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The Cygnus region, which contains massive molecular and atomic clouds and young stars, is
a promising Galactic neutrino source candidate. Cosmic rays transport in the region can pro-
duce neutrinos and y-rays. Using ten years of track events detected by the IceCube Neutrino
Observatory, we conduct searches for neutrino signals from the Cygnus region with a tem-
plate method. Four templates, including the CO template, HI template, uniform template,
and 2D Gaussian template, are used in this study. No significant emissions are found. We
set upper limits for each template, with the resulting upper limit for the CO template being
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1. Introduction

The Cygnus region is an active star-forming area in our Galaxy and hosts various astrophysical
sources, including massive young star clusters (YMCs, e.g., Cygnus OB2), pulsar wind nebulae
(PWNe, e.g., TeV J2032+4130), and supernova remnants (SNRs, e.g., y-Cygni). Fermi-LAT has
detected an excess of y-ray emission from the Cygnus region over the interstellar background and
all known sources, referred to as the Cygnus Cocoon [1]. This extended y-ray source has also
been observed at TeV energies by ARGO-YBJ [2] and HAWC [3]. The Large High Altitude Air
Shower Observatory (LHAASO) also observed a 1.4 PeV photon from the direction of Cygnus OB2,
suggesting the presence of a potential PeV cosmic-ray accelerator within the Cygnus region [4]. In
such a scenario, the interactions between cosmic rays and the gas in the Cygnus region would lead
to the production of diffuse neutrinos via deep inelastic collisions.

The IceCube Neutrino Observatory, located at the South Pole, is a cubic kilometer detector
designed to detect neutrinos spanning from sub-TeV to 10 PeV [5]. IceCube has searched for
neutrinos from the Cygnus region and constrained the hadronic component of y-rays from this
region to be less than 60% [6]. In this search, IceCube used eight years of track events from the
northern sky, along with a neutrino emission template that assumes the neutrino flux is proportional
to the observed y-ray flux. However, y-rays originating from known sources are not subtracted in
this analysis, which could lead to a potential overestimation of the expected flux of diffuse neutrinos
generated within this extended gas-rich region.

In this study, we conduct two analyses on the Cygnus region. Firstly, we search for neutrino
emission from the Cygnus region with a template likelihood method. Four templates that describe
the spatial distribution of neutrinos are used in this analysis. Secondly, we perform a scan of the
Cygnus region and compare the obtained neutrino hot spots with the gas distribution and sources
from the TeVCat [7]. All searches are performed using the ten-year muon-track data publicly
released by IceCube [8].

2. Neutrino Data and Spatial Template

The public ten-year IceCube muon-track data consists of three components [8]: (i) experimental
data events of each data sample; (ii) instrument response functions, which include the effective area
Asq(E,, 8,) and the smearing matrix M (Ey.|E,, d,); and (iii) the detector uptime, which records
the periods of data taking and enables the derivation of livetime for each data sample.

In this study, we test four different templates. Firstly, for the HI and CO templates, we assume
that the neutrino flux is proportional to the gas column density Ny [9] and Nco [10] respectively, as
neutrinos are produced through the hadronic interactions between cosmic rays and the interstellar
medium. Next, we investigate a two-dimensional (2D) Gaussian template, as the Cygnus Cocoon is
well described by a Gaussian profile with a width of ~ 2° in the energy range from 10 TeV to 100 TeV
[3]. The center of the 2D Gaussian template is located at the coordinates of the source LHAASO
1202944036 (a = 307.33°, 6 = 41.01°). Finally, we employ a uniform template, assuming that the
spatial distribution of the neutrino flux is uniform within the region of interest (ROI), for comparison
with the other templates. The uniform template is constructed as a circular area with a radius of
10°, centered at @ = 308.05°, 6 = 41.05°, corresponding to the source LHAASO J2032+4102.



Neutrinos from Cygnus Region Wenlian Li

3. Searching for Neutrino Emission

An unbinned maximum likelihood method is widely used in the search for neutrino point
sources [11, 12]. The general point source likelihood is defined as:

N

Loy =[] (811, 01 Eii e, y) + (1= 2By (sini, Ex)) ()
where ng is the number of signal events, and N is the total number of events. S; is the signal
probability density function (PDF), which is related to the location x;, angular uncertainty o, and
muon energy proxy E; of the iy, event, as well as the source location X and the energy spectrum.
B; represents the background PDF estimated from data. Both signal and background likelihoods
comprise spatial and energy PDFs. The signal spatial PDF is approximated as a 2D Gaussian with
a width of o, while the signal energy PDF is derived from the smearing matrix.

Considering the possibility of significant extended neutrino emission in the Cygnus region, as
well as the morphology of neutrino emission may not follow a 2D Gaussian distribution, the point
source likelihood is not suitable for the template search. Instead, we use the ps-template method
developed by IceCube [13] to search for neutrino emission based on different templates. There are
two key modifications compared to the point source likelihood. Firstly, a spatial template, rather
than a 2D Gaussian function, is used to describe the spatial distribution of signal events. The
ps-template method takes into account the source’s extension by mapping the changing detector
acceptance and convolving the template with the angular uncertainty of the events. Secondly,
unlike the point source likelihood where the background is estimated using scrambled data with
negligible contributions from point sources, for a large extended source, the signal events in the
data must be subtracted. Therefore, we construct a signal-subtracted likelihood and estimate the
background using scrambled data with the signal contamination subtracted [14]. The event-wise
template likelihood is defined as

N
L(ng.y) = ]:][ (%Si(xi,ai,Ei;y) + Dy (sind:, Ey) - %E(siné,-,lz,-)) 2)
where §; denotes the signal PDF, D; is the background PDF that is obtained from the scrambled
data and thus contains the scrambled signal component, while S; is the scrambled signal PDF.
The construction of the signal spatial PDF in the template likelihood can be described as
follows:
Sfpm (xiloy,y) = (Tspat(x) X Myce (X, ) * Gap(07)) (X;) 3)

We start with the spatial template 7Ty, which is treated as the neutrino spatial template. By convolv-
ing it with IceCube acceptance M,.., we can obtain the true neutrino direction after accounting for
detector efficiency. Then this map is smoothed with a 2D Gaussian (G,p) of width o7 to account for
the angular uncertainty of the event. Finally, this map is normalized to unity. The background PDF
D; is constructed as the same method in point source likelihood, while the scrambled signal PDF
S; is constructed following [15]. In the likelihood, we assume that neutrinos originating from the
source follow a single power-law spectrum with spectral indices of y = 2.5 and y = 3, respectively.

The best-fit number of signal events 7 is obtained by maximizing the template likelihood. The
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test statistic (TS) is defined as the log-likelihood ratio between the maximized likelihood and the
likelihood of background-only hypothesis, represented as 7S = 2In(L (7, y)/L(ns = 0)).

In addition to the template search, we conduct a scan of the Cygnus region using a 20° x 20°
window to investigate the relationship between neutrinos and the gas distribution. The center of the
scan region is located at the coordinates of LHAASO J2032+4102 (o = 308.05°, 6 = 41.05°). The
region is divided into a grid of points, each covering an area of 0.1° x 0.1°. For each grid point,
we maximize the point source likelihood eq [1] to obtain the best-fit number of signal events 7
and spectral index ¥ under a power-law energy spectrum assumption. Furthermore, a local pretrial
p-value is estimated for each point by conducting background trials. Each trial is obtained by
scrambling the right ascension of each event in the data. While IceCube has performed an all-sky
scan [16], our focus is specifically on the Cygnus region. By comparing the neutrino hot spots
with the distribution of molecular clouds and HI gas, we aim to investigate a potential relationship
between them.

4. Summary and Discussion

Table 1 and Table 2 show the results of the template searches. In all templates, searches with
a spectral index of y = 3 yield more significant results compared to y = 2.5. The CO template
with y = 3 yields the lowest pretrial p-value of 0.24, indicating the absence of a significant signal.
Notably, the p-value obtained from the CO template is lower than that from the 2D Gaussian
template, suggesting that the true spatial distribution of signals is more likely to resemble the

former.
Spatial Template v iy, Upper Limit ¢ggq, Pretrial p-value
CO template 3 562 6.25x 10717 0.24
HI template 3 408 6.69 x 1017 0.33
Uniform template 300 5.80 x 10717 0.50
2D Gaussian template (o =2°) 3 12.3 3.04 x 10717 0.39

Table 1: Results of template searches. The spatial template, the spectral index vy, the best fit num-
ber of signal events iy, the 90% C.L. upper limit flux parameterized as dqﬁ,,ﬁ;#/dEv = @909 -
(E, /100 TeV)?TeV~'em~2s~!, and the pretrial p-value of each search are listed.

Spatial Template 0% iis  Upper Limit ¢ggq, Pretrial p-value
CO template 25 273 3.14x 10716 0.34
HI template 2.5 125 3.32x 10716 0.44
Uniform template 25 0.0 3.19x 10716 0.50
2D Gaussian template (o =2°) 2.5 5.0 1.64 x 10716 0.45

Table 2: Results of template searches. Same as Table 1 but for y = 2.5.

For the scan in the Cygnus region, Figure 1 shows the neutrino significance map along with
the corresponding pretrial p-values. The neutrino significance map is compared to the distribution
of molecular clouds (panel A) and HI gas (panel B). The contours representing the molecular cloud
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Figure 1: Neutrino significance skymap with pretrial p-value in the Cygnus region. The contours of the
molecular cloud distribution (A) and HI gas distribution (B) are shown. TeVCat sources located in this region
are indicated in green.

and HI gas distributions are smoothed using a Gaussian kernel with o = 0.5° to account for the
angular uncertainty of the neutrino events.

In the Cygnus region, the most significant point is found at equatorial coordinates (J2000)
a = 303.4°, § = 43.5° with a pretrial p-value of 2.9 x 10™* (3.407). At this point, the best fit
parameters are 7, = 20.1 and ¥ = 2.3. The most significant point is located 4.22° away from
the center. Two y-ray sources are located near the neutrino hot spots. One of them is the blazar
MAGIC J2001+435 (a = 300.32°, § = 43.88°), where neutrinos also exhibit a tendency to cluster
(a = 300.5°, 6 = 43.4°). IceCube previously reported the neutrino flux upper limit on this source
MAGIC J2001+435 in the source-list searches using ten years of track data, with the pretrial p-value
is found to be 0.21 (0.80°) [16]. The other source, RGB J2056+496 (@ = 314.18°, 6 = 49.67°), is
situated near another neutrino hot spot (e = 314.8°, 6 = 50.4°) where molecular clouds and HI gas
are also present. In our search for neutrino emission from RGB J2056+496, we obtained a pretrial
p-value of 0.07 (1.50).

LHAASO is ideally located for observing the Cygnus region. With the accumulation of data,
LHAASO will be able to accurately measure the diffuse y-ray flux from the Cygnus region. This
measurement will provide valuable information not only about the gas column density but also
about the interaction rate of cosmic rays. In the future, we can conduct the template search using a
brand new template based on the measurement of the diffuse y-ray flux by LHAASO, which will
offer a more comprehensive understanding of this complex region.
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