3. One
overflow bin is used to capture events from 1 PeV to 10 PeV.

Each of these terms is modified according to a flux
normalization (atmospheric component and astrophysi-
cal component) and spectral index (astrophysical com-
ponent only).

We now define the probability of having observed k
events while expecting λ-events using a Poisson proba-
bility. The likelihood function is defined as the product
of all 190 Poisson probabilities. To take into account sys-
tematic uncertainties (nuisance parameters), described in
greater detail in Section VIB, we introduce a modifica-
tion to our expectation value λ = λ(η, ϵ). The set of
η, ϵ are summarized in table IV. The ϵ parameters are
aided by external measurements using a Gaussian func-
tion (N ) with a mean (µ) and standard deviation (σ) to
constrain the likelihood. Nuisance parameters without
external constraints are modeled using a uniform distri-
bution (η). The modified likelihood function including
these modifications is:

L(λ(η, ϵ)|k) = Π190
i=1(

e−λiλk

k!
) ·Π6

j=1

e−(ϵj−µj)
2/2σ2

j

σj

√
2π

. (3)

To compute the parameters Θ̂ that best describe the
data, we run a minimization of the negative log of
the likelihood function using the Minuit2 C++ library
[86, 87]. To compute the confidence intervals on the best
fit set of parameters, we use the profile likelihood tech-
nique. The likelihood is now defined as the likelihood
with the set of parameters Θ such that the likelihood
function is once again maximized. We define the test-
statistic for this measurement as the negative log likeli-
hood ratio of this likelihood function at Θ with respect

to the likelihood function at Θ̂. This test-statistic is:.

T S(Θ) = −2log(
L(λ(Θ)|k)
L(λ(Θ̂)|k)

). (4)

The confidence intervals are then presented using
Wilks’ theorem [88].

B. Systematic uncertainties

The ESTES data selection is a significant increase in
the total number of events as compared to previous start-
ing event event selections. This large increase motivated
an expanded treatment of systematic uncertainties. This
section describes all systematic parameters used in this
measurement. A summary of all parameters (pre)post-fit
is available in Tab. IV. The last column shows the best-
fit points after the measurement is performed with 68%
confidence intervals as defined in Section VIA. When rel-
evant, the ±1σ constraints are shown as 2D templates in
Appendix B.

1. Atmospheric Flux Systematics

The atmospheric neutrinos were modeled using the
Gaisser H4a cosmic ray [62] and Sibyll 2.3c hadronic in-
teraction [63] models. We treat the normalization of the
conventional and prompt neutrino fluxes and the conven-
tional atmospheric muon flux as nuisance parameters by
using overall normalization factors for each component.
These factors are labelled Φconv, Φprompt, and Φmuon.
The ϵνν̄-ratio systematic uncertainty is centered at 1.0
with a Gaussian prior of 0.10. This ratio term controls
the relative contributions from atmospheric neutrinos to
anti-neutrinos (ϵνν̄-ratio = 2ν/(ν + ν̄)) and is used a cor-
rection term to the theoretical expectation. The choice
of 10% is an estimate derived by comparing various at-
mospheric flux models [89] and taking the maximal dif-
ferences. The same ratio term is used for conventional
and prompt atmospheric neutrinos.
The ηH4a−GST systematic uncertainty was moti-

vated by the expected shape differences between different
cosmic ray flux models parametrized in MCEq. This pa-
rameter was first introduced in a recent measurement of
the flux using tracks from the northern sky[50]. When
ηH4a−GST = 0, the data agrees perfectly with the
H4a cosmic ray flux model and when ηH4a−GST = −1
the data prefers the GST cosmic ray flux model [90].
A linear interpolation in log-space for the difference of
the predicted fluxes was used to model this uncertainty.
We allowed some flexibility by constraining the predicted
flux at ±2 and modeling the uncertainty as a flat prior.
The expected atmospheric neutrino fluxes and the best-
fit ηH4a−GST flux are shown in Fig. 10. The same
ηH4a−GST term was used for conventional and prompt
atmospheric neutrino fluxes. The η2.3c−DPMJet sys-
tematic uncertainty is modeled using the same technique
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Parameter Boundary Constraint (µ± σ) Best-Fit Description

Astrophysical Flux Parameters

ΦAstro [0,∞) - 1.68+0.19
−0.22 Astrophysical neutrino flux normalization

γAstro [0,∞) - 2.58+0.10
−0.09 Astrophysical neutrino flux spectral index

Atmospheric Flux Parameters

Φmuon [0,∞) - 0.6± 0.4 Atmospheric muon flux normalization

Φconv [0,∞) - 1.5± 0.3 Atmospheric conventional neutrino flux normalization

Φprompt [0,∞) - < 3.19 (90% U.L.) Atmospheric prompt neutrino flux normalization

ϵνν̄-ratio [0,2] 1 ± 0.10 1.04± 0.08 νν̄-ratio

ηH4a−GST [−2,+1] - −1.4± 0.4 H4a-GST cosmic ray flux model interpolation

η2.3c−DPMJet [−2,+1] - −0.6± 0.6 2.3c-DPMJet hadronic interaction model interpolation

ηSelf−Veto [1, 3] - 2.1+0.1
−0.3 Self-veto muon rejection intensity, log10(

Energy
1GeV

) units

Detector Systematic Parameters

ϵScattering [0.8,1.2] 1 ± 0.05 1.04± 0.03 Bulk-ice model scattering coefficient scaling

ϵAbsorption [0.8,1.2] 1 ± 0.05 0.98± 0.03 Bulk-ice model absorption coefficient scaling

ϵAngular,DOM(p0) [−0.5,0.3] −0.3± 0.5 −0.3± 0.3 Angular PM acceptance parameter p0

ϵAngular,DOM(p1) [−0.10,0.05] −0.04± 0.10 −0.09± 0.05 Angular PM acceptance parameter p1

ϵOverall,DOM [0.8,1.2] 1 ± 0.10 0.91± 0.05 Absolute DOM acceptance

TABLE IV. Summary of all parameters used in the measurement of the astrophysical diffuse flux using a single power law.
All parameters with constraints are modeled as a Gaussian penalty term in the likelihood. All parameters are assumed to be
independent.

as described for ηH4a−GST but this time interpolating
between the Sibyll 2.3c and the DPMJet hadronic inter-
action models [91]. The η2.3c−DPMJet was introduced
as an alternative to using Barr parameters as described
in [92].

As initially described in Section III B, for cosine zenith
> 0, both the conventional and prompt atmospheric
neutrino fluxes experience an energy, cosine zenith, and
depth-dependent suppression due to the self-veto effect.
In previous IceCube cascade-dominated measurements
using the southern sky [49, 52], it was assumed that
muons with energy greater than 1 TeV are all rejected.
This rejection probability is defined as a Heaviside step
function [54, 55]. While the choice of 1 TeV is well moti-
vated (muons are minimum ionizing particles below this
energy), it is conservative to treat this energy threshold
as a free-parameter in the measurement. The ηSelf−V eto

nuisance parameter is defined as a parameter that weak-
ens and strengthens the muon rejection probability func-
tion. The introduction of this nuisance parameter is mo-
tivated such that we minimize the potential bias on the
flux measurement due to choice of muon rejection proba-
bility model. The value corresponds to the muon energy
used in a Heaviside function. Different choices of this
probability are used to calculate the atmospheric neu-
trino flux. Figure 11 shows the passing fraction (Pfrac)
which is the ratio of the flux with the self-veto divided by

the flux without the self-veto effect. We note there are
minor differences at lower muon energies, but for energies
above 100 GeV large differences in Pfrac are expected.
We parametrize the ηSelfV eto term as a function of the
threshold muon energy for each energy-zenith bin used in
the measurement. The preferred threshold for this data
is 126 GeV as shown in Tab. IV.

2. Detector systematics

Detector uncertainties are defined as any systematic
uncertainty that can affect the detector response due to
the modeling of the Cherenkov photons in the simula-
tion. These arise due to limited knowledge of the op-
tical properties of the South Pole ice and overall PMT
response. The five systematic parameters discussed in
Tab. IV are parameterized by rerunning the same set
of events through the detector simulation under various
ice and detector configurations. A “baseline” simulation
set is centered at the mean and then varied within the
allowed range to parameterize the detector response per
nuisance parameter. Linear interpolation is assumed be-
tween the simulated ranges as shown in Tab. IV for each
bin in the the energy/zenith observable space. The 1σ
detector systematic constraints are shown in appendix B
with respect to the baseline simulation.
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FIG. 10. Conventional and prompt atmospheric neutrino fluxes at 50 TeV shown as a function of cosine zenith for the various
choices of cosmic ray models (left) and hadronic interaction models (right). The fluxes labeled as ηCR/HI are the best-fit
interpolated fluxes as defined in Section VIB 1. We observe large differences between the theoretical cosmic-ray flux model
and the preferred model, but minor differences between the hadronic models and the preferred model. We use the SPL best fit
ηSelf−Veto = 2.1 (126 GeV) for the fluxes shown here.
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FIG. 11. Conventional atmospheric muon neutrino passing
fractions at cosine zenith = 0.5. The different colors corre-
spond to different choices of muon energy used for the Heav-
iside step function. The muon threshold energy is treated as
a free parameter in our model.

The South Pole bulk-ice refers to the ice between the
strings in the detector. A depth-dependent parametriza-
tion [72, 73] of the photon scattering [93] and absorp-
tion [94] coefficients is used in simulations to account for
the effect of glacial ice impurities[95, 96] and structural
properties of the ice, on photon propagation. We model
ϵScattering and ϵAbsorption as Gaussian terms centered at
nominal scattering/absorption parameters with a ±5%

overall uncertainty. These ±1σ constraints are shown in
Fig. 23 and Fig. 24 in App. B.

The photomultiplier tube in an IceCube DOM points
downward, causing a large zenith angle dependence in
the photon detection efficiency [97]. Up-going photons
that enter the DOM directly will enter the PMT head-on
resulting in maximal photon detection efficiency, whereas
down-going photons that enter the DOM need to scatter
within the optical module itself or the ice surrounding
it. The columns of refrozen ice containing the DOMs
have higher concentrations of impurities, particularly air
bubbles [98]. This results in the hole-ice having different
optical properties when compared to that of the bulk-
ice [57, 99]. We model the effects of the hole-ice as a
single angular response function using two parameters,
ϵAngular,DOM(p0) and ϵAngular,DOM(p1) with arbitrary units
[100] (parameters hold no physical meaning themselves).
These parameters were simulated over the ranges shown
in Fig. 12 and treated as independent parameters. The
colors represent discrete choices of p0 and p1 parameters
simulated for the ranges indicated in Tab. IV. The ±1σ
constraints are shown in Fig. 25 and Fig. 26 in App. B.

The DOM efficiency uncertainty represents the cumu-
lative systematic error of the absolute sensitivity of the
sensor within IceCube [58]. Calibration studies of the
absolute sensitivity found differences between the sim-
ulated charge and observed charge from 5% to 10% in
some regions of the detector [101]. We model the DOM
efficiency using a Gaussian constraint term centered at
1.0 with an uncertainty of ±0.10 as motivated by muon
studies (ϵOverall,DOM) [102]. This overall scaling factor is
applied to all IceCube DOMs. The ±1σ constraints are
shown in Fig. 27 in appendix B.
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FIG. 12. The optical module angular response function. The
discrete colors represent slices of the p1 and the color gradients
represent the range of p0 simulated. These parameters are
modeled as a continuous set of parameters in the likelihood.
η is the photon incident angle where cos η = 1 is the photon
entering upwards incident with the PMT.

VII. DIFFUSE FLUX MEASUREMENT

A. Measurement of the diffuse flux assuming a
single power law flux

A search for the astrophysical neutrino flux is first per-
formed under an isotropic single power law flux (SPL)
hypothesis, and the best-fit SPL parameters are deter-
mined to be:

ΦTotal
Astro = ϕper−flavor

Astro × (
Eν

100TeV
)−γ × C0,

C0 = 3× 10−18 ×GeV−1cm−2s−1sr−1

where,

ϕper−flavor
Astro = 1.68+0.19

−0.22, γ = 2.58+0.10
−0.09

(5)

This model (and all following models) assume νe : νµ :
ντ = 1 : 1 : 1 and ν : ν̄ = 1 : 1 arriving at the surface

of the Earth. In Eq. 5, ϕper flavor
Astro refers to the per fla-

vor normalization (ν + ν̄) and is defined as a unit-less
number. We introduce C0 as a constant that carries the
units for the diffuse flux and a factor of 3 to compensate
for the three flavors. Unless explicitly defined otherwise,
whenever we refer to the astrophysical normalization we
are referring to the per-flavor normalization.

All of the parameters and their 1σ confidence intervals
are shown in Tab. IV. The two-dimensional confidence
intervals for the two parameters of interest are shown in
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FIG. 13. Single power law flux likelihood scan shown in 1D
and 2D. Wilks’ theorem is used to define the 68% and 95%
confidence intervals. The best-fit normalization and spectral
index is shown as a black star.

Fig. 13 using the profile likelihood assuming Wilks’ the-
orem. A comparison of the 68% confidence intervals to
the most recent IceCube results is shown in Fig. 19 and
discussed in Section VII F. Using the the best-fit parame-
ters, we now compare the simulated data to the observed
data in Fig. 14 for energy and cosine zenith distribu-
tions of the events. A goodness of fit test with a p-value
= 0.7 using the saturated Poisson likelihood test [103]
confirms excellent agreement between the data and sim-
ulation. We also compute the pulls on the data and show
them in Fig. 15 over the full 2D observable space. There
are no significant deviations observed from our expecta-
tion.

The 90% sensitive energy range for the astrophysical
flux model is 3-550 TeV using the techniques described in
[104], reaching lower energies than previous diffuse anal-
yses in IceCube [49–51]. We show this energy range as
a blue shaded region and solid lines in Fig. 17. We
remind the reader that the previous lowest energy flux
measurement was dominated by cascades (electron and
tau neutrinos), a dedicated discussion of these differences
is in Sec. VII F. Despite these differences in sensitive en-
ergy ranges, the previous IceCube single power law flux
measurements are consistent with this measurement,

The correlation matrix between all physics and nui-
sance parameters is shown in Fig. 16 computed us-
ing the Hessian matrix [105–107]. The spectral in-
dex and astrophysical normalization are not correlated
or anti-correlated with any particular parameter. The
strongest correlation for astrophysical normalization is
with the hadronic interaction model uncertainty, whereas
the strongest correlation for spectral index is with the at-
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FIG. 15. The pulls on each energy/zenith bin for the data
and Monte Carlo. No unexpected effects are observed.

mospheric muon flux.

B. Measurement of the diffuse flux assuming a
segmented power law

We now characterize the astrophysical flux with an
isotropic, segmented power law over 1 TeV-100 PeV, de-
fined as a step-function of single power law fluxes fixed
at γ = 2, with two measured bins per energy-decade, as
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FIG. 16. Correlation matrix for the single power law flux
measurement for all parameters used in the likelihood fit. The
correlations are computed using the Hessian matrix.

shown in Eq. 6:

ΦTotal
Astro = Σ8

i=1ϕi × (
Eν,i

100TeV
)−2 × C0. (6)

The measured results, Eν,i and ϕi (ν : ν̄), are defined
in Tab. V. The width of each bin was chosen such that
we minimized bin-to-bin correlations. This measurement
was performed over the entire sky with all nuisance pa-
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measurement as shown in Fig. 13. The blue shaded region is
the 90% sensitive energy range. The gray line is a fit to data
assuming a broken power law flux. We include results from
recent IceCube publications for direct comparison [49–51].

rameters from Tab. IV, and it allows us to quantify en-
ergy dependent effects on the flux in a model-independent
way.

Bini Energyν,i Energy Range ϕi (±1σ)
ϕi,GP−ϕi

ϕi

1 1.78 TeV [1 - 3.16 TeV] 0.0+10.2
−0 0%

2 5.62 TeV [3.16 - 10 TeV] 13.33.67−3.67 -3.99%

3 17.8 TeV [10 - 31.6 TeV] 3.86+0.85
−0.85 -14.44%

4 56.2 TeV [31.6 - 100 TeV] 2.60+0.43
−0.43 -7.57%

5 178 TeV [100 - 316 TeV] 0.97+0.33
0.33 -7.22%

6 562 TeV [316 TeV - 1 PeV] 1.020.49−0.49 -1.96%

7 1.78 PeV [1 - 3.16 PeV] 0.00+0.28
−0 0%

8 5.62 PeV [3.16 - 10 PeV] 0.82+1.04
−0.82 -26.83%

TABLE V. The results of the segmented power law fit as show
in Fig. 17. All normalization components are fit simultane-
ously including all systematic uncertainties from Tab. IV.
The uncertainties are the 68% confidence intervals assuming
Wilks’ thereom. The rightmost column compares the seg-
mented power law fit with a refit done using a galactic plane
Gaussian prior term described in Sec. VIID.

For each ϕi, a range of neutrino energies is used. When
plotting each normalization in Fig. 17, the median energy
for these energy ranges in log-space is used to compute

the total astrophysical flux per flavor. When the best-
fit ϕi = 0, a 68% upper limit is quoted. All segments
are consistent with the single power law flux measure-
ment, indicating a lack of evidence for energy dependent
structure beyond a single power law. Previous IceCube
measurements are shown for direct comparison [49–51],
and they also did not find any evidence beyond the single
power law. We note each dataset used different bins for
their analysis given their various strengths and weakness,
further discussed in Sec. VII F. An analysis of IceCube
cascade events [49] found hints of a hardening of the flux
towards lower energies but we do not observe this harden-
ing in this sample. The compatibility of the data samples
is discussed in greater detail in Sec. VII F.
At the highest energies, a non-zero flux was observed

from 3-10 PeV. This measurement is consistent with the
Glashow Resonance (GR) [108] flux measurement from
IceCube [109]. Monte Carlo only studies found the most
likely GR event topology is from ν̄e+e → W → µ+νµ or
ν̄e+e → W → τ+ντ where the τ decays leptonically τ →
ντ + µ+ νµ. This starting track would have no hadronic
shower but would still contain an energetic muon track
[110]. The resulting muon would only carry about 100 -
500 TeV of the initial neutrino energy preventing us from
identifying the single data event using the data sample
as presented in this work.

C. Measurement of the diffuse flux assuming a
broken power law

We now characterise the astrophysical flux with an
isotropic, broken power law (BPL),

ΦTotal
Astro = ϕ0 × (

Ebreak

100TeV
)−γ2 × C0,

ϕ0 =

 ϕAstro
per−flavor × ( E

Ebreak
)−γ1(E < Ebreak),

ϕAstro
per−flavor × ( E

Ebreak
)−γ2(E > Ebreak).

(7)

This model assumes there are two spectral indexes, one
for neutrino energies below an energy break and a second
spectral index that extends to higher energies with the
normalization defined at the energy break. The parame-
ters to be fit are the flux normalization ϕAstro

per−flavor (ν : ν̄),
the energy break Ebreak, and two spectral indices γ1 and
γ2 with the following best fits:

ϕAstro
per−flavor = 1.7+0.19

−0.22, log10(
Ebreak

1GeV
) ∼ 4.36,

γ1 = 2.79+0.30
−0.50, γ2 = 2.52+0.10

−0.09.
(8)

The BPL model allows a model independent probe of
structure in the flux. Structure is expected in some mod-
els towards lower energies. For example in some scenar-
ios, the neutrino flux is expected to continue towards
lower energies [28, 111] until it reaches an energy break
and falls off rapidly to γ ∼ 0 [112] below this break.
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When fitting a broken power law, we observed a
slight softening of the spectrum below the energy break,
Ebreak = 23 TeV. The test-statistic that the BPL is pre-
ferred over the SPL is 0.4, which is not statistically sig-
nificant. As a result, Ebreak is poorly constrained, so
we quote only the best fit point. The errors on γ1 and
γ2 are at that fixed Ebreak from one-dimensional profile
likelihood scans. We use this data to reject γ1 < 0 to
3.4σ significance and γ1 < 1 to 3.0σ at an energy break
of 23 TeV. γ1 < 2 is only rejected to a 2.1σ level. A
summary of the various energy breaks tested with the
corresponding best-fit spectral indexes is shown in Fig.
18. These results do not indicate any sign of the neutrino
flux falling off below 23 TeV.

An analysis where the BPL model is relevant is that
performed by Fang et al. [113]. We know the production
mechanisms by which neutrinos are produced are from ei-
ther pp or pγ processes. In pγ scenarios, protons interact
with the photons near the source through photo-pion pro-
duction only when their energy is above the pion produc-
tion threshold [113]. In these scenarios, Fang et al. use
IceCube and Fermi data to predict that the gamma ray
flux generated in the source region must cascade down to
MeV-GeV energies as to not violate the observed extra-
galatic Fermi gamma-ray data [27, 114, 115]. The ESTES
BPL observations (a lack of hardening in the fitted spec-
trum below the energy break), under these gamma ray
flux interpretations, imply that the dominant neutrino
sources are opaque to gamma rays [27, 28, 116]. One ex-
ample is NGC 1068, an AGN for which IceCube recently
reported evidence of TeV neutrino emission that is not
matched by a corresponding gamma-ray signal [22].

D. Measurement of the diffuse flux assuming a
non-isotropic diffuse flux

We now treat the astrophysical neutrino flux as a sum
of two single power laws, one for each hemisphere where
the hemisphere is defined using the IceCube local coor-
dinate system. This model is defined as:

ΦTotal
Astro/C0 = ϕAstro,S × (

Eν

100TeV
)−γ,S(Θν < 90◦)+

ϕAstro,N × (
Eν

100TeV
)−γ,N (Θν > 90◦),

where we found :

ϕAstro,North
per flavor = 1.28+0.83

−1.28, γNorth = 2.36+0.24
−1.05,

ϕAstro,South
per−flavor = 1.56+0.28

−0.24, γSouth = 2.66+0.13
−0.16.

(9)

Given the excellent angular resolution from starting
tracks, the hemisphere measurements can be interpreted
as independent. The best-fit points and 68% confidence
intervals are shown in Fig. 19 as solid blue and red lines
in addition to the isotropic SPL measurement in black.

We conclude that the fluxes are compatible with each
other. It is interesting to see that the southern sky
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FIG. 18. Best-fit low energy spectral indexes, γ1, calculated
assuming various energy breaks. For each point tested, all pa-
rameters are allowed to be refit. We lose sensitivity to harder
spectrum as the energy break is decreased. We observe the
higher energy spectral index to be stable for various models
(in black).

measurement is significantly more constraining - a conse-
quence of the higher proportion of astrophysical neutri-
nos in the southern sky due to the atmospheric neutrino
self-veto.
A smaller, but non-negligible, source of neutrinos from

the galactic plane is expected [117–120] below 100 TeV.
The Fermi-LAT benchmark model [121, 122] describes
the diffuse emission of gamma rays likely due to the in-
teraction of cosmic rays with the interstellar medium
(ISM) (or surrounding sources). In these interactions,
both charged and neutral pions are produced. The neu-
tral pions (π0) decay into a photon pair while the charged
pions (π±) decay into neutrinos and muons. Therefore,
the expected diffuse neutrino flux from the galactic plane
is closely connected to gamma ray measurements. This
neutrino model is referred to as the Fermi-π0 model as
described in reference [123]. The spatial distribution of
the gamma rays is considered and it is further combined
with a neutrino single power law flux of E−2.7.
We directly test the impact of the galactic plane on the

isotropic diffuse flux measurement, treating the Fermi-
π0 flux normalization as a Gaussian nuisance parame-
ter using the measured fluxes from an IceCube dedicated
search for neutrinos from the galactic plane [23]. Figure
20 shows the measured isotropic diffuse flux after includ-
ing the Fermi-π0 term and fitting to the data again. We
observe at most a 10% impact on the isotropic normal-
ization with negligible impact on the spectral index. The
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FIG. 19. A summary of the SPL 68% confidence intervals for
the All-Sky, Southern-Sky, and Northern-Sky SPL measure-
ments. The IceCube “inelasticity” measurement [53] is shown
as yellow dotted lines. It is the only existing measurement of
the flux using starting track events; we note the precision is
limited due to harsh cuts in the southern sky. We include
recent IceCube results for direct comparison [49–51].

same treatment was performed for the segmented flux
measurement. The flux normalization shifts are shown in
Tab. V. This treatment was also repeated for the broken
power law measurement VIIC and hemisphere measure-
mentVIID with negligible impact. Given the large errors
introduced by adding the galactic plane diffuse model, an
extension of this measurement including right ascension
is motivated but beyond the scope of this work.

E. Search for prompt atmospheric neutrinos

Atmospheric neutrinos resulting from the decay of
charmed mesons in atmospheric showers are referred to as
prompt neutrinos. The charmed mesons decay promptly
resulting in a harder spectrum than their conventional
counterparts. We treat the prompt neutrino flux as an in-
dependent parameter with the cosmic ray model and self-
veto uncertainties applied as described in Sec. VIB. The
assumed cosmic-ray flux model is Gaisser H4a-GST with
Sibyll 2.3c. For reference, the theoretical BERSS flux
[124] is ∼ 3× smaller at 50 TeV and the ERS flux [125] is
similar to the theoretical prompt flux tested here. We do
not observe any evidence for the prompt flux and show
the test-statistic in Tab. VI. We searched for the prompt
flux assuming a single power law and broken power law
flux hypothesis from Sec. VI and Sec. VIIC, respectively
setting limits on the prompt flux under both of these as-
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FIG. 20. Single power law flux measurement as described in
Sec. VIIA (in black) and introducing the galactic plane as
additional nuisance parameter in the fit.

trophysical flux models. The limits shown correspond to
a scaling factor multiplied by the prompt flux shown in
Fig. 10.

UL ×Φprompt 90% Upper Limit

Single Power Law 3.19

Broken Power Law 3.20

TABLE VI. Prompt upper limits as computed under the sin-
gle power law and broken power law flux astrophysical models.
We observe similar results with a slightly worse limit for the
BPL due to the additional flexibility in the model.

F. Diffuse flux measurement summary and outlook

Figure 19 shows a summary of all recent IceCube mea-
surements of the astrophysical diffuse flux. Most impor-
tantly, it shows that despite numerous techniques em-
ployed over the past decade, the different neutrino data
sets converge towards similar results.
The HESE 7.5 year measurement [51] focuses on high

energy starting events. The dataset is dominated by
cascade-like events with a non-negligible contribution
from starting track-like events (17% starting tracks). The
HESE analysis applies a minimum energy cut at 60 TeV
limiting the measurement of the astrophysical flux to
higher energy. This also limits the statistics and cor-
respondingly leads to a measurement that is statistically
limited (largest contour in Fig. 19).
The Cascade 6-year and 5-year measurements [49, 53]

are driven by cascade events extending IceCube’s sensi-
tivity to the astrophysical flux down to 16 TeV. These
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lower energy measurements take advantage of the self-
veto effect, assuming a muon response modeled as a fixed
step-function. While these measurements are greatly
constraining, we now believe that any measurement uti-
lizing the self-veto effect should be inclusive of uncertain-
ties from the choice of self-veto flux model.

The Northern Sky Tracks 9.5-year measurement uses
through going and starting muon tracks in the northern
equatorial sky (θ > 85◦). This measurement is limited by
the energy resolution of the through-going events because
the reconstructed muon energy can only be interpreted
as a lower limit on the expected neutrino energy. The
zenith angle cut also means there is no self-veto effect to
take advantage of. However, the high statistics and wide
energy range of this well studied event selection makes it
a powerful measurement.

The ESTES 10.3-year measurement (this work)
searches for starting track-like events over the entire sky
for energies above 1 TeV. This event selection takes ad-
vantage of the excellent energy and directional resolution
of such an event morphology. In the southern sky, the
self-veto effect improves the astrophysical neutrino purity
of the selection.

VIII. CONCLUSION

A measurement of the astrophysical diffuse neutrino
flux was presented in this work using novel techniques.
This paper outlined the construction of the ESTES
dataset, its performance, and the measurement of the
diffuse flux from the ESTES selection applied to 10.3
years of IceCube data. We also outlined the new system-
atic uncertainty terms: self-veto effect and hadronic in-
teraction model gradient which were shown to contribute
non-negligible impacts on the astrophysical flux measure-
ment. A search for the atmospheric prompt neutrino flux
was also presented. No evidence for the prompt flux was
found and upper limits were set on the Gaisser H4a-GST
cosmic ray model with Sibyll 2.3c prompt flux model of
3.2 times the theoretical prediction. The amplitude of
the prompt flux remains one of the unresolved mysteries
in the diffuse neutrino sky.

The ESTES dataset of 10,798 events was extracted us-
ing veto-techniques and boosted decision trees to search
for starting track events in the northern and southern
hemisphere. The overwhelming atmospheric muon back-
ground was successfully reduced from 3 kHz down to
1µHz (< 1% of the remaining data) while retaining a
large effective area for neutrinos in the southern hemi-
sphere. The dataset observed at least 10,000 neutrino
events of which 1000 were localized to the southern sky.
This dataset opens up the possibility of conducting other
neutrino studies, such as searching for neutrino sources
in the southern sky.

The ESTES dataset was used to search for, and char-
acterize, the astrophysical neutrino flux. Both a single
power law and broken power law form for the astrophys-

ical flux were fitted. The best-fit spectral index for the
single power law fit is γ = 2.58+0.10

−0.09 and per-flavor nor-

malization is ΦAstro
per flavor = 1.68+0.19

−0.22 (at 100TeV). The
sensitive energy range for this particular flux model is 3-
550TeV, marking the first time the neutrino flux is mea-
sured to such precision below 16 TeV. The observation of
the diffuse flux below 100 TeV is in agreement with, and
independent from, IceCube’s 6-year cascade-event based
result [49]. Assuming the single power law flux, we then
presented a segmented measurement of the normalization
from 300 GeV to 100 PeV showing consistent normaliza-
tion with the measured single power law.
We tested the impact of the galactic plane under the

Fermi π0 flux model and concluded that while the ex-
pected impact on the diffuse flux spectral index is at the
sub-percent level it can still contribute to the overall nor-
malization by ∼ 10%.
Finally, a measurement of the flux under the broken

power law assumption was performed. We tested a lower
(higher) energy spectral index below (above) a break en-
ergy. We are able to reject γ1 < 1 to greater than 3σ
significance and γ1 < 2 to 2.1σ significance for energies
below 23 TeV. At 40 TeV, we measure γ1 = 2.6+0.3

−0.2 which
is largely consistent with IceCube’s 6-year result using
cascades [49]. Overall, we do not observe a departure
from a single power law at lower energies.
In conclusion, we present a measurement of the diffuse

flux over the entire sky from 300 GeV to 100 PeV using
the starting track event morphology. This is the first
measurement of starting tracks below 100 TeV, allowing
us to study the diffuse astrophysical neutrino flux with a
new sample at lower energies. No evidence was found for
structure in the flux beyond a single power law spanning
from 3 TeV to 550 TeV.
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Appendix A: Segmented Power Law Validation

Figure 21 shows a check for the stability of each seg-
ment over two portions of the sky. In this test, the most
vertical bins are removed and the segmented flux is re-
computed for the same segments. We note all segments
remain consistent despite the reduction in sample size.
However, we also note that the 3-10 TeV segment de-
creased by more than 1σ. We found the most dominant
background to astrophysical neutrinos at such energies
and zeniths to be from mis-reconstructed atmospheric
neutrinos from the horizon. A full set of figures is found

in App. C. Future iterations of this analysis should be
performed using more robust directional reconstructions
to reduce this background.
To directly compare to the segmented power law mea-

surement from the 6-year IceCube cascade result[49], the
segmented fit was performed again using the same en-
ergy bins. The result is shown in Fig. 22. The tension
in the 4.64-10 TeV bin is 2.3σ. The maximum tension
per bin is in the 21.5-46.4 TeV bin at 3.7σ (omitting tri-
als correction factor). We observe a “dip”-like structure
between 215-464 TeV (similar to that observed with cas-
cades), but note that the reported upper limit is worse
despite the improved livetime of this dataset. The larger
number of bins leads to increased correlations of up to
±25-30% between bins.

Appendix B: Detector Systematic Constraints

The detector systematics are treated as uncorrelated
parameters in the likelihood. When applicable, a Gaus-
sian penalty term is added to the likelihood to better
inform our model of external measurements. The same
set of neutrino events as described in Section II are prop-
agated through the event selection as described in Sec-
tion V. The energy and directional reconstructions are
then reevaluated under these new detector configura-
tions. The changes in the detector response are shown as
±1σ shifts in the event expectation with respect to their
nominal expectation in Fig. 23 through Fig. 27. The
2D MC templates are only shown at their ±1σ point but
intermediate points were also simulated such that we con-
struct a 1D parametrization of the detector response per
systematic uncertainty.

Appendix C: Predicted Neutrino Zeniths

The true cosine zenith distributions are shown in Fig.
28. Cuts for each subplot are made on the reconstructed
zenith used as an observable in the measurement. The
simulated rates take into account the parameters from
Tab. IV.
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FIG. 21. Distribution of the unfolded flux as first shown in Fig.
17 and the unfolded fluxes after removing the most vertical
bins from the measurement. This cross-check was performed
to test the isotropic-qualities of all segments. We observe a
stable flux over all energies.
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FIG. 22. Distribution of the unfolded flux as first shown in Fig.
17. The red points are the segmented flux measurement using
denser energy binning as a cross-check to compare directly with
6-year IceCube cascade result [49]. There is no sensitivity to
the astrophysical flux in the 1-2.15 TeV bin.
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FIG. 23. Scattering coefficients shifted by +1 and -1 σ.
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FIG. 24. Absorption coefficients shifted by +1 and -1 σ.
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FIG. 25. Hole-ice p0 parameter shifted by +1 and -1 σ.
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FIG. 26. Hole-ice p1 parameter shifted by +1 and -1 σ.
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FIG. 27. DOM overall efficiency shifted by +1 and -1 σ.
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FIG. 28. True cosine zenith distributions using the neutrino simulation. Each sub-figure is binned by reconstructed cosine
zenith distribution. We draw attention here to the dominant background in reconstructed zenith = 0.6 - 1.0. These events are
determined to be a mixture of true neutral current events and high inelasticity muon neutrinos in the charged current channel.
Future iterations of this dataset can improve purity by applying more robust directional reconstructions.
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