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Abstract

The origins of high-energy astrophysical neutrinos remain a mystery despite extensive searches for their sources.
We present constraints from seven years of IceCube Neutrino Observatory muon data on the neutrino flux coming
from the Galactic plane. This flux is expected from cosmic-ray interactions with the interstellar medium or near
localized sources. Two methods were developed to test for a spatially extended flux from the entire plane, both of
which are maximum likelihood fits but with different signal and background modeling techniques. We consider
three templates for Galactic neutrino emission based primarily on gamma-ray observations and models that cover a
wide range of possibilities. Based on these templates and in the benchmark case of an unbroken E~2 power-law
energy spectrum, we set 90% confidence level upper limits, constraining the possible Galactic contribution to the
diffuse neutrino flux to be relatively small, less than 14% of the flux reported in Aartsen et al. above 1 TeV. A

Aartsen et al.

stacking method is also used to test catalogs of known high-energy Galactic gamma-ray sources.

Key words: gamma rays: ISM

1. Introduction

The high-energy sky is dominated by diffuse photon
emission from our Galaxy, the first discovered steady source
of astrophysical gamma-rays (Clark et al. 1968). Cosmic-ray
interactions with ambient interstellar gas are the dominant
production mechanism for high-energy gamma-rays in the
plane of the Galaxy via the decay of neutral pions. Diffuse
neutrinos from the plane of the Galaxy are expected from these
same interactions via the decay of charged pions. We perform
searches for diffuse neutrino emission based on models
constructed from gamma-ray observations.

Substantial contributions near the Galactic plane are possible
from discrete Galactic sources. These sources can appear as
point-like or can have noticeable spatial extensions, like
supernova remnants (SNRs). We focus on catalogs of SNRs
and pulsar wind nebulae (PWNe), all observed by gamma-ray
observatories that are sensitive above 1 TeV. A stacking

analysis is performed on the sub-categories of these catalogs,
taking into account the spatial extension and relative source
strength where information is available.

The IceCube in-ice array (Aartsen et al. 2017d) is a
Cherenkov detector that consists of 5160 digital optical
modules (DOMs) deployed in the glacial ice under the South
Pole between depths of 1.45 and 2.45 km. Each DOM contains
a 10” photomultiplier tube (Abbasi et al. 2010) and associated
electronics (Abbasi et al. 2009). These DOMs are frozen into
the ice along 86 vertical strings, each with 60 DOMs. Of these
strings, 78 have ~125 m spacing on a triangular grid. The
remainder make up the denser DeepCore region.

The IceCube collaboration has reported the detection of a flux
of high-energy (>10TeV) astrophysical neutrinos (Aartsen
et al. 2013, 2014b, 2015a, 2015b, 2016). In a combined fit to
all available IceCube data, the flux was characterized from
25TeV to 2.8 PeV as a power law with spectral index
2.50 + 0.09 (Aartsen et al. 2015a). A recent analysis of only
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muon neutrinos in the northern sky, with a higher energy
threshold of 191 TeV and sensitive up to 8.3 PeV, yields a
harder spectral index of 2.13 £ 0.13 (Aartsen et al. 2016). This
difference could indicate either a spectral break or a spatial
anisotropy. Both would be consistent with a relatively soft
Galactic contribution dominating in the southern sky, in addition
to a harder, isotropic extragalactic component to the flux.

So far, the astrophysical neutrino signal is compatible with
isotropy despite a large number of searches that have been
performed trying to identify its origins (e.g., Aartsen et al.
2017a). Several extragalactic candidates have been shown to
have a sub-dominant contribution to the flux. Notably, blazars
are constrained to contribute less than 27% of the flux for E~2°
or 50% if the spectrum is as hard as E~2? (Aartsen et al. 2017).
Prompt emission from triggered gamma-ray bursts are strongly
constrained to <1% contribution to the astrophysical flux
(Aartsen et al. 2017b). In the cases of starburst or star-forming
galaxies, only a small percentage are cataloged. The evidence
in this case is indirect, but in order to avoid having the parent
cosmic-ray population overproduce the Fermi-LAT extraga-
lactic gamma-ray background, the contribution of star-forming
galaxies to the diffuse neutrino flux must be sub-dominant
(e.g., Bechtol et al. 2017).

There are some indications of an association of neutrinos
with the Galactic plane. In the three-year sample of IceCube
high-energy starting events (HESE), some correlation with the
Galactic plane was observed with a chance probability of
2.8% (Aartsen et al. 2014b). Neronov & Semikoz (2016),
using the public HESE data,> explored the addition of an
energy cut to the HESE sample and found a >30 correlation
with the Galactic plane. They found an optimum energy
threshold of 100 TeV, where events have a higher probability
of having an astrophysical as opposed to an atmospheric
origin.

The ANTARES neutrino detector, located in the Mediterra-
nean Sea, has good sensitivity for the Galactic center region.
They perform a search for muon neutrinos in the region of the
Galactic ridge. For the case of a neutrino flux that extends into
the GeV energy range as an E~>3 power law, they set a per
flavor flux normalization (at 100 TeV) wupper limit of
19 x 1007 GeV~'em 25 'sr! in the region Galactic long-
itude I < |40°| and Galactic latitude b < |3°| (encompassing
0.145 sr). This excludes the possibility of three or more of the
HESE events coming from the central part of the Galactic plane
(Adridn-Martinez et al. 2016a).

In order to search for a diffuse Galactic signal of
astrophysical neutrinos from the Galactic plane, we employ
two different analysis methods using partly overlapping data
sets. Both methods use muon neutrinos and are primarily
sensitive to the outer galaxy in the northern hemisphere. The
first method is an extension of the standard point-source search
method (Aartsen et al. 2017a). It is an unbinned maximum
likelihood method that uses a template of the Galactic plane for
a signal expectation and scrambled experimental data for the
background estimation. The method uses data from the full sky
but is primarily sensitive to the northern hemisphere. In the
southern hemisphere, there is a large background of muons
induced by cosmic rays, which substantially raises the energy
threshold of the analysis. In the following it is referred to as the
ps-template method. The second method is an extension of the

> https:/ /icecube.wisc.edu/science /data
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method of the diffuse astrophysical neutrino measurement
(Aartsen et al. 2016). It is based on binned multi-dimensional
templates of all contributing flux components from atmospheric
and astrophysical neutrinos. This method inherently includes
systematic uncertainties but requires higher purity with respect
to atmospheric muon background and is thus restricted to the
northern hemisphere. The standard two-dimensional templates
in Aartsen et al. (2016) are based on energy and declination.
They have been extended to include the right ascension as the
third dimension. Here, we refer to this method as the diffuse-
template method.

The paper is organized as follows. Section 2 describes
models for gamma-ray and neutrino emission from the Galaxy.
Section 3 gives details on the statistical methods used. The
constraints on the Galactic flux from the spatial template and
stacking searches are given in Section 4, and our conclusions
are given in Section 5.

2. Models of Galactic Neutrino Emission
2.1. Diffuse Emission Models

Models for diffuse gamma-ray production in the Milky Way
have steadily improved over time in order to keep pace with
gamma-ray instruments, such as the Fermi-LAT (Ackermann
et al. 2012a). These instruments have been able to generate
high-precision data sets that the models must reproduce (for a
recent summary, see Acero et al. 2016). Diffuse gamma-rays
can be produced in electromagnetic processes such as inverse
Compton and bremsstrahlung. Alternatively, cosmic-ray inter-
actions with the interstellar medium (ISM) can produce neutral
pions, which decay to gamma-rays. A roughly equal number of
charged pions is expected, leading to neutrino production in
this case. The initial v,:,:, flavor ratio is 1:2:0, which
oscillates to approximately 1:1:1 at Earth. Tau leptons (induced
by tau neutrinos) can decay to muons with about a 17%
branching ratio (Patrignani et al. 2016). This source of
additional tracks in IceCube is ignored here, leading to
conservative upper limits. Our analysis uses three spatial
models that span a robust range of possibilities for Galactic
neutrino emission: the Fermi-LAT 7¥-decay template
(Ackermann et al. 2012b), the KRA-v (50 PeV cutoff) model
(Gaggero et al. 2015), and a smooth parameterization of the
Galaxy from Ingelman & Thunman (1996).

The Fermi-LAT 7°%-decay template is taken from the
reference Galactic model in Ackermann et al. (2012b). There,
the spectrum and composition of cosmic rays throughout the
Galaxy is modeled assuming that cosmic rays propagate
diffusively from a distribution of sources and are reaccelerated
in the ISM. Model parameters are constrained by local
observations of cosmic rays. The targets for gamma-ray
production are the interstellar radiation field and the interstellar
gas. The radiation field is modeled in two dimensions, the
distance from the Galactic center and the height above the
plane. A fit to the Fermi-LAT gamma-ray data is used to
determine the normalization of the interstellar radiation field
intensity, which has considerable uncertainties. The interstellar
gas distribution is derived from radio measurements of the CO
and HT line intensities. Based on the measured radial velocity
of the gas, the total gas mass is distributed over several
concentric rings around the Galactic center. The proportionality
constant that relates the CO line emission to the molecular
hydrogen gas density (X¢o) is a free parameter in each of these


https://icecube.wisc.edu/science/data

THE ASTROPHYSICAL JOURNAL, 849:67 (11pp), 2017 November 1

10°
=20 El
o 1075
8 5
20 2
10°
e 102
150 200
RA[]
(a) KRA-v (50 PeV cutoff) template
10°
— 5
> ©
o s,
8 |o"§
E [T
-40
-60 10
-80
150 200
RA[]
(c) Fermi-LAT 7°-decay template
- 3
o 10 S,
e c
A <A 2
" B .-
(83
8
0%
ng,
%)
1038
'—

50 100 150 200 250 300 350

RA T[]

(e) Signal PDF in true coordinates

Aartsen et al.

&

Flux [a.u.]

&

150 _ 200
RAT]

(b) Ingelman & Thunman template

Acceptance [a.u.]

50 100 150 200 250 300
RA[]
-2.5 .

(d) Detector acceptance to E~* signal
5
10 S
c
K
L
B
s
107 X
w
z
1025
w
10°3
2

50 100 150 200 300 350

RA[]

(f) Signal PDF in reconstructed coordinates for 1.0° PSF

Figure 1. Three models for diffuse Galactic neutrino production described in Section 2 are shown in equatorial coordinates: (a) KRA-y (50 PeV cutoff), (b) Ingelman
& Thunman parameterization, and (c) Fermi-LAT n%-decay map. The models are followed by an illustration of the ps-template search technique described in
Section 3.1: (d) the detector acceptance for an E~2> power law, (e) the distribution of neutrino events before and (f) after smearing due to the median PSF with the

m9-decay map.

rings, obtained in a fit to the gamma-rays observed by the
Fermi-LAT. The total expected gamma-ray intensity in each
direction is then obtained by integrating the gamma-ray yields
from cosmic-ray interactions with the target over the corresp-
onding line of sight. We extract just the 7%-decay component of
this model and use it as a spatial template for neutrino
emission, shown in Figure 1. The case of an E~%° power-law
energy spectrum is considered to be a benchmark case, but we
test for a wide range of power-law indices for this model. We
do not convert the gamma-ray flux into an absolute prediction of
the number of neutrinos but only consider the shape of the
model. The Fermi-LAT energy range where the model is
validated is substantially lower than the energies of the neutrinos
to which we are sensitive. A hardening in the spectrum of the
cosmic rays could substantially increase the neutrino predictions.

Gaggero et al. (2015) noticed that the model above does, in
fact, underpredict the amount of gamma-rays above a few GeV
in the Galaxy, especially for higher-energy observations of the
H.E.S.S and Milagro collaborations. They investigated ways to
explain this residual flux by relaxing the constraint that cosmic-
ray propagation is uniform in the Galaxy. By allowing for a
diffusion coefficient that depends on Galactic radius and an

advective wind, they constructed the KRA-y model, which
matches the anomalous gamma-ray data better. Others have
also explored the potential for the Fermi-LAT 7°-decay signal
to serve as a means to measure the cosmic-ray spectrum
throughout the Galaxy and found similar evidence for spectral
hardening, be it toward the Galactic center (Acero et al. 2016)
or in the entire plane (Neronov & Malyshev 2015).

Though the KRA-y model uses an independent cosmic-ray
propagation code, it is based on the same underlying model
of the ISM as the Fermi-LAT 7%-decay template. This makes
the spatial features very similar between the two models, but
the KRA-v predicted fluxes are higher on average and more
concentrated in the Galactic center region. The spectrum in the
model is not a pure power law and is not constant across
the sky. These features are used in the analysis of this model.
We use only the most optimistic model for analysis since
our sensitivity does not yet reach the lower model predictions.
This model, KRA-y with 50 PeV cosmic-ray cutoff, predicts
213 neutrino events in our 7-year sample after final event
selection.

The most noticeable difference with respect to the 7%-decay
template is in the part of the Galactic plane closest to the center
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but visible from the northern sky. This is the region
(30° < [ < 65° and —2° < b < 2°) where Milagro is sensitive
and used to tune the model. Note that the ARGO-YBJ (Bacci
et al. 1999) experiment reports that gamma-rays between
~350 GeV and ~2 TeV are consistent with the Fermi-LAT
model after masking out all sources (Bartoli et al. 2015). If the
Milagro diffuse flux measurement above ~1 TeV in the plane
can be resolved into individual leptonic sources by HAWC, the
KRA-7 predictions may need to be adjusted downward.

Finally, we also consider a smooth parameterization of the
Galaxy from Ingelman & Thunman (1996). This model lacks
the detailed cosmic-ray modeling and mapping of the ISM of
the first two models but captures the overall shape and structure
of the Galaxy. The scale height of the Galaxy is also higher
than the Fermi-LAT or KRA-y models. Though this model is
cruder than the others, we view it as valuable to include since it
gives us robust results that only depend on simple assumptions.

The model assumes that pure-proton cosmic rays are
uniformly distributed throughout the entire volume and that
the normalization and spectrum match that observed at Earth.
The ISM extends out to a radius of 12 kpc with a density of
1.0 e /(026 kpe) pycleon cm ™, where 7 is the height out of the
Galactic plane in either direction. From simulations, we find
that the model predicts 248 neutrino events in the 7 year muon
sample after final event selection. Even with the higher number
of events than the other models, these neutrinos follow an E—27
spectrum up to the cosmic-ray knee and softening to E—30
above that, which is closer to the atmospheric background
spectrum than the other models. This spectral information is
fixed in the analysis of this model. Note that this prediction
now takes neutrino oscillations, which the model predates, into
account.

2.2. Catalogs for Stacking

Five different Galactic catalogs, each containing 4-10
sources described in Table 1, were examined with the standard
point-source stacking technique seen in Abbasi et al. (2011).
The sources were grouped into smaller catalogs under the
assumption that the sources within each category would have
similar properties, such as spectral index. This is important, as
the spectral index, although a free parameter in the analysis, is
assumed to be the same for all sources in each catalog. These
catalogs are based on results from Milagro (Atkins et al. 2004),
HAWC (Abeysekara et al. 2013), and those compiled by SNR
Cat (Ferrand & Safi-Harb 2012).

The HAWC catalog consists of 10 sources observed by
HAWTC after collecting the first year of data in the inner Galactic
plane Abeysekara et al. (2016). This catalog was inspired by the
large overlap in sensitive energy range between the HAWC and
IceCube detectors, permitting a multimessenger view of the
same candidate astrophysical particle accelerators.

The Milagro catalog contains six Milagro sources in the
Cygnus region originally reported by Abdo et al. (2007) and
modeled in Kappes et al. (2009) and Gonzalez-Garcia et al.
(2009) as possible PeVatron candidates. This catalog has been
used for stacking analysis previously using four years of
IceCube data where a 2% p-value was found (Aartsen et al.
2014c). This analysis updates these results by adding an
additional three years of data.

The final three catalogs are sub-catalogs of a group of SNRs
taken from SNR Cat that have been observed in the TeV region
with ages less than 3000 years. The selection of young SNRs
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was inspired by results demonstrating that SNRs less than
3000 years old are more efficient accelerators in the TeV
region (de Naurois 2015). This group was then divided into
three subgroups of sources based on their observed environ-
ment: those with known molecular clouds, those with
associated PWNe, and those with neither.

3. Analysis Methods

Maximum likelihood techniques are widely used in neutrino
astronomy, and all analyses presented here use variations on
existing methods. The stacking method used to search the
catalogs in Section 2.2 is fully described in Abbasi et al.
(2011). The spatial template methods are newer and described
below.

3.1. PS-template Analysis

The ps-template analysis method is a modification of the
unbinned maximum likelihood analysis commonly employed
in IceCube collaboration point-source searches (Braun
et al. 2008; Aartsen et al. 2017a). The analysis uses an event-
wise point-spread function (PSF). While the angular resolution
of our best reconstructed events is small (~0?1) compared to
the spatial structures of the Galactic plane, accounting for the
PSF of our less well reconstructed events (~3°0) is important.
The first modification is to account for the extension of the
source by mapping the changing detector acceptance and
convolving the true source hypothesis with the PSF of the
events (in contrast to the delta-function source hypothesis used
in point-source searches). The other modification relates to the
estimate of the background using data. In a point-source
analysis, a hypothetical source has a very small contribution in
the declination band and is treated as negligible for determining
the background. For the Galactic plane, the signal may extend
over the entire sky and is no longer negligible. We construct a
signal-subtracted likelihood that acknowledges this contrib-
ution, making a small correction to the method introduced in
Aartsen et al. (2015¢).

As in Aartsen et al. (2017a), the mixture model likelihood is
defined as

N
n,
Ln, v =1]] (ﬁsi(xi» ai, Ei; )

i=1

+ (1 - %)B;(sinéi, E[)), (1)

where n, is the number of signal events for a flux following
spectral index ~y; N is the total number of events in the sample;
Si(x;, 0;, E;; y) is the signal probability distribution function
(PDF) for event i at equatorial coordinates x; = (¢;, 6;) with a
Gaussian PSF of width o; and energy proxy E;; and B; is the
background PDF. In this case, the background PDF does not
come directly from the observed data, which are now treated as
a mixture of signal and background:

~ ng ~ Ny
Di sin 6,', E,‘ = —SS,‘ sin 6,‘, E,‘ + (1 - —A)B, sin 6,‘, E,‘ .
( ) N ( ) N ( )

@)

The D and S terms are constructed by integrating the events in
a small declination bin (~1°) over right ascension to determine
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Table 1
Source Information for the Five Stacked Catalogs

Catalog Associated Names RA (®) Decl. (°) Extension o (°) Age (years)
Milagro Six" MGRO J1852+01 283.12 0.51 0.0
MGRO J1908+06 286.68 6.03 1.3
MGRO J2019+37 304.68 36.70 0.64
MGRO J2032+37 307.75 36.52 0.0
MGRO J2031+41 307.93 40.67 1.5
MGRO J2043+36 310.98 36.3 1.0
HAWC" HWC J1825—133 276.3 —13.3 0.5
HWC J1836—090c 278.9 -9.0 0.5
HWC J1836—074c 279.1 —7.4 0.5
HWC J1838—-060 279.6 6.0 0.5
HWC J1842—046¢ 280.5 —4.6 0.5
HWC J1844—031c 281.0 —-3.1 0.5
HWC J1849—-017¢ 282.3 -1.7 0.5
HWC J1857+023 284.3 2.3 0.5
HWC J1904+080c 286.1 4.44 0.5
HWC J1907+062¢ 286.8 6.2 0.5
SNR with mol. cloud® Tycho 6.33 64.15 0 443
1C443 94.3 22.6 0.16 3000
SN 1006 SW 225.7 —41.9 1.06 1009
HESS J1708—410 258.4 —39.8 1.36 1000
HESS J1718-385 259.5 —37.4 0.15 1800
Galactic Center Ridge 266.4 —-29.0 0.2 1200
HESS J1813—178 274.5 —15.5 0.77 2500
HESS J1843—-033 281.6 -3.0 0 900
SNR G054.1+00.3 292.6 18.9 0 2500
Cassiopeia A 350.9 58.8 0 316
SNR with PWN* Crab 83.6 22.01 0 961
RX J0852.0—4622 133.0 —46.3 0.7 2400
MSH 15-52 228.6 —59.1 0.11 1900
HESS J1634—472 249.0 —47.3 0.63 1500
HESS J1640—465 250.3 —46.6 0.87 1000
SNR G000.9+00.1 266.8 —28.2 0 1900
HESS J1808—204 272.9 —19.4 0.14 960
HESS J1809—193 2734 —17.8 0.92 1200
HESS J1825—137 278.4 —10.6 1.63 720
SNR alone® RCW 86 220.8 —62.5 0.98 2000
HESS J1641—-463 250.3 —46.3 0.62 1000
RX J1713.7—3946 258.5 —38.2 0.65 350
HESS J1858+4-020 284.5 2.2 0.08 2300

Notes. The stacking method uses a Gaussian distribution to represent either the source shape or the localization uncertainty.

4 Kappes et al. (2009).
® Abeysekara et al. (2016).
¢ Ferrand & Safi-Harb (2012).

the event density as a function of sind and E for the
experimental data and simulated signal, respectively. Solving
for B; and substituting into Equation (1), this gives the final
signal-subtracted likelihood function as

N
ng
L(ng, ) =11 (ﬁsi(xi, o Ei; )

i=1

+ D;(siné;, E;) — %Si(sin 5i, E,-)). 3)

Though the signal and background PDFs are defined event-
wise, in practice, events in the same stable data taking periods
are grouped together to construct the signal and back-
ground PDFs.

The S; terms, which encode information about both the raw
signal expectation and the detector performance, are constructed
as follows. Starting with a model for how the neutrino flux
is distributed across the sky, we perform a bin-by-bin
multiplication with the effective area to obtain the expected
number of neutrinos per unit solid angle in the sample as a
function of the direction and energy. The effective area is
determined using detailed simulations, described in Aartsen
et al. (2016). Then the map is convolved with the PSF of the
event, which is adequately described by a Gaussian distribu-
tion of width o; estimated for each event and ranging from 0° 1
to 390. In practice, maps are convolved in steps of 01 over
this range. These steps are illustrated in Figure 1, integrating
over energy for the case of a Galactic flux following an E~2°
power law.
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Table 2
Summary of Results for both Galactic Plane Analysis Methods for Each of the Three Models

ps-template Method

Diffuse-template Method

Spatial Template ng p-value Sensitivity ¢ggq, Upper Limit ¢gqq, p-value Sensitivity ¢gqq, Upper Limit ¢gq,
Fermi-LAT 7°%-decay, E~2° 149 37% 297 x 10718 383 x 1078 7.0% 3.16 x 1078 6.13 x 1078
KRA-y (50 PeV) 98 29% 79% 120% 6.9% 95% 170%
Ingelman & Thunman 169 41% 220% 260% 19.8% 260% 360%

-2 —1

Note. Best-fit number of signal events n,. Fluxes are integrated over the full sky and parameterized as dqu o /dE = Py - (E/100 TeV) 25 GeV~ ! em™2 57! with

90% confidence level upper limits and median sensitivities quoted for ¢, or as a percentage relative to the model prediction.

A nested log-likelihood ratio between the best-fit signal
strength and the null hypothesis (no Galactic signal) is used to
construct the test statistic. Under the null hypothesis and in the
large sample limit the test statistic follows a half-y2-distribu-
tion as expected (Cowan et al. 2011). Final upper limits,
sensitivities (given as median upper limits) and significances,
such as the p-value of the experimental test statistic, are always
calculated from scrambled data. We use a strict 90% upper
limit construction (Neyman 1937).

The data sample used by the ps-template and the stacking
searches is described in Aartsen et al. (2017a). It is an all-sky
sample that spans 7 years with a total live time of 2431 days
and 730,130 events. Some of the data were collected during the
construction phase of IceCube with the partially completed
detector. The sensitivity comes primarily from the northern
sky, where IceCube sees a wide energy range of neutrino-
induced muons. Though the sample extends into the southern
sky, the sensitivity here is limited to very high energies because
the energy selection and veto techniques that were used reject
the softer background of down-going muons from cosmic-ray
air showers. For the benchmark case of an E~% spectrum, the
energy range that contains 90% of signal events in the final
event sample is 400 GeV to 170 TeV and the median PSF
is 0°79.

3.2. Diffuse-template Analysis

The binned maximum likelihood analysis is an extension of
the analysis presented in Aartsen et al. (2016). There, the
contributions from conventional atmospheric neutrinos (Honda
et al. 2007), prompt atmospheric (Enberg et al. 2008), and
isotropic astrophysical neutrinos, assuming a power-law energy
spectrum, are fitted to experimental data. The events are binned
according to the reconstructed zenith angle and an energy
proxy. The resulting histograms are analyzed using a maximum
likelihood approach. Differing from Aartsen et al. (2016), each
bin is modeled by a Poissonian likelihood function:

0

Li(es E) = eiu’(&&) : k_i" (4)

where 0 = (R0, Vygyror ) describe the signal parameters
(i.e., properties of the astrophysical fluxes) and & describe the
nuisance parameters. The expected number of events in bin i,
1;, is given by the sum of the four flux expectations
for the conventional, isotropic astrophysical, prompt, and

Galactic flux:

Mi(gv €) = Iuiconv (gconv’ gdel) + /U'?Stm (Pastro> VYastros gdel)
+ N?mmpt (gprompt’ Saer) T M?alaCtic(@Galmic’ Saer)-

4)
Here &, and &, refer to nuisance parameters, taking into
account the theoretical uncertainties on the respective fluxes. The
atmospheric neutrino fluxes have been corrected for the cosmic-
ray knee following the prescription in Aartsen et al. (2014a). We
include nuisance parameters that account for the choice of the
primary cosmic-ray model and uncertainties in the cosmic-ray
spectral index. Additionally, we include nuisance parameters to
account for uncertainties in the calculation of the atmospheric
neutrino fluxes, namely normalization and the kaon/pion ratio.
e Tefers to nuisance parameters taking into account detector
uncertainties. For more information on those parameters we refer
to Aartsen et al. (2016). The final, global likelihood is the
product of all per-bin likelihoods L = []; L;.

Compared to Aartsen et al. (2016), this analysis is extended
by including the reconstructed right ascension, thus changing
the histograms from two to three dimensions. Additionally, a
template for the Galactic contribution, pC2°tc is added to the
fit. Note that for the Fermi-LAT w0-decay template, the
expected Galactic neutrino flux also depends on the Galactic
spectral index.

In contrast to the method described in the previous section,
this method models the expected contributions of every flux
component using Monte Carlo simulations. This allows us to
see how the isotropic component changes with the best-fit
Galactic component. The test statistic is defined as a log-
likelihood ratio in the same fashion as the previous method,
with the same limit and significance calculations.

The data sample for the diffuse-template analysis is
described in Aartsen et al. (2016). Compared to the previous
method, the sample has a significantly higher purity of
>99.7%, with comparable effective area and a slightly
improved PSF. The sample is, however, limited to the northern
hemisphere where the high neutrino purity standards can be
achieved. The time period is somewhat shorter, as this selection
does not apply to the first year when IceCube had just 40 of the
final 86 strings deployed. The data set spans 6 calendar years
with a total live time of 2060 days and 354,792 events. For the
benchmark case of an E~%° spectrum, the energy range that
contains 90% of signal events in the final event sample is
420 GeV to 130 TeV and the median PSF is 0°69.
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Figure 2. Upper limits at the 90% confidence level on the three-flavor (1:1:1
flavor ratio assumption) neutrino flux from the Galaxy with respect to KRA
model predictions and the measured astrophysical flux. Fluxes are integrated
over the whole sky for uniform comparison. The IceCube 7-year upper limit for
the KRA-vy (50 PeV) model test for the ps-template method is shown in red.
The energy range of validity is from 1 to 500 TeV. This range is calculated by
finding the low- and high-energy thresholds where removing simulated signal
events outside these values decreases the sensitivity by 5% each. The
ANTARES limit in blue (Adridn-Martinez et al. 2016a), directly applicable in
the Galactic center region (—40° < [ < 40° and —3° < b < 3°), has been
scaled to represent an all-sky integrated flux for comparison. Due to
ANTARES being located in the northern hemisphere, it has a relatively high
sensitivity in the southern sky near the Galactic center region using muon
neutrinos. The range of predictions for all the KRA models (Gaggero
et al. 2015) is shown as the gray band, with the top of that band representing
the KRA-v (50 PeV) model. The model by Ingelman & Thunman (Ingelman &
Thunman 1996) is shown in purple. For comparison, measurements of the all-
sky diffuse flux are shown: a differential unfolding (black points) and a power-
law unfolding (yellow band) of combined IceCube data sets from Aartsen et al.
(2015a), as well as a measurement based only on northern sky muon data
(green band), from Aartsen et al. (2016).

4. Results
4.1. Constraints on Diffuse Emission in the Plane

The sensitivities and results of spatial template analyses are
summarized in Table 2. Some excess from the Galaxy is
observed in all cases, though it is not statistically significant.
Because of the better sensitivity, the ps-template method was
assigned, in advance of unblinding the data, to be the main
result. The diffuse-template method acts as a cross-check. The
systematic uncertainty on the flux in the case of the ps-template
analysis is estimated to be 11% based on Aartsen et al. (2017a).
For the diffuse-template, the systematic uncertainty is included
directly in the method. The upper limit for the KRA-v test is
shown in Figure 2 in comparison to the ANTARES upper limit,
the KRA family of predictions, and the isotropic diffuse
neutrino flux.

The Galactic excesses are somewhat larger and more
significant for the diffuse-template cross-check, and this
difference was investigated carefully for the benchmark
m9-decay template where the 7% p-value was found. Part of
the difference comes from the additional year of data used by
the ps-template method. If we restrict this method to the same
time period, the p-value drops from 37% to 22%. Running the
ps-template method on the sample used by the diffuse-template
method yields a p-value of 21%. Due to the purity requirement
of the diffuse-template method, a check of the diffuse-template
method on the alternative data set is not possible.

The spectrum of the signal neutrinos is given by the model in
the cases of KRA-v and Ingelman & Thunman, but we test a
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Table 3
Summary of Results for the ps-template Analysis Scan in Spectral Index Using
the Fermi-LAT n°-decay Spatial Template and Power-law Flux ocE~7

Y ng p-value Sensitivity ¢ggq, Upper Limit ¢gq
Softest: 4.0 13 45% 5.53 x 1072 6.03 x 1072
3.5 0 48% 727 x 1072 7.27 x 1072
3.0 15 49% 7.20 x 107" 7.30 x 107"
2.5 149 37% 297 x 10718 3.83 x 10718
2.0 103 24% 250 x 10718 4.10 x 1071®
15 2 47% 379 x 1077 379 x 107
Hardest: 1.0 0 76% 1.04 x 10°% 1.04 x 1072

Note. Best-fit number of signal events n,. Fluxes are integrated over the full sky
and parameterized as d¢, ., /dE = ¢qyq, - (E/100 TeV)™ GeV'em Zs7!
with 90% confidence level upper limits and median sensitivities quoted
for ¢ggq,-
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Figure 3. 2D likelihood scan of spatially integrated Galactic flux (v, + 7,)
normalization and Galactic spectral index. The marginal curves show the
respective one-dimensional profile likelihoods. A change in —2 - A LLH of 1
corresponds to the 1o range.

range of spectral hypotheses using the w0-decay spatial
template. For a flux ocE™7, the spectral index range that we
test is quite broad, 1 < v < 4. This is a wider range than we
would expect in our standard models. However, it matches the
range used in previous point source and stacking searches and
allows for unexpected contributions, such as an unresolved
population of hard or soft spectrum sources. The results of this
coarse scan in spectral index are given in Table 3. The small,
best-fit Galactic component has a slight preference for E~%°
compared to E~25, consistent with the results of the cross-
check shown in the next section.

4.2. 2D Likelihood Scan and Implications for the
Isotropic Astrophysical Flux

Using the diffuse-template method, a two-dimensional
profile-likelihood scan of the Galactic normalization and
Galactic spectral index is performed for the benchmark
Fermi-LAT 70-decay template. The results of this scan are
shown in Figure 3. The best-fit spectral index is
Voalactic = 2-07, and the best-fit flux (v, + 7;,) normalization
at 100 TeV is Pgapuetic = 3.13 - 1078 GeV ' em ?s™!. The
confidence contours have been estimated using Wilks’
Theorem (Wilks 1938), whose applicability has been confirmed
at several points in the parameter space with Monte Carlo
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Figure 4. Contours of isotropic astrophysical flux (v, + 7;,) normalization and
spectral index with and without Galactic flux in the fit. The case with no
Galactic flux differs a small amount from Aartsen et al. (2016) because of the
different likelihood function used here. Also, we do not include v, here.

pseudo-experiments. The best-fit spectral index is found to be
somewhat harder than expected from gamma-ray observations.
However, it is consistent with an index of 2.5 (2.7) at the 1.6
(2.1) o-level.

Since the diffuse-template method is an extension of the
method used to characterize the isotropic astrophysical flux in
(Aartsen et al. 2016), we can analyze the impact of allowing an
additional Galactic component in the fit on the isotropic flux
parameters. For this we perform a profile-likelihood scan of the
isotropic flux normalization and spectral index while allowing
the Galactic flux parameters to float freely at every scan point.
Figure 4 shows the resulting likelihood contours in comparison
to the contours obtained by restricting the Galactic flux to zero.
The color scale shows the best-fit Galactic plane spectral index
at each point in the scan. Although the additional freedom
given by the Galactic flux nuisance parameter causes the
isotropic normalization to decrease, the size of the contour
grows only marginally. The hypothesis of zero isotropic flux is
still excluded at 3.8c0. This shows that the observation of an
isotropic astrophysical signal is robust against a signal from the
Galactic plane and that the latter can only contribute a sub-
dominant fraction to the total observed extraterrestrial flux.

4.3. Constraints on Source Catalogs

The results from the stacking analyses are shown in Table 4.
All catalogs are consistent with small and statistically
insignificant excesses. The most significant result with a
p-value of 25% is the case of SNRs with molecular clouds,
which gives just 16.5 excess events and a very soft spectral
index close to the limit of v < 4.0. Three of the five catalogs
have a very soft best-fit , which is expected since it is close to
the atmospheric background. Compared to the results of
Aartsen et al. (2015a) the all-sky integrated upper limit
assuming an E~23 spectrum for all of these catalogs is found
to be between 4 and 5 orders of magnitude below the fit for the
isotropic diffuse flux.

The most promising Galactic catalog for stacked analysis
was that of the six Milagro sources. The previous iteration of
this search gave a p-value of 2% (Aartsen et al. 2014c). The
two sources MGRO J1908+-06 and MGRO J2019+37 in this
catalog are also two of the most significant of 74 individual
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source candidates investigated as part of the 7-year IceCube
source list search (Aartsen et al. 2017a). Their respective pre-
trial p-values are 0.025 and 0.23. However, the results of this
search for the six Milagro sources showed a decrease in
significance from a p-value of 2%-29%. This result excludes
the model of Kappes et al. (2009), based on Milagro
observations, with more than 95% confidence. Given that
MGRO J1908+06 and MGRO J2019+37 are two of the most
significant results from the source list search in Aartsen et al.
(2017a), we investigated the apparent discrepancy. In contrast
to the source list search, this stacked analysis used source
extensions on the order of 1°, as reported by Milagro (Abdo
et al. 2007). The coordinates for this stacking analysis come
from the Milagro data as opposed to those found by Fermi-
LAT. While the latter are better localized, the former come
directly from >1 TeV gamma-rays, which are a better match
for the IceCube energy range. The combination of these effects
on the strongest source alone, MGRO J1908+-06, results in a
substantial significance decrease, from a p-value of 4.6%—47%.

5. Conclusions

We have presented searches for neutrino signals associated
with the Galactic plane using seven years of IceCube muon
neutrino data, focusing on diffuse emission from interactions of
cosmic rays with the ISM. We are able to exclude the
possibility that more than 14% of the isotropic diffuse neutrino
flux as measured in Aartsen et al. (2015a) comes from the
Galactic plane for the case of the Fermi-LAT 7°-decay
template and an E~2° power law. This assumes the flux
continues down in energy to 1 TeV or less, as would be
expected for the case of cosmic-ray interactions with the ISM.
The astrophysical neutrino flux has only been measured above
10 TeV so far, and its diffuse-template fit parameters are not
changed significantly when the fit includes a Galactic
component.

Our measurement is primarily sensitive in the northern
hemisphere, where IceCube has a high efficiency for a wide
energy range of muons induced by neutrinos. Our limits are
quoted assuming various all-sky spatial models of neutrino
emission. The KRA family of models spans a wide range and
implies that a Galactic neutrino contribution must be present at
some level. The most optimistic KRA-y with a 50 PeV cosmic-
ray cutoff concentrates the most flux toward the Galactic
center. Even though a higher fraction of the flux is in the
southern sky, our limits are just 20% higher than this model
prediction. In principle, if even more flux were concentrated
near the Galactic center than in KRA-7, it could be missed in
this analysis and the limits would be violated. However, it is
difficult for this to happen without overproducing gamma-rays
(Gaggero et al. 2015; Kistler 2015). One way to circumvent
this is if production occurs very near Sgr A* where the
environment may be opaque to gamma-rays (Kistler 2015). The
ANTARES detector also sets relevant constraints measured
directly in the region surrounding the Galactic center
(—40° < 1 < 40° and —3° < b < 3°). They limit the neutrino
flux to be less than 60% higher than the KRA-y model at
100 TeV (Adrian-Martinez et al. 2016a).

A blind search both for individual point sources and for
multiple sub-threshold hotspots in the plane has previously
been performed and sets constraints on the contribution of a
small number of localized sources (Aartsen et al. 2017a). The
stacking analysis presented here improves these results for
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Table 4
Summary of Results for the Galactic Catalogs

Source Catalog Number of Sources p-value ng v Upper Limit ¢gqq,
Milagro Six 6 30% 31.8 3.95 3.98 x 1072
HAWC Hotspots 10 31% 17.3 2.38 9.48 x 1072
SNR with mol. clouds 10 25% 16.5 3.95 223 x 1077
SNR with PWN 9 34% 9.36 3.95 1.17 x 107'®
SNR alone 4 2% 3.82 225 2.06 x 107

Note. n, and ~ are the best-fit numbers of signal events and spectral index, respectively. Fluxes are given as the sum over the catalog and parameterized as
dd,, .5, [AE = boq, - (E/100 TeV)~>3 GeV ' em % s™! with 90% confidence level upper limits quoted for ¢ggq.

several catalogs where the source locations are known. The
catalog results are all of low significance and allow us to
exclude the model of Kappes et al. (2009). Newer models
motivated by more recent gamma-ray observations predict a
lower flux with softer indices (Gonzalez-Garcia et al. 2014).

While our flux constraints focus on the plane of the Galaxy,
there are still possibilities for the flux to originate in or very
near the Galaxy. The possibility of cosmic-ray interactions with
a gas halo extending out to ~100 kpc is still being actively
explored (Feldmann et al. 2013; Taylor et al. 2014; Kalashev &
Troitsky 2016). Another possibility is the annihilation (Aartsen
et al. 2015c; Albert et al. 2017) or decay (Murase et al. 2015) of
dark matter particles in the Galactic halo. For these hypotheses,
the emission is much more isotropic than the Galactic emission
templates that we tested.

There are possibilities to improve the sensitivity for Galactic
neutrino searches. A search for point sources in the Southern
hemisphere using cascade-like events in IceCube has been
shown to have a sensitivity comparable to ANTARES. Though
cascades have a much larger median PSF (between 11° and
20°), the angular resolution matters less in the case of a large-
scale, spatially extended source such as the galactic plane.
Cascade-like events also have a lower energy threshold in the
southern sky compared to muons (Aartsen et al. 2017c). A joint
analysis that includes both the track and cascade channels will
offer promising improvements. Additionally, a joint Galactic
plane analysis between IceCube and ANTARES, similar to the
joint point-source analysis that produced better limits in the
southern sky (Adridn-Martinez et al. 2016b), would provide
the strongest constraints on neutrinos from the Milky Way with
all available data.
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