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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 y = 2.587("} and per-flavor normalization of Qg:["mvor =
1.687029 x 107'8 x GeV~'em™ s~ sr™! (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.

DOI: 10.1103/PhysRevD.110.022001

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

"Also at Institute of Physics, Sachivalaya Marg, Sainik School
Post, Bhubaneswar 751005, India.

"Also at Department of Space, Earth and Environment, Chalm-
ers University of Technology, 412 96 Gothenburg, Sweden.

*Also at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan.

these high energy neutrinos are created. Energetic 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 accelerators 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 (z*) and kaons (K*), produced in these interactions
decay into neutrinos and muons (z* — v,(7,) + u*), with
the muons subsequently decaying into electrons and
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neutrinos [u* — e* + Dg(ve) + v,(7,)]. In this scenario, the
neutrino flavor ratio at the sourceis v, : v, :v, = 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 diffuse
astrophysical neutrino flux using novel classification tech-
niques and methods to reconstruct event observables. The
event selection and techniques described in this paper are
referred to as the enhanced starting track event selection
(ESTES) [10-18]. The selection criteria reject atmospheric
muons and atmospheric neutrinos with accompanying
muons in the southern equatorial sky, extending the meas-
urement 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 configuration
and the simulated data used in this measurement.
Section IV outlines how the neutrino energy and direction
are reconstructed. Section V is a summary of the event
selection. Section VI summarizes the likelihood techniques
employed and how systematic uncertainties are incorpo-
rated. This is a binned-likelihood analysis based on expect-
ations from simulated astrophysical neutrinos, atmospheric
neutrinos and muons. Finally, Sec. 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 accompanying 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 neutrino 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
accelerators 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 (y) of ~2.0 below this
break [29,30].

In py 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 py 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 py, 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 100 TeV 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 Sec. V.

Examples of strategies used recently by IceCube to
measure the astrophysical diffuse flux are: a cascade domi-
nated measurement [49], the selection of muon neutrinos
from the northern sky [50], and the “starting event” selections
[51,52,52,53]. The northern sky tracks dataset applies a cutin
zenith to reject the overwhelming background from atmos-
pheric muons. However, this data set is still dominated by
atmospheric neutrinos at energies below 100 TeV.

One way to distinguish incoming neutrinos from down-
going muons uses an event signature where the interaction
vertex can be located inside the detector. In contrast,
incoming muons are removed if they have early photons
recorded in the outer regions of the detector. 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 accompanied by muons from the same shower. The
self-veto was first implemented by the high energy starting
events (HESE, [51]) analysis. A more complex veto was
later constructed for the medium energy starting events
(MESE, [52]) analysis, which applies a veto volume propor-
tional 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
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The diagram illustrates the concept of a dynamic veto region described in Sec. V B. 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.

using the position and direction of the first observed
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 neutrino flux at lower
energies. Figure 1 illustrates the differences 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 under-
goes a charged current deep inelastic scattering interaction
within the fiducial, or interior, volume of the detector. 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 reconstructed
zenith angle is 71° and reconstructed neutrino energy,
defined as the sum of the predicted cascade and muon
energies, is 11 TeV respectively using the techniques
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 electronics [59]. As rela-
tivistic charged particles traverse 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

SR L R S o

FIG. 2. Event display of a data event satisfying the criteria for
the ESTES data selection. Red represents the earliest light
detected, while blue represents the last light detected. The
reconstructed zenith angle is @ = 71°, and the reconstructed
neutrino energy (sum of the predicted cascade and muon
energies) is E = 11 TeV. The dashed line is the reconstructed
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 layers (upper left)
of the detector, which makes this a “starting” event.
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signal in units of photoelectrons (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 17 m apart vertically on the strings, and the strings
have a horizontal separation of 125 m. There is a central
array, known as DeepCore, with 8 strings spaced about
70 m apart with each string containing 60 high quantum
efficiency DOMs spaced about 7 m 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 neutrinos, produced through
the interaction of cosmic rays with the atmosphere, we use
the Gaisser H4a cosmic-ray model [62] and the Sibyll 2.3¢
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. MCEq
allows us to compute the fluxes for various choices of
cosmic ray and hadronic interaction models in a computa-
tionally reasonable way, since it does not simulate full
cosmic ray air-showers. This is beneficial for parametrizing
systematic uncertainties related to these models, as dis-
cussed in Sec. VIB. We define the conventional neutrino
flux as the neutrinos from the decay of pions, kaons, and
muons as the cosmic ray showers evolve in the atmosphere.
The prompt neutrino flux is defined as the neutrino flux
produced by the decay of charmed hadrons [4]. Interactions
of neutrinos in the Earth are modeled assuming the Cooper-
Sarkar-Mertsch-Sarkar (CSMS) neutrino-nucleon cross sec-
tion [65] and preliminary reference Earth model (PREM)
[66] Earth density model. Deep inelastic scattering inter-
actions near (and inside) the detector are simulated using the
NuGen software package [67]. 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 adjustment 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
using a Heaviside step function where all events containing a
muon above a particular energy are rejected with a 100%
probability. The self-veto effect is illustrated in Fig. 3 using
Nself—veto = 2-1 (126 GeV), as defined in Sec. VI B.

The atmospheric muon events are simulated using
MuonGun [68] for single muons and CORSIKA [69] for
muon bundles. CORSIKA was used to validate the event
selection performance in a background-dominated region
and MuonGun was used to model the remaining muon
background after all cuts were applied.

The charged leptons are propagated through the South
Pole ice using PROPOSAL [70]. Cascade shower develop-
ment is modeled using the Cascade Monte Carlo (CMC)
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FIG. 3. Atmospheric neutrino fluxes with and without account-

ing for the self-veto. The astrophysical 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).

program [71]. The photons are propagated through the ice
assuming a South Pole ice depth-dependent scattering and
absorption coefficient [72,73].

IV. RECONSTRUCTED OBSERVABLES

The morphology of the observed light is used to
reconstruct the event energy and direction of the charged
particles. The observables described in this section rely on
previously published IceCube algorithms. Some modifica-
tions to the algorithms have been made, to take advantage
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 expected performance.
We also rely on these reconstruction algorithms as seeds to
more complex observables used in the event selection. In
Sec. V, these will be explicitly defined.

A. Directional reconstruction

The direction of the event is reconstructed using a series
of increasingly complex algorithms. Initial directional
reconstructions are performed using the LineFit [74,75],
SPEFit [76], SplineMPE [76], and Millipede [77] algo-
rithms 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 independent energy loss
for each segment, thus accommodating the stochastic
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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. V C.

However, the hadronic cascade at the neutrino interac-
tion vertex can introduce an incorrect initial track direction
for events with shorter track lengths. Also, neutrino 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, therefore, introduce a
refined reconstruction that is a sequence of three algo-
rithms: (1) iterative-SplineMPE [76], (2) f;; 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
Ref. [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 improvement is seen
over 50 iterations, then this iterative-SplineMPE is passed
to the next step.

The quantity fy;; is then computed for a predefined list of
tracks (LineFit, SPEFit, SplineMPE, iterative-SplineMPE,
and Millipede). To calculate f};, 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 7. The f};; is defined as
the fraction of DOMs that detect at least one hit within this
radius r cylinder. The f}; distribution is defined for different
choices of r (100 m, 200 m, etc.). The track with the greatest
cumulative f}; 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 TeVand 0.66° at 100 TeV for starting track events.

B. Energy reconstruction

The distribution of energy losses for the event is first
calculated using the Millipede algorithm [77] from Sec. IV
A. 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 sepa-
rately [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 1 TeV
and remains almost constant up to ~1 PeV. The top panel
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FIG. 4. Directional error 25, 50, 75% quantiles for starting
muon neutrinos as a function of the real neutrino energy. dy is the
space angle distance between the reconstructed direction and the
truth direction. At 1 TeV the events are reconstructed with a
median resolution of 1.6°, at 100 TeV we see a median resolution
of 0.66°.

of Fig. 5 shows a slight biasing toward reconstructing
higher energies at 1 TeV. Above 1 PeV, the energy
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 resolution
of ~25-30% is a significant improvement over that which
is traditionally achieved using track events [50,80,81].

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 micro-
second window. After the trigger, an event is processed
through the IceCube filtering scheme. There are many
different filters which all involve fast selection criteria
relying on basic event properties. Each filter targets differ-
ent 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 negative impact on reconstruction
quality. We select events where HQTot is more than
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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 (o) 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 toward higher
energies.

200 PE, 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 0.1 Hz.

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 account 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 toward lower energies while still
significantly reducing the atmospheric muon and neu-
trino rate.

The SplineMPE reconstructed muon track [76] is used to
identify the position, direction, and time of the expected
muon track. Each DOM is then assigned a probability
distribution of PEs that would be expected from this muon
track. This is shown as the red curves (expected PE) in the
lower panels of Fig. 6 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 allowable 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 incoming 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 observ-
ing light in this veto-region is low for a starting track event.
Figure 6 shows three reference DOMs for a starting 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 modeled
using a Poisson probability where the expected number of
PEs (1) follow the assumption that a through-going muon
track actually emitted Cherenkov light. The expected
number of these photons at each DOM is calculated 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, pp;, 1S defined as:

e lf-‘

Pmiss (k == O, ll) = HlyR-DOMs 0

(1)

with the performance shown in Fig. 7. p,;. 1S @ measure-
ment of the probability that VR-DOMs saw no light
assuming the event was throughgoing; therefore we set
k = 0 for all VR-DOM:s. p,;s Values closer to 0 are defined
as more “startinglike” while values closer to 1 are defined
as more “throughgoinglike,” 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
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FIG. 6. 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.
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FIG. 7. ppmis distribution for atmospheric muons and astro-
physical neutrinos. A cut requiring events to have ps < 107
reduces atmospheric muon rates by three orders of magnitude
while retaining a high signal efficiency for muon neutrino events
with interaction vertices contained inside the detector volume.
This figure is normalized to show p,;, shape differences between
the interaction types.

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 = 107 was found to be optimal to reduce the
incoming muon rates by 2 orders of magnitude while
removing very little starting astrophysical neutrino events.
In addition to defining a p;s We can also use the
reconstructed vertex and direction of the muon track to
estimate the length of the muon track inside the detector. A
cut of 300 m is applied to ensure the track is of sufficient
length to predict its energy and direction.

Poorly reconstructed muons can pass this veto criteria if
the track enters through a corridor in the detector. These
corridors are defined as regions of uninstrumented detector,
passing directly between adjacent rows or vertical 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, p,; and the track length are calcu-
lated for this list. Events with a track length below 300 and
events with a p,;;, above 107> are rejected. The maximum
Pmiss from this procedure is then used as an input to the
BDT as described in Sec. V C.
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FIG. 8. 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 magnitude. 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.

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 p,,;s for each track, only keeping the maximum
Pmiss from this list of tracks and this muon light emission
profile. The maximum p,; is not used as a cut, however this is
saved for use in the BDT as described in Sec. V C.

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 removed
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 background, 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 training/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 variable optimization. An
independent MC set with over 900,000 events was later
used for the measurement. The thirteen variables used are
shown in Appendix A.

TABLE 1. 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 astrophysical
neutrinos in the southern sky.

Events 6 < 80° All events
Astro Nu 298 680
Atmos Conv. Nu 980 10042
Atmos Conv. Mu 42 75
Total MC 1320 10797
Data 1365 10798

Atmospheric muons with zenith (6) > 80° are almost all
poorly reconstructed events and the characteristics of such
events are greatly different from atmospheric muons with
0 < 80° which tend to be difficult-to-detect muons. The
number of atmospheric muons expected greatly differs 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 (0 > 80° and 6 < 80°).
Using the best-fit single power law flux parameters as
described in Table III, we show the sorted BDT features in
Table VI. The performance of the BDT using 1 year of
IceCube data was shown in Refs. [15,18].

Figure 8 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 I summarizes the observed data rates compared to the
rates as computed from the MC using the best-fit param-
eters from Table IIL

VI. MEASUREMENT METHODOLOGY
A. Statistical analysis

The measurement of the diffuse flux utilizes the for-
ward folding likelihood technique. All simulated and
observed data events are placed into two-dimensional
binning as summarized in Table II, totaling 190 bins.
Each bin has a corresponding expectation value as com-
puted using simulated data. The simulated data is a sum
of the astrophysical neutrinos, atmospheric conventional

TABLE II. 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.

Observable Number of bins

18 (log)
[+1 overflow]
10 (linear)

Bin range

1 TeV to 1 PeV

Energy

Cosine Zenith —1tol
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neutrinos, atmospheric prompt neutrinos, and atmospheric
muons:

A= ﬂAstro + AConv + lPrompt + /1Muon‘ (2)

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

We now define the probability of having observed k
events while expecting A-events using a Poisson proba-
bility. The likelihood function is defined as the product of
all 190 Poisson probabilities. To take into account system-
atic uncertainties (nuisance parameters), described in
greater detail in Sec. VIB, we introduce a modification
to our expectation value A = A(n, ¢). The set of 5, ¢ are
summarized in Table III. The ¢ parameters are aided by
external measurements using a Gaussian function (A') with
a mean (u) and standard deviation (o) to constrain the
likelihood. Nuisance parameters without external con-
straints are modeled using a uniform distribution ().
The modified likelihood function including these modifi-
cations is:

e—l%k e—(ej—ﬂ/)z/zglz-
L0 k) = T2 ( ) T 3)

k! o;V2x

To compute the parameters O 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 technique. The
likelihood is now defined as the likelihood with the set of
parameters © such that the likelihood function is once again
maximized. We define the test-statistic for this measure-
ment as the negative log likelihood ratio of this likelihood
function at ® with respect to the likelihood function at 6.
This test-statistic is:.

_ L(A©)[k)
T8(8) = —2log <E(ﬂ(@)|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 starting-
event event selections. This large increase motivated an
expanded treatment of systematic uncertainties. A sum-
mary of all parameters (pre)postfit is available in
Table III. The last column shows the best-fit points after
the measurement is performed with 68% confidence

intervals as defined in Sec. VIA. When relevant, the
410 constraints are shown as 2D templates in Appendix C.

Further details about the atmospheric flux systematics

can be found in Appendix B and are briefly summarized as:

(1) Peonys Porompr> and Py, are normalization factors
for their respective flux components, using the
Gaisser H4a cosmic ray [62] and Sibyll 2.3c
hadronic interaction [63] models.

(i1) €,praio controls the relative contributions from
atmospheric neutrinos to anti-neutrinos, €,;. .o =
2u/(v+7).

(iii) yH4a — GST interpolates between the flux predic-
tions of the H4a and GST cosmic ray flux models.

(iv) n2.3c — DPMlJet interpolates between the flux pre-
dictions of the Sibyll 2.3C and DPMlJet hadronic
interaction models.

(V) Nselt—vero Weakens and strengthens the muon rejec-
tion probability function used in the self-veto effect.
The value corresponds to the muon energy used in a
Heaviside function.

Further details about the detector systematics can be

found in Appendix C, and are briefly summarized as:

(1) €scattering ANd €apgorpion  SCale  the scattering and
absorption of photons in the bulk ice (ice between
detector strings) according to a depth dependent
parameterization that accounts for the effect of
glacial ice impurities and structural properties on
photon propagation.

(i) €angular,pOM(p,) @1 € Angutar,pOM(p,) MOdel the angular
response function of the IceCube DOMs, due to the
photomultiplier tubes pointing downward (causing
zenith angle dependence) and the impurities of the
columns of refrozen ice containing the DOMs.

(iii) €oyeran.pom 1s an overall scaling factor applied to all
IceCube DOMs, representing the cumulative sys-
tematic error of the absolute sensitivity of the sensor,
including the uncertainties on the photomultiplier
tube’s quantum efficiency.

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
performed under an isotropic single power law flux (SPL)
hypothesis, and the best-fit SPL. parameters are determined
to be

q)Total _yper—tlavor
Astro — ¥ Astro

E, \~
X <m) x Cy,
Co=3x10""®xGeV'em2s ! sr!
where,

per—flavor -1 68+0'19

Astro 022> y=25 81’8’58 (5)
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TABLE III. 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.
Parameter Boundary Constraint (4 + o) Best-fit Description
Astrophysical Flux Parameters
D pgiro [0, ) 1.681017 Astrophysical neutrino flux normalization
¥ Astro [0, 00) 2.587000 Astrophysical neutrino flux spectral index
Atmospheric Flux Parameters
@, uon [0, ) 0.6 £0.4 Atmospheric muon flux normalization
Deonv [0, ) 1.5£03 Atmospheric conventional neutrino flux normalization
D prompt [0, ) e <3.19 (90% U.L.)  Atmospheric prompt neutrino flux normalization
€,-ratio [0,2] 1+£0.10 1.04 +0.08 vp-ratio
NH4a—GST [-2,+1] e —-14+04 H4a-GST cosmic ray flux model interpolation
112 3c—DPMJet [-2,+1] -0.6 0.6 2.3c-DPMJet hadronic interaction model interpolation
NSelf—Veto [1, 3] 2.1101 Self-veto muon rejection intensity, logm(]]s“gegg) units
Detector Systematic Parameters
€Scattering [0.8,1.2] 14+0.05 1.04 +£0.03 Bulk-ice model scattering coefficient scaling
€ Absorption [0.8,1.2] 14+0.05 0.98 £0.03 Bulk-ice model absorption coefficient scaling
€ Angular,DOM (py) [-0.5,0.3] -0.3+0.5 -0.34+0.3 Angular PM acceptance parameter p0
€AngularpoM(p,)  [—0.10,0.05] —0.04 +£0.10 —0.09 +0.05 Angular PM acceptance parameter pl
€0veral. DOM [0.8,1.2] 1+0.10 0.91 £0.05 Absolute DOM acceptance

This model (and all following models) assume  ranges, the previous IceCube single power law flux

Vel vy, =1:1:1and v:iv = 1:1 arriving at the surface
of the Earth. In Eq. (5), ¢2 """ refers to the per flavor
normalization (v + v) and is defined as a unit-less number.
We introduce C 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 1o confidence intervals
are shown in Table III. The two-dimensional confidence
intervals for the two parameters of interest are shown in
Fig. 9 using the profile likelihood assuming Wilks’
theorem. A comparison of the 68% confidence intervals
to the most recent IceCube results is shown in Fig. 13 and
discussed in Sec. VIIF. Using the best-fit parameters, we
now compare the simulated data to the observed data in
Fig. 10 for energy and cosine zenith distributions of the
events. A goodness of fit test with a p-value = 0.7 using the
saturated Poisson likelihood test [89] confirms excellent
agreement between the data and simulation. Further val-
idation of the measurement is detailed in Appendix D.

The 90% sensitive energy range for the astrophysical
flux model is 3-550 TeV using the techniques described
in [90], reaching lower energies than previous diffuse
analyses in IceCube [49-51]. We show this energy range
as a blue shaded region and solid lines in Fig. 11. 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 energy

measurements are consistent with this measurement.

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,
defined as a step-function of single power law fluxes fixed

—_
o

per—flavor

Astro

qive—

¢

I
|
H 0

I

1
2.2 2.4 2.6 2.8 0123
TAstro —2Allh

FIG. 9. 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.
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FIG. 10. The reconstructed energy and cosine zenith distributions for data and simulated data using the best-fit parameters from the
single power law flux measurement. The astrophysical neutrinos are shown as a solid purple line, the atmospheric neutrino and muon
expectations are shown as dashed and dotted lines respectively. The error bars shown for data are due to Poisson statistics only.

at y =2, with two measured bins per energy-decade, as
shown in Eq. (6):

El/ i -2
o =2 < (o) XCo @

Single Power Law (This work)
== Broken Power Law (This work)
® Segmented (y =2) (This work)

10-°

N

Y AREEy

1077

E2®Pe; _ fiavor X GeVem =25~ 151

108 =
107° —
i Cascade 6 year T
I NS Tracks 9.5 year
I HESE 7.5 year
10—10 Lol L \\\HH‘ \\\\JH‘ Lo ab
103 104 10° 106 107
Neutrino Energy [GeV]
FIG. 11. The per flavor astrophysical neutrino flux shown as a

function of energy. The black points are the segmented power law
flux measurement assuming a spectral index of —2. The blue line
with error bands corresponds to the SPL measurement as shown
in Fig. 9. 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].

The measured results, E,; and ¢; (v:0), are defined in
Table IV. 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 parameters
from Table III, and it allows us to quantify energy
dependent effects on the flux in a model-independent way.

For each ¢;, a range of neutrino energies is used. When
plotting each normalization in Fig. 11, the median energy
for these energy ranges in log-space is used to compute the
total astrophysical flux per flavor. When the best-fit ¢p; = 0,
a 68% upper limit is quoted. All segments are consistent
with the single power law flux measurement, indicating a
lack of evidence for energy dependent structure beyond a

TABLE IV. The results of the segmented power law fit as show
in Fig. 11. All normalization components are fit simultaneously
including all systematic uncertainties from Table III. The un-
certainties are the 68% confidence intervals assuming Wilks’
theorem. The rightmost column compares the segmented power
law fit with a refit done using a galactic plane Gaussian prior term
described in Sec. VIID.

Bin;  Energy,; Energy range ¢; (£lo) %

1 1.78 TeV [1-3.16 TeV] 0.07102 0%

2 5.62 TeV [3.16-10 TeV] 13.3%7%. =3.99%
3 17.8 TeV [10-31.6 TeV] 3.8670%  —14.44%
4 56.2 TeV [31.6-100 TeV] 260708 =7.57%
5 178 TeV [100-316 TeV] 097,97 -722%
6 562 TeV  [316 TeV-1 PeV]  1.02%°, —1.96%
7 1.78 PeV [1-3.16 PeV] 0.001028 0%

8 5.62 PeV [3.16-10 PeV] 0.827)%  —26.83%
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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. VIIF. An analysis of IceCube cascade events [49]
found hints of a hardening of the flux toward lower energies
but we do not observe this hardening in this sample. The
compatibility of the data samples is discussed in greater
detail in Sec. VIIF.

At the highest energies, a nonzero flux was observed
from 3-10 PeV. This measurement is consistent with the
Glashow resonance (GR) [91] flux measurement from
IceCube [92]. Monte Carlo only studies found the most
likely GR event topology is from 7, +e - W — u + v, or
v,+e—> W —7+v, where the 7 decays leptonically
7 = v, + pu + v, This starting track would have no had-
ronic shower but would still contain an energetic muon
track [93]. 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 characterize the astrophysical flux with an
isotropic, broken power law (BPL),

E —72
@Total _ % break x Cp.
Asio = o <100 TeV ’

Astro E \™N
per—flavor X (Ebmak) (E < Ebreak)7

Astro E \ 7
per—flavor X (Ebmﬂk) (E > Ebreak)'

o = (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 parameters
to be fit are the flux normalization ¢§§rt£°ﬂavor (v:p), the
energy break Ey .., and two spectral indices y; and y, with

the following best fits:

Astro =1 7+0.19
per—flavor — ~+'-0.22>

Ebreak
I ~4.
°g1°<1 GeV) 36,

yr =27908, 2 =2.52100. (8)

The BPL model allows a model independent probe of
structure in the flux. Structure is expected in some models
toward lower energies. For example in some scenarios,
the neutrino flux is expected to continue toward lower
energies [28,94] until it reaches an energy break and falls
off rapidly to y ~ 0 [95] below this break.

When fitting a broken power law, we observed a slight
softening of the spectrum below the energy break,
Epreak = 23 TeV. The test-statistic that the BPL is preferred
over the SPL is 0.4, which is not statistically significant. As
a result, Ey ., 1S poorly constrained, so we quote only the
best fit point. The errors on y; and y, are at that fixed E} .
from one-dimensional profile likelihood scans. We use this
data to reject y; < 0 to 3.40 significance and y; < 1to 3.0¢
at an energy break of 23 TeV. y; < 2 is only rejected to a
2.10 level. A summary of the various energy breaks tested
with the corresponding best-fit spectral indexes is shown in
Fig. 12. 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. [96]. We know the production
mechanisms by which neutrinos are produced are from
either pp or py processes. In py scenarios, protons interact
with the photons near the source through photo-pion
production only when their energy is above the pion
production threshold [96]. 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 [27,97,98]. The ESTES BPL
observations (a lack of hardening in the fitted spectrum
below the energy break), under these gamma ray flux
interpretations, imply that the dominant neutrino sources
are opaque to gammarays [27,28,99]. One example is NGC

5
$ n K IR

4-

3T

- liliiiiii
2

1424

Ebreak GeV

FIG. 12. Best-fit low energy spectral indexes, y;, calculated
assuming various energy breaks. For each point tested, all
parameters 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).
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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 nonisotropic 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 coordinate
system. This model is defined as

o /¢, = < (B V"6, <o)
Astro 0 ¢ASTIO,S 100 TCV v

E. \"g < o0
+ Pasron X 100 Tev (©, >90°),

where we found:

Astro,North __ +0.83 _ +0.24
¢per flavor 1'28—1.28 ’ YNorth = 2-36_1.05 s

Astro,South __ +0.28 _ +0.13
¢pcr—ﬂavor = 1.56275,, Ysouth = 2.607 ¢ )

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. 13 as solid blue and red lines in
addition to the isotropic SPL. measurement in black.

—de— ESTES 10.3 year - All Sky (This work)
| —#— ESTES 10.3 year - Southern Sky (This work)
—d— ESTES 10.3 year - Northern Sky (This work) .

w
=)

{

flavor(10-18Gev-lcm—2sr-1s71)
N
>

1.5
E
Q
Iig 1.0 —& NS Tracks 9.5 year
by 2 -l HESE 7.5 year
(=3 Cascade 6 year
‘ ‘ ‘ Inelasticity 5 year
0.5 L .
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FIG. 13. 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].

We conclude that the fluxes are compatible with each
other. It is interesting to see that the southern sky meas-
urement is significantly more constraining—a consequence
of the higher proportion of astrophysical neutrinos 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 [100-103] below 100 TeV.
The Fermi-LAT benchmark model [104,105] describes the
diffuse emission of gamma rays likely due to the interaction
of cosmic rays with the interstellar medium (ISM) (or
surrounding sources). In these interactions, both charged
and neutral pions are produced. The neutral pions (z°)
decay into a photon pair while the charged pions (z%)
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-z° model as described
in reference [106]. The spatial distribution of the gamma
rays is considered and it is further combined with a neutrino
single power law flux of E~27.

We directly test the impact of the galactic plane on the
isotropic diffuse flux measurement, treating the Fermi-z°
flux normalization as a Gaussian nuisance parameter using
the measured fluxes from an IceCube dedicated search for
neutrinos from the galactic plane [23]. Figure 14 shows the
measured isotropic diffuse flux after including the Fermi-z°
term and fitting to the data again. We observe at most a 10%
impact on the isotropic normalization with negligible
impact on the spectral index. The same treatment was
performed for the segmented flux measurement. The flux
normalization shifts are shown in Table IV. This treatment
was also repeated for the broken power law measurement
VII C and hemisphere measurement VII D with negligible
impact. Given the large errors introduced by adding the

10
—&— ESTES 10.3 year
Refit with GP Gaussian Prior
2.0
8
1.8
6
g <
g 3
© 1.6 |
r4
1.41
r2

2.3 2.4 2.5 2.6 2.7
Yastro

FIG. 14. Single power law flux measurement as described in
Sec. VIIA (in black) and introducing the galactic plane as
additional nuisance parameter in the fit.
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TABLE V. Prompt upper limits as computed under the single
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.

UL X ®pomp 90% upper limit
Single Power Law 3.19
Broken Power Law 3.20

galactic plane diffuse model, an extension of this meas-
urement 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
independent 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
[107] is ~3x smaller at 50 TeV and the ERS flux [108] 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 Table V. 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
astrophysical flux models. The limits shown correspond to
a scaling factor multiplied by the prompt flux shown
in Fig. 15.
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FIG. 15.

F. Diffuse flux measurement summary and outlook

Figure 13 shows a summary of all recent IceCube
measurements of the astrophysical diffuse flux. Most
importantly, it shows that despite numerous techniques
employed over the past decade, the different neutrino data
sets converge toward similar results.

The HESE 7.5 year measurement [51] focuses on high
energy starting events. The dataset is dominated by
cascadelike events with a non-negligible contribution from
starting tracklike 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 correspondingly leads to a
measurement that is statistically limited (largest contour
in Fig. 13).

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 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 con-
straining, we now believe that any measurement utilizing
the self-veto effect should be inclusive of uncertainties 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 (6 > 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.
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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 57cg /uy are the best-fit interpolated fluxes as
defined in Table III. 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 7gqr.vero, = 2.1 (126 GeV) for the fluxes

shown here.
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The ESTES 10.3-year measurement (this work) searches
for starting tracklike events over the entire sky for energies
above 1 TeV. This event selection takes advantage 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 systematic uncertainty terms:
self-veto effect and hadronic interaction model gradient
which were shown to contribute non-negligible impacts on
the astrophysical flux measurement. 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 using
veto-techniques and boosted decision trees to search for
starting track events in the northern and southern hemi-
sphere. The overwhelming atmospheric muon background
was successfully reduced from 3 kHz down to 1 pHz (<1%
of the remaining data) while retaining a large effective area
for neutrinos in the southern hemisphere. 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 character-
ize, the astrophysical neutrino flux. Both a single power
law and broken power law form for the astrophysical flux
were fitted. The best-fit spectral index for the single power
law fit is y = 2.581“8:&8 and per-flavor normalization is
oAt = 1.687013 (at 100 TeV). The sensitive energy

per flavor
range for this particular flux model is 3-550 TeV, marking
the first time the neutrino flux is measured 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 normalization
with the measured single power law.

We tested the impact of the galactic plane under the
Fermi z° flux model and concluded that while the expected
impact on the diffuse flux spectral index is at the subpercent

level it can still contribute to the overall normalization
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
energy. We are able to reject y; < 1 to greater than 3¢
significance and y; < 2 to 2.1¢ significance for energies
below 23 TeV. At 40 TeV, we measure y; = 2.6f8;§ 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 measure-
ment 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: BOOSTED DECISION
TREE INPUTS

The thirteen variables used in the event selection’s
boosted decision tree are shown in Table VI sorted by
importance after training.

APPENDIX B: ATMOSPHERIC
FLUX SYSTEMATICS

The atmospheric neutrinos were modeled using the
Gaisser H4a cosmic ray [62] and Sibyll 2.3c hadronic
interaction [63] models. We treat the normalization of the
conventional and prompt neutrino fluxes (®cony, Pprompr)
and the conventional atmospheric muon flux (®,,,,,) as
nuisance parameters by using overall normalization factors
for each component. The €,;._,, 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 [€,;.io = 2v/ (v + )] and is
used as a correction term to the theoretical expectation. The
choice of 10% is an estimate derived by comparing various

TABLE VI. The 13 BDT inputs sorted by importance after
training.
Importance Description
1 Number of Millipede Losses > 5 GeV
2 Fraction of Energy in First 10 m of Track
3 Max pp,e 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 P from detailed muon hypothesis

atmospheric flux models [109] and taking the maximal
differences. The same ratio term is used for conventional
and prompt atmospheric neutrinos.

The npaa—gsT Systematic uncertainty was motivated by
the expected shape differences between different cosmic
ray flux models parametrized in MCEq. This parameter
was first introduced in a recent measurement of the flux
using tracks from the northern sky [50]. When
Nuaa—csT = 0, the data agrees perfectly with the Hd4a
cosmic ray flux model and when #y4,_gst = —1 the data
prefers the GST cosmic ray flux model [110]. 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 7y4,_ggt flux
are shown in Fig. 15. The same #y4,_gst term was used for
conventional and prompt atmospheric neutrino fluxes. The
M 3c—DPMIet SYStematic uncertainty is modeled using the
same technique as described for nps,_gst but this time
interpolating between the Sibyll 2.3c and the DPMlJet
hadronic interaction models [111]. The #,3._ppmier Was
introduced as an alternative to using Barr parameters as
described in [112].

As initially described in Sec. 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
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FIG. 16. Conventional atmospheric muon neutrino passing
fractions at cosine zenith = 0.5. The different colors correspond
to different choices of muon energy used for the Heaviside step
function. The muon threshold energy is treated as a free
parameter in our model.
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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 motivated (muons are minimum
ionizing particles below this energy), it is conservative to
treat this energy threshold as a free-parameter in the
measurement. The 7gqryero NUisance parameter is defined
as a parameter that weakens and strengthens the muon
rejection probability function. The introduction of this
nuisance parameter is motivated such that we minimize
the potential bias on the flux measurement due to choice of
muon rejection probability model. The value corresponds to
the muon energy used in a Heaviside function. Different
choices of this probability are used to calculate the atmos-
pheric neutrino flux. Figure 16 shows the passing fraction
(Pyy,c) 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 Py, are expected. We
parametrize the 7gqive term as a function of the threshold
muon energy for each energy-zenith bin used in the meas-
urement. The preferred threshold for this data is 126 GeV as
shown in Table III.

APPENDIX C: 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 simulation.
These arise due to limited knowledge of the optical
properties of the South Pole ice and overall PMT response.
The five systematic parameters discussed in Table III 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
parametrize the detector response per nuisance parameter.
Linear interpolation is assumed between the simulated
ranges as shown in Table III for each bin in the energy/
zenith observable space.

The South Pole bulk-ice refers to the ice between the
strings in the detector. A depth-dependent parametrization
[72,73] of the photon scattering [113] and absorption [114]
coefficients is used in simulations to account for the effect
of glacial ice impurities [115,116] and structural properties
of the ice, on photon propagation. We model €gyering and
€ Absorption &8 Gaussian terms centered at nominal scattering/
absorption parameters with a £5% overall uncertainty.

The photomultiplier tube in an IceCube DOM points
downward, causing a large zenith angle dependence in the
photon detection efficiency [117]. 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
[118]. This results in the hole-ice having different optical
properties when compared to that of the bulk-ice [57,119].
We model the effects of the hole-ice as a single angular
response function using two parameters, €ngular,DOM(p,)
and €angutar,poM(p,) With arbitrary units [120] (parameters
hold no physical meaning themselves). These parameters
were simulated over the ranges shown in Fig. 17 and treated
as independent parameters. The colors represent discrete
choices of py and p; parameters simulated for the ranges
indicated in Table III.

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 simu-
lated charge and observed charge from 5% to 10% in some
regions of the detector [121]. We model the DOM effi-
ciency using a Gaussian constraint term centered at 1.0 with
an uncertainty of £0.10 as motivated by muon studies
(€overa.pom) [77]. This overall scaling factor is applied to
all IceCube DOMs.

The detector systematics are treated as uncorrelated
parameters in the likelihood. When applicable, a Gaussian
penalty term is added to the likelihood to better inform our
model of external measurements. The same set of neutrino
events as described in Sec. II are propagated through the
event selection as described in Sec. V. The energy and

1.0
—— Simulated Models
= = Baseline Model
0.8 Best-Fit Model

Relative Angular Efficiency

1.0

cos(n)

FIG. 17. The optical module angular response function. The
discrete colors represent slices of the p; and the color gradients
represent the range of p, simulated. These parameters are
modeled as a continuous set of parameters in the likelihood. 5
is the photon incident angle where cos n =1 is the photon
entering upward incident with the PMT.
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FIG. 24. 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.

normalization are not correlated or anticorrelated with any
particular parameter. The strongest correlation for astro-
physical normalization is with the hadronic interaction
model uncertainty, whereas the strongest correlation for
spectral index is with the atmospheric muon flux.

APPENDIX E: SEGMENTED POWER
LAW VALIDATION

Figure 25 shows a check for the stability of each segment
over two portions of the sky. In this test, the most vertical
bins are removed and the segmented flux is recomputed 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 decreased by more than 16. 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 Appendix F. 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
measurement from the 6-year IceCube cascade result
[49], the segmented fit was performed again using the
same energy bins. The result is shown in Fig. 26. The
tension in the 4.64—-10 TeV bin is 2.30. The maximum
tension per bin is in the 21.5-46.4 TeV bin at 3.7¢ (omitting
trials correction factor). We observe a “dip”-like structure
between 215-464 TeV (similar to that observed with
cascades), 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.
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FIG. 25. Distribution of the unfolded flux as first shown in

Fig. 11 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. 26. Distribution of the unfolded flux as first shown in
Fig. 11. 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.

APPENDIX F: PREDICTED NEUTRINO ZENITHS

The true cosine zenith distributions are shown in Fig. 27.
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 Table III.
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mixture of true neutral current events and high inelasticity muon neutrinos in the charged current channel. Future iterations of this
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