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The Elusive Neutrino
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• three neutrino flavours 

• very small masses   
(unknown origin) 

• large mixing between  
flavour and mass states 
(unknown mechanism) 

• 2nd most abundant 
particle in the Universe 
(impact on cosmology) 

• unique probe of             
high-energy astrophysics

The Elusive Neutrinos

• three neutrino types

• very small masses
(unknown origin)

• large mixing between flavour
and mass eigenstates
(unknown mechanism)

• impact on cosmology
(e.g. structure formation)

‹ unique probe of high-energy
Universe
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Standard Model of Particle Physics

(+ Higgs boson)
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Neutrino Astronomy
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Unique abilities of cosmic neutrinos: 

no deflection in magnetic fields  
(unlike cosmic rays) 

coincident with  
photons and gravitational waves 

no absorption in cosmic backgrounds 
(unlike gamma-rays) 

smoking-gun of  
unknown sources of cosmic rays 

BUT, very difficult to detect!
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Multi-Messenger Interfaces
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Acceleration of cosmic rays (CRs) - 
especially in the aftermath of 

cataclysmic events, sometimes visible 
in gravitational waves (GW).

Secondary neutrinos and gamma-rays 
from pion decays:

cosmic ray 
nucleus

ambient 
matter

pions

(…)

⇡` Ñ µ` ` ⌫µ

ë e` ` ⌫e ` ⌫̄µ

⇡0 Ñ � ` �
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e++νe + νμ

π0 → γ + γπ+ → μ++νμ

2nd 
CRs
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Pion Production Efficiency
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• pion production depend on target opacity  

• "bolometric" pion production efficiency (with inelasticity ): 

• inelasticity per pion:  

• "bolometric" relation of the production rates : 

• with charged-to-neutral pion ratio : 

τ = ℓσn

κ

κπ = κ /⟨Nπ⟩ ≃ 0.17 − 0.2

Q

Kπ

E2
πQπ± ≃

⟨Nπ±⟩
⟨Nπ0⟩ + ⟨Nπ±⟩ [fπE2

NQN(EN)]EN=Eπ/κπ

E2
πQπ± ≃

Kπ

1 + Kπ
[fπE2

NQN(EN)]EN=Eπ/κπ
Kπ =

⟨Nπ±⟩
⟨Nπ0⟩

= {2 pp
1 pγ

fπ = 1 − e−κτ
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Sidenote: Clebsch-Gordan
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• For  resonance:  

• coefficient for  :  

• coefficient for  : 

Δ+ | j1, j2, J, M⟩ = |1,1/2,3/2,1/2⟩
| j1, j2, m1, m2⟩ = |1,1/2,0,1/2⟩ Br(p + π0) = 2/3
| j1, j2, m1, m2⟩ = |1,1/2,1, − 1/2⟩ Br(n + π+) = 1/3

44. Clebsch-Gordan coefficients 1

44. Clebsch-Gordan Coefficients, Spherical Harmonics, and d Functions

Note: A square-root sign is to be understood over every coefficient, e.g., for −8/15 read −
√

8/15.
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Figure 44.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974).
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Average Energies
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Neutrinos from Pion Decay

• Neutrinos from pion and muon decay:

p+
! µ+ + nµ

µ+
! e+ + ne + n̄µ

• average energy fraction from relativistic
pions (rp ⌘ m2

µ/m2
p ' 0.57):

hxip+!nµ
=

1 � rp

2
' 21%

hxip+!nµ
=

3 + 4rp

20
' 26%

hxip+!ne =
2 + rp

10
' 26%
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• In practice, we often use the approximation:

hxinx ' hxin̄x '
1
4

& kp '
1
5

!
hEni

EN
'

1
20

Appendix

• Average energy fraction of pions from 
CR nucleons: 

• Average energy fraction from 
relativistic pions ( ) 

• Approximately:

rπ = (mμ/mπ)2

⟨xνμ
⟩ =

1 − rπ

2
≃ 21 %

⟨xνμ
⟩ =

3 + 4rπ

20
≃ 26 %

⟨xνe
⟩ =

2 + rπ

10
≃ 26 %

⟨xπ⟩ = κπ ≃ 20 %

⟨Eν⟩ ≃
1
2

⟨Eγ⟩ ≃
1
20

EN

[e.g. Lipari, Lusignoli & Meloni '07]
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Neutrinos in the Standard Model
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Neutrinos are part of weak isospin doublets and anti-doublets: 

Participate in charged (W) and neutral (Z) current interactions:

(νe
e−)L ( νμ

μ−)
L

(ντ
τ−)L (e+

νe)
R

(μ+

νμ )
R

(τ+

ντ)
R

gWIW
z gZ(IW

z − Q sin2 θW)
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Neutrino Interactions
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High-Energy Neutrino Interactions

• Low-energy (En . 10 GeV) neutrino interaction with matter in quasi-elastic or
resonant interactions.

• High-energy neutrinos interact with nuclei in deep inelastic scattering processes.
41

q

p

P

k k�

` `�

N H|
{z

}

s ⌘ (P + k)2 t ⌘ q2
⌘ �Q2

M2
⌘ P 2 W 2

⌘ (P + q)2

x ⌘
Q2

2 q · P
y ⌘

q · P

k · P

(Bjorken � x) (inelasticity)

Q � M W � M

(deep) (inelastic)

FIG. 14: The kinematics of deep inelastic scattering.

If we assume that the Standard Model holds to be the correct description of physics at much
higher energies we can estimate the neutrino cross section and its uncertainties by an extrapolation
from low energy data. However, one should keep in mind that this doesn’t take into account model
uncertainties: after all neutrino observatories probe physics that could be radically di�erent from
our present knowledge.

We will discuss in the following the Standard Model interactions of neutrinos with matter in
the Earth’s atmosphere or its interior. In collisions with matter the left-handed neutrino couples
weakly via Z0 and W± exchange with the constituents of a proton or neutron. The calculation
of this process involves both perturbative and non-perturbative aspects due to ‘hard’ and ‘soft’
processes, respectively, and the scale dependence of the strong coupling.

1. Parton Formalism

The gauge coupling of quantum chromodynamics (QCD) increases as the renormalization scale
µ decreases, a behavior which leads to the ‘confinement’ of quarks and gluons at distances smaller
that the characteristic size ��1

QCD ' (300MeV)�1
' 1 fm. In nature (except in high temperature

environments (T � �QCD) as in the early universe) the only manifestations of SU(3)C colored
representations are composite gauge singlets such as mesons and baryons. These bound states
consist of valence quarks qv, which determine the overall spin, isospin and flavour of the hadron
and a sea of gluons and anti-quark-quark pairs, g and qs, which results from QCD radiation and
pair-creation. These constituents of baryons and mesons are also called ‘partons’.

Due to the strength of the QCD coupling at small scales the neutrino-nucleon interactions
cannot be described in a purely perturbative way. However, since the QCD interaction decreases
as the renormalization scale increases (’asymptotic freedom’) the constituents of a nucleon may be
treated as loosely bound objects within su�ciently small distance and time scales (��1

QCD). Hence,
in a hard scattering process of a neutrino involving a large momentum transfer to a nucleon the
interactions between quarks and gluons may factorize from the subprocess (see Fig. 14). Due to
the renormalization scale dependence of the couplings this factorization will also depend on the
absolute momentum transfer Q2

⌘ �q2.

A general lepton-nucleon scattering process is sketched in the top panel of Fig. 14. A nucleon
N with mass M scatters o� the lepton ` by a t-channel exchange of a boson. The final state consist
of a lepton `� and a hadronic state H with center of mass energy (P + q)2 = W 2. This scattering

• Neutrino interactions with individual “partons” (quarks) of the nucleus.
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Analogously, the parton level neutral current (NC)
interactions of the neutrino with nucleons are shown
in the bottom two diagrams (c) and (d) of Fig. 11. The
leading-order double differential neutral current cross
section can be expressed as

d2sNC
dQ2dx

=
G2

F
p

 
m2

Z
Q2 + m2

Z

!2

·
⇣

q0(x, Q2) + q0(x, Q2)(1 � y2)
⌘

. (15)

Here, the structure functions are given by

q0 = ( fu + fc + ft)L2
u + ( fu + fc + ft)R2

u ,

+ ( fd + fs + fb)L2
d + ( fd + fs + fb)R2

d , (16)

q0 = ( fu + fc + ft)R2
u + ( fu + fc + ft)L2

u ,

+ ( fd + fs + fb)R2
d + ( fd + fs + fb)L2

d . (17)

The weak couplings after electro-weak symmetry break-
ing depend on the combination I3 � q sin2 qW , where I3 is
the weak isospin, q the electric charge, and qW the Wein-
berg angle. More explicitly, the couplings for left-handed
(I3 = ±1/2) and right-handed (I3 = 0) quarks are given
by

Lu =
1
2

� 2
3

sin2 qW , Ld = �1
2

+
1
3

sin2 qW , (18)

Ru = �2
3

sin2 qW , Rd =
1
3

sin2 qW . (19)

As in the case of charged current interactions, the relation
of neutron structure function fq are given by the exchange
u $ d and u $ d and for an iso-scalar target one takes
fu/d ! ( fu + fd)/2 and fu/d ! ( fu + fd)/2.

5.3 High-Energy Neutrino-Matter Cross Sections

The expressions for the total charged and neutral current
neutrino cross sections are derived from Eqs. (14) and (15)
after integrating over Bjorken-x and momentum trans-
fer Q2 (or equivalently inelasticity y). The evolution of
PDFs with respect to factorisation scale µ can be calcu-
lated by a perturbative QCD expansion and results in the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions [80,81,82,83]. The solution of the (leading-order)
DGLAP equations correspond to a re-summation of pow-
ers (as ln(Q2/µ2))n which appear by QCD radiation in
the initial state partons. However, these radiative pro-
cesses will also generate powers (as ln(1/x))n and the
applicability of the DGLAP formalism is limited to mod-
erate values of Bjorken-x (small ln(1/x)) and large Q2

(small as). If these logarithmic contributions from a small

11

100 104 106 108 1010 1012

!0.4

!0.2

0.0

0.2

0.4

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν CC xsec $HERAPDF1.5%

Ν CC xsec $ANIS%

Ν CC xsec $GENIE%

100 104 106 108 1010 1012

!0.4

!0.2

0.0

0.2

0.4

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν NC xsec $HERAPDF1.5%

Ν NC xsec $ANIS%

FIG. 12: The relative deviation of the ANIS [57] and GENIE [59] cross-sections from the HERAPDF1.5 central member.
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FIG. 13: Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC scattering according to HERAPDF1.5.

using HERAPDF1.5 at NLO are shown in Fig. 13. The general trend of the uncertainties can be understood by noting
that as one moves to higher neutrino energy one also moves to lower x where the PDF uncertainties are increasing.
The PDF uncertainties are smallest at 10�2 <⇠ x <⇠ 10�1, corresponding to s ⇠ 105 GeV2. Moving to smaller neutrino
energies brings us into the high x region where PDF uncertainties increase again. This e�ect is greater for the
HERAPDF1.5 because the HERA data have less statistics at high x than the fixed target data which are included
in CT10; however these data have further uncertainties that are not fully accounted for in CT10, e.g. heavy target
corrections, deuterium corrections and assumptions regarding higher twist e�ects. When the high x region becomes
important the neutrino and antineutrino cross-sections are di�erent because the valence contribution to xF3 is now
significant. This is seen in Fig. 13, as is the onset of the linear dependence of the cross-sections for s < M2

W . Note
that our predictions are made for Q2 > 1 GeV2 since perturbative QCD cannot sensibly be used at lower values.
Moreover for s below ⇠ 100 GeV2, there can be contributions to the cross-section of O(10%) from even lower values
of Q2 which are not accounted for here; hence we do not show results for E� below 50 GeV where there are other
contributions to the neutrino cross-section and the use of a code such as GENIE [59] is appropriate. For higher
energies, we intend to upgrade ANIS [57] to use the HERAPDF1.5 (di�erential) cross-sections. Meanwhile we have
provided the total DIS cross-sections for CC and NC scattering of neutrinos and antineutrinos on isoscalar targets
in Tables I and II and recommend these as a benchmark for use by experimentalists. These cross-sections as well
as those for isoscalar targets are available from a webpage [60]; di�erential cross sections are available upon request.
Any measured deviation from these values would signal the need for new physics beyond the DGLAP formalism.

VII. ACKNOWLEDGEMENTS

We are grateful to James Ferrando for providing us with an up-to-date version of DISPRED and for discussions. We
also thank Mike Whalley and Voica Radescu for the speedy implementation of HERAPDF1.5 in LHAPDF. PM and
SS thank their colleagues in the Auger and IceCube collaborations for stimulating exchanges and acknowledge partial

11

100 104 106 108 1010 1012

!0.4

!0.2

0.0

0.2

0.4

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν CC xsec $HERAPDF1.5%

Ν CC xsec $ANIS%

Ν CC xsec $GENIE%

100 104 106 108 1010 1012

!0.4

!0.2

0.0

0.2

0.4

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν NC xsec $HERAPDF1.5%

Ν NC xsec $ANIS%

FIG. 12: The relative deviation of the ANIS [57] and GENIE [59] cross-sections from the HERAPDF1.5 central member.

100 104 106 108 1010 1012
0.1

10

1000

105

EΝ !GeV"

Ν
an
d
Ν
C
C
cr
os
ss
ec
tio
n
!p
b" Ν CC xsec #HERAPDF1.5$

Ν CC xsec #HERAPDF1.5$

100 104 106 108 1010 1012
0.1

10

1000

105

EΝ !GeV"

Ν
an
d
Ν
N
C
cr
os
ss
ec
tio
n
!p
b" Ν NC xsec #HERAPDF1.5$

Ν NC xsec #HERAPDF1.5$

FIG. 13: Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC scattering according to HERAPDF1.5.

using HERAPDF1.5 at NLO are shown in Fig. 13. The general trend of the uncertainties can be understood by noting
that as one moves to higher neutrino energy one also moves to lower x where the PDF uncertainties are increasing.
The PDF uncertainties are smallest at 10�2 <⇠ x <⇠ 10�1, corresponding to s ⇠ 105 GeV2. Moving to smaller neutrino
energies brings us into the high x region where PDF uncertainties increase again. This e�ect is greater for the
HERAPDF1.5 because the HERA data have less statistics at high x than the fixed target data which are included
in CT10; however these data have further uncertainties that are not fully accounted for in CT10, e.g. heavy target
corrections, deuterium corrections and assumptions regarding higher twist e�ects. When the high x region becomes
important the neutrino and antineutrino cross-sections are di�erent because the valence contribution to xF3 is now
significant. This is seen in Fig. 13, as is the onset of the linear dependence of the cross-sections for s < M2

W . Note
that our predictions are made for Q2 > 1 GeV2 since perturbative QCD cannot sensibly be used at lower values.
Moreover for s below ⇠ 100 GeV2, there can be contributions to the cross-section of O(10%) from even lower values
of Q2 which are not accounted for here; hence we do not show results for E� below 50 GeV where there are other
contributions to the neutrino cross-section and the use of a code such as GENIE [59] is appropriate. For higher
energies, we intend to upgrade ANIS [57] to use the HERAPDF1.5 (di�erential) cross-sections. Meanwhile we have
provided the total DIS cross-sections for CC and NC scattering of neutrinos and antineutrinos on isoscalar targets
in Tables I and II and recommend these as a benchmark for use by experimentalists. These cross-sections as well
as those for isoscalar targets are available from a webpage [60]; di�erential cross sections are available upon request.
Any measured deviation from these values would signal the need for new physics beyond the DGLAP formalism.

VII. ACKNOWLEDGEMENTS

We are grateful to James Ferrando for providing us with an up-to-date version of DISPRED and for discussions. We
also thank Mike Whalley and Voica Radescu for the speedy implementation of HERAPDF1.5 in LHAPDF. PM and
SS thank their colleagues in the Auger and IceCube collaborations for stimulating exchanges and acknowledge partial

Fig. 12 High-energy charged current (top panel) and neutral cur-
rent (bottom panel) neutrino and anti-neutrino cross sections based
on the ZEUS global PDF fits [90]; the width of the lines indicate the
uncertainties. Figure from Ref. [90].

x become large, a formalism by Balitsky, Fakin, Kuraev,
and Lipatov (BFKL) may be used to re-sum the as ln(1/x)
terms [84,85]. This approach applies for moderate values
of Q2, since contributions of as ln(Q2/µ2) have to be kept
under control.

There are unified forms [86] and other improvements
of the linear DGLAP and BFKL evolution for the problem-
atic region of small Bjorken-x and large Q2. The extrapo-
lated solutions of the linear DGLAP and BFKL equations
predict an unlimited rise of the gluon density at very
small x. It is expected that, eventually, non-linear effects
like gluon recombination g + g ! g dominate the evolu-
tion and screen or even saturate the gluon density [87,88,
89].

Note, that neutrino-nucleon scattering in charged (14)
and neutral (15) current interactions via t-channel ex-
change of W and Z bosons, respectively, probe the parton
content of the nucleus effectively up to momentum trans-
fers of Q2 ' M2

Z/W (see Fig. 11). The present range of
Bjorken-x probed by experiments only extends down to
x ' 10�4 at this Q-range, and it is limited to 10�6 for arbi-
trary Q values. On the other hand, the Bjorken-x probed
by neutrino interactions is, roughly,

x '
M2

Z/W
s � m2

N
' 10�4

✓
En

100PeV

◆�1
. (20)

ch
ar

ge
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cu
rr
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nt

lepton scattering

nucleon
hadronic 
cascade

interaction with 
individual quarks

[Cooper-Sarkar, Mertsch & Sarkar’11]

• Low-energy (<10GeV) neutrino interaction with matter in coherent, 
quasi-elastic or resonant interactions. 

• High-energy neutrinos interact with nuclei via deep inelastic scattering.
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minimum detector size: 1km3

Neutrino charged and neutral current (CC & NC) interactions are visible 
by Cherenkov emission of relativistic secondaries in transparent media.

flux of PeV neutrinos: 

cross section: 

targets:

 

  

 

ϕ ≃
105

km2 yr

σνp ≃ 10−8σpp ≃ 10−33cm2

Ntarget = NA ×
V

cm3

Nevents = Ntarget × σνp × ϕν =
few

km3 yr
event rate:
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Optical Cherenkov Telescopes
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Antares

KM3NeT

Baikal-GVD

IceCube(-Gen2)

Markov 1960: 
"We propose setting up 

apparatus in an underground 
lake or deep in the ocean in 

order to separate charged 
particle directions by 
Cherenkov radiation."

P-ONE

TRIDENT
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“cascades”  
&  

“tracks”

Neutrino Event Signatures

inelastic scattering of neutrinos via charged and neutral current (CC/NC) interactions

NC showers

⌫all

CC showers

⌫e,⌧

muon tracks

⌫µ

double pulse

⌫⌧

double bang

⌫⌧

“lollipop”

⌫⌧

inverted “lollipop”

⌫⌧

“sugardaddy”

⌫⌧

“tautsie pop”

⌫⌧

Markus Ahlers (NBI) IceCube Results July 16 & 17, 2018 slide 42

Neutrino Event Signatures

inelastic scattering of neutrinos via charged and neutral current (CC/NC) interactions

NC showers

⌫all

CC showers

⌫e,⌧

muon tracks

⌫µ

double pulse

⌫⌧

double bang

⌫⌧

“lollipop”

⌫⌧

inverted “lollipop”

⌫⌧

“sugardaddy”

⌫⌧

“tautsie pop”

⌫⌧

Markus Ahlers (NBI) IceCube Results July 16 & 17, 2018 slide 42

rare events  
from CC   
interactions

ντ
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The IceCube Observatory

• Giga-ton Cherenkov

telescope at the South Pole
• Collaboration of about 300

people at 47 intl. institutions
• 60 digital optical modules

(DOMs) per string
• 78 IceCube strings

125 m apart on triangular grid
• 8 DeepCore strings

DOMs in particularly clear ice
• 81 IceTop stations

two tanks per station, two
DOMs per tank

• 7 year construction phase
(2004-2011)

• price tag: e0.25 per ton

Markus Ahlers (NBI) Deciphering Cosmic ⌫s with MM Astronomy May 22, 2018 slide 4

• Giga-ton optical Cherenkov 
telescope at the South Pole 

• Collaboration of about 300 
scientists at more than 50 
international institutions 

• 60 digital optical modules 
(DOMs) attached to strings 

• 86 IceCube strings 
instrumenting 1 km3 of clear 
glacial ice 

• 81 IceTop stations for cosmic 
ray shower detections
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atmosphere

IceCube

down-going
up-going

cosmic 
neutrino

10 per year (above 100TeV)

100,000 

per year

cosmic ray

atmospheric 
neutrino

60,000,000,000 
per yearcosmic ray

atmospheric 
muon

IceCube
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Neutrino Selection II
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• Outer layer of optical 
modules used as virtual 
veto region. 

• Atmospheric muons pass 
through veto from above. 

• Atmospheric neutrinos 
coincidence with 
atmospheric muons. 

• Cosmic neutrino events 
can start inside the 
fiducial volume. 

• High-Energy Starting 
Event (HESE) analysis

Markus Ahlers (NBI) High-Energy Neutrino Observations

Detection Methods II

8

• Outer layer of optical 
modules used as virtual 
veto region. 

• Atmospheric muons pass 
through veto from above. 

• Atmospheric neutrinos 
coincidence with 
atmospheric muons. 

• Cosmic neutrino events 
can start inside the 
fiducial volume. 

• High-Energy Starting 
Event (HESE) analysis

cosmic  
neutrino

cosmic  
neutrino

atmospheric 
muon

atmospheric 
neutrino

veto 
condition
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2013: A Milestone for Neutrino Astronomy

First observation of high-energy astrophysical neutrinos by IceCube!

“track event” (from nµ scattering) “cascade event” (from all flavours)

[“Breakthrough of the Year” (Physics World), Science 2013]
(neutrino event signature: early to late light detection)

Markus Ahlers (NBI) Neutrinos and g-rays from Extragalactic Sources August 28, 2018 slide 3

First observation of high-energy astrophysical neutrinos by IceCube in 2013.

Edep ≃ 71 TeV Edep ≃ 1.0 PeV

"track event" (e.g.  CC interactions)νμ "cascade event" (e.g. NC interactions)

(colours indicate arrival time of Cherenkov photons from early to late)
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10 100 103 104 105 106 107 108 109 1010 1011

energy E [GeV]

10°9

10°8

10°7

10°6

E2 f
[G

eV
cm

°
2

s°
1

sr
°

1 ] high-energy
neutrinos
(IceCube)

cascades
(6yr)

(Fermi)
background

isotropic g-ray ultra-high energy
cosmic rays

(Auger)

tracks
(9.5yr)

HESE
(7.5yr)

[IceCube, PRL 125 (2020) 12; PoS (ICRC2019) 1017; arXiv:2011.03545]

γ ν CR

https://arxiv.org/abs/2001.09520
https://pos.sissa.it/contribution?id=PoS(ICRC2019)1017
https://arxiv.org/abs/2011.03545
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Isotropic Diffuse Flux
Energy Spectrum of Astrophysical Muon Neutrinos 13
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Figure 5. Summary of astrophysical neutrino-flux measurements. Best-fit parameters and uncertainty contours for the single
power-law hypothesis are drawn for studies based on high-energy starting events (Abbasi et al. 2021), cascade-like events (Aartsen
et al. 2020c), and an inelasticity study (Aartsen et al. 2019) by IceCube. ANTARES observes a mild excess of events over the
expected atmospheric backgrounds in a combined study of tracks and cascades (Fusco & Versari 2019).

atmospheric flux, but crucially also introduce energy-
dependent flux variations (Stettner 2021). The corre-
lations between the nuisance parameters are shown in
Figure 6.

Figure 6. Pearson correlation coefficients between the signal
and nuisance parameters are shown for the parameters of the
single power-law fit.

Figure 7. The upper figure shows the statistical pull per
bin between the experimental data and the MC expectation
assuming the best-fit energy spectrum obtained in Section 4.
The lower figure shows the pull density distribution for the
1048 analysis bins containing data events.

10 IceCube

�
⌫µ+⌫̄µ

astro. (E⌫) =

piecesX

i

�(E⌫) · �i
piece ·

✓
E⌫

100 TeV

◆�2.0

(5)

�(E⌫) =

8
<

:
1 ifEi

low < E⌫ < E
i
high

0 else

Prior to performing the fit on the experimental data,
the energy ranges of the segments were defined to be
equally spaced in log-energy spanning the sensitive en-
ergy range of the astrophysical measurement (see Sec-
tion 4) with three segments. Additionally, one seg-
ment above and below have been added respectively to
cover the full energy range. The full parameterization
of the astrophysical flux is given in Eq. 5, and the en-
ergy ranges and obtained best-fit normalizations �

i
piece

are listed in Table 5. Figure 4 visualizes the obtained
flux measurement of the piece-wise parameterization to-
gether with the results of the single power law, power
law with cut-off and log-parabola models. In all models
beyond the single power law, hints for a softening of the
spectral shape as a function of energy are found.

Energy Range (E⌫) Norm. �i
piece/Cunits

Piece 1 100GeV � 15TeV
†
0.0+3.1

Piece 2 15TeV � 104TeV 2.22+0.8
�0.8

Piece 3 104TeV � 721TeV 1.21+0.32
�0.31

Piece 4 721TeV � 5PeV 0.33+0.22
�0.18

Piece 5 5PeV � 100PeV
†
0.0+0.41

Table 5. Piece-wise parameterization: Energy ranges and
result of the likelihood fit. Note that all piece-wise normal-
izations are optimized simultaneously in the fit, i.e. corre-
lations between the segments are fully taken into account.
The given 68.27% uncertainty ranges are obtained from one-
dimensional profile likelihood scans.
†Piece 1 and 5 have been added to cover the full energy range,
here, upper limits (90% CL) are computed.

5.4. Flux predictions for specific source classes

Besides the wide range of generic parameterizations
for the energy spectrum discussed in the sections above,
it is also possible to compare the experimental data to
source-class specific flux predictions directly. The total
astrophysical flux may originate from multiple source-
classes, it is thus not expected that a single flux pre-
diction can fully explain the observed data. Instead,
we model the total astrophysical component as sum of
the predicted energy spectrum model times a free nor-
malization �model and a single power law to cover other
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Figure 4. Summary of best-fit models for the astrophysical
neutrino flux. The bins from the piece-wise unfolding are
marked in green and in gray wherever only upper limits are
calculated. The single power law band is drawn in the sen-
sitive energy range as defined in Section 4. All models with
more degrees of freedom than the single power law show a
trend from a hard spectral shape at medium energies to a
softer spectrum at highest energies.

potential flux contributions:

�
⌫µ+⌫̄µ

astro. (E⌫) =�model ⇥ Model(E⌫) (6)

+ �SPL ⇥
✓

E⌫

100 TeV

◆��SPL

.

A representative set of different source-class specific
predictions have been selected, focusing on predictions
not already covered by the performed test of a single
power law, and including variations of the benchmark
models shown in the publications (see Table 6). All
these predictions model the cumulative expected flux at
Earth for the given source class. The obtained fit results
using these predictions are listed in Table 6. The test-
statistic TSfreemodel from Eq. 7 compares the best-fit
result including the additional component of the source-
class specific flux prediction to the hypothesis of only
a single power-law. That is, TSfreemodel = 0 implies
that the description of the experimental data can not
be improved with an additional contribution from the
model prediction and the fit instead prefers the single
power-law model. For these cases, upper limits on the
model normalization are computed at 90% CL employ-
ing Wilk’s Theorem.

• Diffuse flux agrees across analyses (within 
their overlapping energy regions). 

• However, mild tensions though for a 
"vanilla" single power-law flux.
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Isotropic Diffuse Flux

[Baikal-GVD, arXiv:2210.01650]

6 
 

 
Figure 3. Reconstructed cascade energy (left panel) and zenith (right panel) distributions obtained in the 
upward-going cascade analysis. Black points are data, with statistical uncertainties. The best-fit 
distribution of astrophysical neutrinos (dashed line), expected distributions from atmospheric muons 
(yellow) and atmospheric neutrinos (brown) and the sum of the expected signal and background 
distributions (orange line) are also shown. The atmospheric background histograms are stacked (filled 
colors). 
 
 

 
 

Figure 4. The best fit parameters and the contours of the 68% confidence region (red curve) for the single 
power law hypothesis obtained in the upward-going cascade analysis of the Baikal-GVD data. Other best 
fits are shown for studies based on high-energy starting events (orange curve) [11], cascade-like events 
(gray curve) [13], an inelasticity study (purple curve) [14] and track-like events (blue curve) [12] by 
IceCube and ANTARES observation in a combined study of tracks and cascades (green curve) [16]. 

 
The energy and zenith distributions of the 11 events are shown in Fig.3 together with the distributions 

obtained by Monte Carlo simulation. The atmospheric background histograms are stacked (filled 
colors). The best-fit parameters and 68% C.L. contours for this cascade analysis together with the results 
from other neutrino telescopes [11-16] are shown in Fig 4. The Baikal-GVD upward-going neutrino 
(cascades) measurements are consistent with the IceCube measurements (except muon neutrino sample  
[12]) and the ANTARES all-neutrino flavor measurements. 

 
4.3 Baikal-GVD sky map 

Figure 5 shows the reconstructed sky-map positions and the uncertainty regions of the cascade 
events selected in the all-sky analysis (solid circles) and the upward-going cascade analysis (dashed 
circles). The two upward-going events which are common to both the data samples (GVD190523CA 
and GVD210418CA) are shown  as  dashed  circles.  Note that  about  half of the events are background 

[ANTARES, PoS (ICRC2019) 891 & PoS (ICRC2021) 1121; Baikal-GVD, arXiv:2210.01650]

• Independent probe of diffuse flux by Baikal-GVD and KM3NeT. 

• Complementary field of view allows to decipher anisotropies, e.g. by 
Galactic diffuse emission.
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U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

ei α1
2 0 0

0 ei α2
2 0

0 0 1

"atmospheric" 
mixing

CP Dirac phase 
∝ sin θ13

"solar" 
mixing

CP Majorana 
phases

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

notation:  &  & cij ≡ cos θij sij ≡ sin θij Δm2
ij ≡ m2

i − m2
j

Pνα→νβ
(ℓ) =

3

∑
i=1

3

∑
j=1

UαiU*βiU*αjUβj exp (i
Δm2

ijℓ
2Eν )

flavour transition probability (in vacuum):
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Astrophysical Flavours
Cosmic neutrinos visible via their oscillation-averaged flavour. 7
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

flavor components for the first time, and the degeneracy438

between the ⌫e and ⌫⌧ fraction is broken. The small sam-439

ple size in this analysis leads to an increased uncertainty440

on the ⌫µ fraction as compared to [28] and [49].441

The test statistic TS = �2
�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-442

pares the likelihood of a fit with a ⌫⌧ flux normalization443

fixed at a value �0
⌫⌧

to the free fit where �⌫⌧ assumes444
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the first two double cascades, indicative of ⌫⌧ interac-468

tions, with an expectation of 1.5 ⌫⌧ -induced signal events469
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fit single-power-law spectrum with flavor equipartition,471
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cade length for its energy, and an energy asymmetry at474
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No firm conclusion can be drawn about the nature of the476
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the compatibility of “Big Bird” with a single cascade, in-485
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for tau neutrinos have been performed. Both also iden-496

tify “Double Double” as a candidate tau neutrino event497

[51, 52].498

Using an extended likelihood for double cascades which499
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as evaluated by a kernel density estimator, the flavor501
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• Tau neutrino 
charged current 
interactions can 
produce delayed 
hadronic cascades 
from tau decays. 

• Arrival time of 
Cherenkov photons 
is visible in 
individual DOMs.
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FIG. 3. Double cascade event #2 (2014). The reconstructed
double cascade vertex positions are indicated as grey circles,
the direction indicated with a grey arrow. The size of the cir-
cles illustrates the relative deposited energy, the color encodes
relative time (from red to blue). Bright DOMs are excluded
from this analysis.

photon count distributions for single and double cascade360

hypotheses. The DOMs labeled as “bright” have col-361

lected 10 times more light than the average DOM for an362

event. They were excluded from the analysis as they can363

bias the reconstruction at the highest measured energies,364

but are used for the comparison of predicted photon365

count PDFs in the figure. The predicted photon count366

PDFs differ remarkably between the single and double367

cascade hypothesis, with the single cascade hypothesis368

disfavored. For event #1, the predicted photon count369

PDFs differ less between the hypotheses, as can be seen370

in Figure 5 in the Supplemental Material.371

372

A posteriori analysis of ⌫⌧ candidates. To quantify the373

compatibility with a background hypothesis (i.e. not ⌫⌧ -374

induced) for the actual ⌫⌧ candidate events observed, a375

targeted MC simulation for each event was performed.376

See Table III in the Supplemental Material for details on377

the restricted parameter space. These new MC events378

were filtered and reconstructed in the same way as the379

initial MC and data events. In total, ⇠ 2 · 107 “Double-380

Double”-like events and ⇠ 1 · 106 “Big-Bird”-like events381

from the targeted simulation pass the HESE selection382

criteria.383

We define the tauness, P⌧ , as the posterior probability384

for each event to have originated from a ⌫⌧ interaction,385

which can be obtained with Bayes theorem:386

P (⌫⌧ | ~⌘evt) ⇡ N⌫⌧P⌫⌧ (~⌘evt)

N⌫⌧P⌫⌧ (~⌘evt) +N⇢⇢⌫⌧P⇢⇢⌫⌧ (~⌘evt)
⌘ P⌧ ,

(2)387

where N⌫⌧ and N⇢⇢⌫⌧ are the expected number of events388

stemming from ⌫⌧ and non-⌫⌧ interactions. P⌫⌧ and P⇢⇢⌫⌧389

are the PDFs for the ⌫⌧ and non-⌫⌧ components in the pa-390

rameter space vector of each event, ~⌘evt. The differential391

expected number of events at the point ~⌘evt, N⌫⌧P⌫⌧ (~⌘evt)392

and N⇢⇢⌫⌧P⇢⇢⌫⌧ (~⌘evt) is approximated from the targeted sim-393

ulation sets using a multidimensional kernel density es-394

timator (KDE) with a gaussian kernel and the Regular-395

ization Of Derivative Expectation Operator (rodeo) al-396

gorithm [47]. The eight dimensions used in evaluating397

the tauness include the six dimensions of the restricted398

parameter space that the resimulation was carried out399

in: total deposited energy Etot, three dimensions for the400

vertex position (x, y, z ) and two dimensions for the direc-401

tion (✓,�). Further, a region of interest is defined in the402

parameters not restricted during resimulation but used403

in the double cascade classification before: double cas-404

cade length Ldc and energy asymmetry AE [48]. Thus,405

~⌘evt = (Etot, x, y, z, ✓,�, Ldc, AE).406

We sample the posterior probability in the flavor com-407

position, obtained by leaving the source flavor compo-408

sition unconstrained and taking the uncertainties in the409

neutrino mixing parameters into account. When using410

the best-fit spectra given in [30] but varying the source411

flavor composition over the entire parameter space (i.e.412

⌫e : ⌫µ : ⌫⌧ = a : b : 1 � a � b with 0  a, b  1413

and a + b  1 at source) and the mixing parameters414

in the NuFit4.1 [14] 3� allowed range, the tauness is415

(97.5+0.3
�0.6)% for “Double Double” and (76+5

�7)% for “Big416

Bird.”417

To perform the flavor composition measurement using418

the multidimensional KDE, the likelihood is modified419

compared to the analyses in [30]. In the joint likelihood420

for the three topologies, LE↵ = LSC
E↵LT

E↵LDC
E↵ [30], LDC

E↵421

is replaced by the extended unbinned likelihood for the422

double cascade events,423

LDC
Rodeo = e�

P
c Nc

Y

evt

 
X

c

NcPc(~⌘evt)

!
, (3)424

where c are the flux components used in the fit, c =425

⌫astro,↵, ⌫conv,↵, ⌫prompt,↵, µatm for the flavors ↵ = e, µ, ⌧ .426

NcPc(~⌘evt) is computed using the rodeo algorithm intro-427

duced above.428429

The result of the flavor composition measurement is430

shown in Figure 4. The fit yields431

d�6⌫

dE
=7.4+2.4

�2.1 ·
✓

E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(4)432

with a best-fit flavor composition of ⌫e : ⌫µ : ⌫⌧ = 0.20 :433

0.39 : 0.42. Comparing this result with previously pub-434

lished results of the flavor composition also shown in Fig-435

ure 4 clearly shows the advantages of the ternary topol-436

ogy classification. The best-fit point is non-zero in all437

two distinct energy 
depositions visible

IceCube  
PRELIMINARY

[IceCube, arXiv:2011.03561]

https://arxiv.org/abs/2011.03561
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MOTIVATION TO DEVELOP NEW TECHNIQUES 
A gift from nature – Glashow resonance at 6.3 PeV

E= M2
W /(2me) = 6.3 PeV

A boost of cross-section by a factor of 300!

At ~68% in hadronic cascade channel 

10

6.3 PeV

Resonant interaction of electron anti-
neutrinos with electrons at 6.3PeV:

Figure 3: Upper: reconstructed posterior probability density of the visible energy for this event.

Lower: Expected MC event distributions in visible energy of hadrons from W� decay (blue), the

electron from W� decay (orange), CC (red) and NC (green) for a livetime of 4.6 years from PEPE

sample. We assume ⌫ : ⌫̄ = 1 : 1, a flavour ratio of 1 : 1 : 1 at Earth, and an astrophysical

spectrum measured from [26].

11

Glashow  
resonance  
candidate νe + e− → W− → X

[IceCube, Nature 591 (2021) 220-224]

Significance depends 

on spectral index of 

neutrino flux:  

 for  

 for  

 for 

E−γ

2.3σ γ = 2.49

2.7σ γ = 2.89

2.6σ γ = 2.28

https://www.nature.com/articles/s41586-021-03256-1
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Very-High Energy Cosmic Rays

⟨Eν⟩ ≃ 1
2 ⟨Eγ⟩ ≃ 1

20 EN

G
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ac
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tic

[Particle Data Group'21]
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No significant steady or transient emission from known Galactic or 
extragalactic high-energy sources, but several interesting candidates.

Galactic
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27Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9

PKS 0502+049

TXS 0506+056
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Figure 9: The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and the six-

year HESE analysis (magenta fit) compared to the flux of unresolved extragalactic �-ray sources [100] (blue data)

and ultra-high-energy cosmic rays [101] (green data). The neutrino spectra are indicated by the best-fit power-law

(solid line) and 1� uncertainty range (shaded range). We highlight the various multimessenger interfaces: A: The

joined production of charged pions (⇡±
) and neutral pions (⇡0

) in cosmic-ray interactions leads to the emission of

neutrinos (dashed blue) and �-rays (solid blue), respectively. B: Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green

dashed). C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with

cosmic background photons (GZK mechanism).

Note, that the relative production rates of pionic gamma rays and neutrinos only depend on the

ratio of charged-to-neutral pions produced in cosmic-ray interactions, denoted by K⇡ = N⇡±/N⇡0 .

Pion production of cosmic rays in interactions with photons can proceed resonantly in the processes

p + � ! �+ ! ⇡
0 + p and p + � ! �+ ! ⇡

+ + n. These channels produce charged and

neutral pions with probabilities 2/3 and 1/3, respectively. However, the additional contribution

of nonresonant pion production changes this ratio to approximately 1/2 and 1/2. In contrast,

cosmic rays interacting with matter, e.g., hydrogen in the Galactic disk, produce equal numbers

of pions of all three charges: p + p ! N⇡ [ ⇡0 + ⇡
+ + ⇡

�] +X, where N⇡ is the pion multiplicity.

From above arguments we have K⇡ ' 2 for cosmic ray interactions with gas (pp) and K⇡ ' 1 for

interactions with photons (p�).

With this approximation we can combine Eqs. (1) and (2) to derive a simple relation between

17

[IceC
ube, Science 378 (2022)]

TXS 0506+056 NGC 1068

• High neutrino intensity 
compared to other 
cosmic backgrounds. 

• Open questions: 
★ origin? 
★ spectral features? 
★ consistent MM emission? 

• Some strong indications 
for individual sources: 
★ blazar TXS 0506+056 
★ Seyfert II galaxy NGC 1068 
★ Galactic plane 

• Many interesting (but 
weak) correlations with 
other candidate sources.
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• Standard paradigm: 
Galactic CRs accelerated 
in supernova remnants 

• diffusive shock 
acceleration: 

• rigidity-dependent escape 
from Galaxy: 

• Interaction of CRs with 
interstellar medium creates 
hadronic  &  emission.γ ν

[Baade & Zwicky'34] 
[Ginzburg & Sirovatskii'64]

nCR ∝ E−Γ

nCR ∝ E−Γ−δ

illustration of Milky Way 
[Credit: NASA]
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• neutrino emission from charged pion decay: 

• -ray emission from neutral pion decay: 

• intrinsic relation between neutrino and -ray emission: 

• observable -ray emission is attenuated in sources and, in particular, in 
extragalactic background radiation.

γ

γ

γ

π0 → γ + γ

Gamma-Ray vs. Neutrinos

29

1
3 ∑

α

EνQνα
(Eν) ≃ [EπQπ±(Eπ)]Eπ≃4Eν

1
2

EγQγ(Eν) ≃ [EπQπ0(Eπ)]Eπ≃2Eγ

1
3 ∑

α

E2
ν Qνα

(Eν) ≃
1
4

Kπ [E2
γ Qγ(Eγ)]Eγ≃2Eν

π+ → μ+ + νμ

μ+ → e+ + νe + ν̄μ
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 2 of 6
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B
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D

E

Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org at Copenhagen U
niversity on February 16, 2024

 [IceCube Science 380 (2023)]

Galactic diffuse  emission at  based on template analysis.ν 4.5σ
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with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute
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Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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Figure S9: Neutrino emission models used as templates in the Galactic plane search. The
spatial templates for the ⇡0 (A-C) and KRA

5
� (D-F) models of diffuse Galactic neutrino emis-

sion are shown. Each panel shows the Galactic plane in a band of ±30
� in latitude (b) and

±180
� longitude (l) in Galactic coordinates. The models are first convolved with the IceCube

detector acceptance (A, D) and then smeared with a Gaussian corresponding to the event uncer-
tainty. Two example analysis templates are shown for a smearing of 7

� (B, E) and 15
� (C, F).

The spatial distribution of the KRA
50
� model is similar to the KRA

5
� one shown here and it is

available in the IceCube data archive.
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Point-Source Significance Map

Figure S10: All-sky search significance as a function of direction with tested sources. Same
as in Figure 4, but with an additional 30

�-cutout (indicated by grey lines) in galactic coordinates
(longitude and latitude indicated by l and b, respectively). Teal contours enclose 20% and 50%
of the acceptance-corrected and smeared Fermi Bubbles template (FBs). Also shown are the
sources of each of the three stacking catalogs, where the locations of sources are indicated by
star, triangle, and circle symbols. The sources in the stacking catalogs follow the Galactic plane,
indicated by a dark line. The Galactic plane cutout (B) also shows the central 20% and 50%
contours of the ⇡0 model (⇡0

s ) convolved with detector acceptance and smeared with a Gaussian
corresponding to the uncertainty of a typical signal event (7�), as shown in Figure 1E.

S20

 [IceCube Science 380 (2023)]

No significant PS emission but local fluctuations align  with Galactic Plane.

ν



Markus Ahlers (NBI) Georges Lemaître Chair 2023
Figure S11: All-sky search significance and spectral index as a function of direction. The
best-fitting spectral index, weighted by pre-trial significance, is shown as a function of direction,
in equatorial coordinates (J2000 equinox) and Aitoff projection, for the all-sky search. The pixel
opacity is scaled by the pre-trial significance so more opaque locations are more significant. All
excesses of neutrinos are consistent with background fluctuations, given the large trials factor.
The Galactic plane is indicated by a grey curve with a magenta band, and the region between
±15� in galactic latitude is highlighted in Panel B. Contours enclose 20% and 50% of the ⇡0

model convolved with detector acceptance and smeared with a Gaussian corresponding to the
uncertainty of a typical signal event (7�).
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LHAASO Diffuse Emission
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FIG. 1. The significance maps in Galactic coordinate of the inner Galaxy region (panel (a)) and outer Galaxy region (panel (b)) above 25 TeV
after masking the resolved KM2A and TeVCat sources.

n = 2.5 to balance the source contamination and the residual
sky area. Exceptions are adopted for several very extended
sources, i.e., 6� for the Cygnus cocoon and 8� for Geminga
and Monogem, which are slightly larger than 2.5 times of their
extensions as compiled in TeVCat. Note that deviations from
Gaussian profiles of these sources may exist [41].

The residual contamination of resolved sources after the
masking is estimated from the morphological analysis for both
the resolved sources and the di↵use emission. We employ the
2D Gaussian templates weighted by the measured fluxes for
known sources. For the di↵use emission, we use the mor-
phology of the gas distribution as traced by the PLANCK dust
opacity map, assuming a uniform ratio between the dust opac-
ity and the gas column [42]. Fitting to the observational data
we can obtain the relative contributions of the di↵use com-
ponent and the residual source component. The contamina-
tion of resolved sources for n = 2.5 is found to be smaller
than 6% throughout the analyzed energy ranges, as summa-
rized in Table S1 of the Supplemental Material. Due to

the improvement of the PSF with energy, the contamination
decreases e�ciently at high energies. The contamination is
subtracted when calculating the fluxes of the di↵use emission.

We employ a test statistic (TS) that utilizes twice the
logarithmic likelihood ratio to determine the significance
of the di↵use emission. Specifically, we compute TS =
2 ln(Ls+b/Lb), where Ls+b and Lb represent the likelihoods
for the signal plus background hypothesis (H1) and the back-
ground only hypothesis (H0), respectively. We assume a
power-law model of the spectrum of the di↵use emission in
the fitting, with �(E) expressed as �0 (E/E0)�↵, where E0 =
50 TeV is the pivot energy. We implement a forward-folding
procedure to optimize the model parameters and estimate the
background from the observational data. Note that, the sta-
tistical uncertainties of the background are relatively large at
high energies, which need to be properly considered in the
fitting process.

The likelihood ratio is defined as

Ls+b

Lb
=

Qn
i=0 Poisson

⇣
Nobs

i ,N
sig
i (�0,↵) + Nbkg,1

i

⌘
· Gauss

⇣
No↵

i ; Nbkg,1
i ,�bkg

i

⌘

Qn
i=0 Poisson

⇣
Nobs

i ,N
bkg,0
i

⌘
· Gauss

⇣
No↵

i ; Nbkg,0
i ,�bkg

i

⌘ , (1)

where Nobs
i is the observed number of counts in the ROI in the

i-th energy bin, No↵
i is the estimated background number of

counts, Nsig
i is the predicted number of counts obtained from

folding the di↵use spectrum to the exposure and response
functions (energy and angular) of the KM2A detector, Nbkg,0

i

and Nbkg,1
i are predicted background numbers of counts un-

der the hypotheses H0 and H1, and �bkg
i is the statistical un-

certainty of the estimated background. Note that Nbkg,0
i and

Nbkg,1
i are nuisance parameters to be fitted.

To determine�bkg
i , we generate thousands of mock data sets

5

for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude

5

for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude

LHAASO observes 
enhanced 0.1-1 PeV 

diffuse -ray emission 
along Galactic Plane. 
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Analysis Sample

 [IceCube Science 380 (2023)]

yield at each DOM. Symmetries (such as rota-
tion, translation, and time invariance of the
neutrino interaction) and detector-specific do-
main knowledge are exploited by directly in-
cluding them in thenetwork architecture,which
is analogous to how a Monte Carlo simulation
would exploit this information. This differs
from previous CNN-based methods used in
neutrino telescopes (15), which inferred the
event properties directly from the observed
data. However, the observed IceCube data
are already convolved with detector effects,
making it difficult to exploit the underlying
symmetries. Our hybrid method is intended
to provide a more complete use of available
information. A description of the hybridmeth-
od has been published previously (16), and
we discuss its application to our dataset (30).
We found that this deep learning event se-

lection retains more than 20 times as many
events as that retainedwith the selectionmeth-
od used in the previous cascade-based Galactic
plane analysis of IceCube data (Fig. 2) (12). It
also provides improved angular resolution, by
up to a factor of 2 at tera–electron volt energies
(fig. S5) (16). The increased event rate ismostly
due to the reduced energy threshold and the
inclusion of events near the boundaries of
the instrumented volume (fig. S3). We analy-
zed 10 years of IceCube data, collected be-
tween May 2011 and May 2021. A total of
59,592 events were selected over the entire
sky in the energy range of 500 GeV to several
peta–electron volts, comparedwith 1980 events
from 7 years in the previous selection (12). We
estimate that the remaining sample has an
atmospheric muon contamination of about 6%
(30), whereas the astrophysical neutrino con-
tribution is estimated to about 7%, assuming

the observed flux (22). The remaining 87% of
the events are atmospheric neutrinos. These
fractions are not used in the analysis directly;
instead, we used the entire sample to derive a
data-driven background estimate.

Searches for Galactic neutrino emission

We used this event selection to perform
searches based on several neutrino emission
hypotheses (30). For each hypothesis, we used
a previously described maximum likelihood–
based method (31), modified to account for
signal contamination in the data-derived back-
groundmodel (11, 12). These techniques, decided
a priori and blind to the reconstructed event
directions, infer the background from the data
itself, avoiding the uncertainties introduced by
background modeling. We calculated P values
by comparing the experimental results with
mock experiments performed on randomized
experimental data. The backgrounds for these
searches—consisting of atmospheric muons,
atmospheric neutrinos, and the flux of ex-
tragalactic astrophysical neutrinos—are each
largely isotropic. The rotation of Earth ensures
that for a detector located at the South Pole,
the detector sensitivity to neutrinos at differ-
ent right ascensions is fairly uniform in each
declinationband. Therefore,we estimated back-
grounds by scrambling the right ascension
value of each event, preserving all detector-
specific artifacts in the data. Any systematic
differences between the modeling of signal
hypotheses and the true signal could reduce
the sensitivity of our search but would not
invalidate the resulting P values.
The source hypothesis tests were defined a

priori. They include tests for the diffuse emis-
sion expected from cosmic rays interacting

with the interstellar medium in the Galactic
plane, tests that use catalogs of known Galac-
tic sources of tera–electron volt gamma rays,
and a test for neutrino emission from the
Fermi Bubbles (large areas of diffuse gamma-
ray emission observed above and below the
Galactic Center) (32). We also performed an all-
sky point-like source search and a test for emis-
sion from a catalog of known giga–electron volt
(mostly extragalactic) gamma-ray emitters (sup-
plementary text). The results for each test (30)
are summarized in Table 1.

Galactic plane neutrino searches

We tested three models of Galactic diffuse
neutrino emission, extrapolated from the ob-
servations in gamma rays (Fig. 1B). These mod-
els are referred to as p0, KRA5

g, andKRA
50
g (33)

and are each derived from the same under-
lying gamma-ray observations (1). The model
predictions depend on the distribution and
emission spectrum of cosmic-ray sources in
the Galaxy, the properties of cosmic-ray diffu-
sion in the interstellar medium, and the spa-
tial distribution of target gas. Each neutrino
emission model was converted to a spatial tem-
plate, then convolved with the detector ac-
ceptance and the event’s estimated angular
uncertainty, to produce an event-specific spatial
probability density function (shown for a typical
event angular uncertainty of 7° in Fig. 1D).
The p0model assumes that themega–electron

volt–to–giga–electron volt p0 component, infer-
red from the gamma-ray emission, follows a
power law in photon energy (E) of E–2.7 and
can be extrapolated to tera–electron volt en-
ergies with the same spatial emission profile.
The KRAg models include a variable spectrum
in different spatial regions, use a harder (on
average) neutrino spectrum than that of the p0

model, and include a spectral cutoff at the
highest energies (33). In this analysis, the KRAg

models are tested with a template that uses a
constant, model-averaged spectrum over the
sky, roughly corresponding to an E–2.5 power
law, with either a 5 or 50 PeV cosmic-ray en-
ergy cutoff for the KRA5

g and KRA50
g models,

respectively. The KRAg models predict more
concentrated neutrino emission from the Ga-
lactic Center region, whereas the p0 model
predicts events more evenly distributed along
the Galactic plane. The corresponding neutrino
spectrumpredicted by each of thesemodels has
a cutoff at about 10 times lower energies.
We performed Galactic template searches

with the same methods as those of previous
Galactic diffuse emission searches (11, 12).
Because of the uncertainties in the expected
distribution of sources, and their emission spec-
trum and cosmic-ray diffusion, we make no
assumption about the absolute model nor-
malization. Instead, the analyses include an
unconstrained free parameter for the number
of signal events (ns) in the entire sky, which
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Fig. 2. Neutrino effective area and event selection comparison. (A) The all-flavor southern sky effective area
(AEff) of the IceCube dataset, averaged over a solid angle in the declination (d) range between –90° and –5°
as a function of Ev, the true neutrino energy. Results are shown for the deep learning event selection used in this
work (dark blue), a previous cascade event selection (light blue) (12), and a previous track event selection (gray)
(20) applied to the IceCube data. (B) The number of expected signal events (NAstro) in the Southern sky per
energy bin per year for each event selection, assuming an isotropic astrophysical flux (22). Calculations are based
on equal contributions of each neutrino flavor at Earth because of neutrino oscillations.
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Analysis Sample

 [IceCube Science 380 (2023)]

Figure S5: Cascade event angular resolution. The angular resolution, defined as quantiles of
the distribution of opening angles (� ) between true and reconstructed directions, as a function
of neutrino energy (E⌫) is shown for simulated events in this work (solid, black line and shaded
regions) and the previous cascade selection (12) (dashed-dotted). The dashed, orange curve
shows the angular resolution of contained events. Systematic uncertainties are not included.

as demonstrated in Figure S5. This is accomplished by the hybrid reconstruction method (16),

which exploits more information than the CNN-based method (15, 48) used in the previous

cascade selection. The energy resolution of this sample is illustrated in in Figure S6.

Combining maximum-likelihood with deep learning

The hybrid reconstruction method is a likelihood-based reconstruction algorithm that utilizes

deep learning to approximate the underlying probability density function (PDF), i.e. the pulse

arrival time distribution at each of the 5160 DOMs for any given light emitter-receiver con-

figuration. In previous reconstruction methods (19, 29), this PDF was incorporated by di-

mensionality reductions and other approximations. Our hybrid method uses neural networks

to model these high-dimensional and complex dependencies. It is constructed to exploit the

available physical symmetries and domain knowledge. Details on how the neural network ar-

S12

typical angular 
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 σPSF ≃ 7∘
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reconstruction using deep neutral networks (DNNcascade).
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Template and Catalog Searches

 [IceCube Science 380 (2023)]
with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute
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Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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Galactic Neutrino Populations

azimuthally symmetric distribution following SNRs (Case et al.)

+ modulation with spiral arms
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Galactic Neutrino Populations
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Hidden Galactic Sources?
9
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FIG. 4. Left panel: Summary of IceCube’s observations of isotropic and Galactic di↵use neutrino emission. The plot shows
the angular-integrated di↵use flux � of isotropic emission (red bands: HESE [80], cascades [81] and tracks [82]) and Galactic
emission (green bands: Fermi-LAT ⇡0 [83] and KRA� [19, 84]). The spectra are indicated by the best-fit spectrum (solid line)
and the 1� uncertainty range (shaded range). Right panel: Comparison of di↵use and quasi-di↵use emission templates from
the inner Galaxy. The template is smoothed over a Gaussian kernel with FWHM= 14� (white circle) corresponding to typical
angular resolution of 7� of IceCube’s cascade sample.
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Contribution of neutrino from "freshly" accelerated CRs  
most likely to dominate at highest observed energy ( ).≃ 100TeV
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Point-Source Sensitivities
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Point-Source Discovery Horizon

Galactic Di↵use Neutrino Emission from Sources beyond the Discovery Horizon
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The IceCube Neutrino Observatory has recently reported strong evidence for neutrino emission
from the Galactic plane. The signal is consistent with model predictions of di↵use emission from
cosmic ray propagation in the interstellar medium. However, due to IceCube’s limited potential
of identifying individual neutrino sources, it is also feasible that unresolved Galactic sources could
contribute to the observation. We investigate the contribution of this quasi-di↵use emission and
show that the observed Galactic di↵use flux at 100 TeV could be dominated by hard emission of
unresolved sources. Particularly interesting candidate sources are young massive stellar clusters that
have been considered as cosmic-ray PeVatrons. We examine whether this hypothesis can be tested
by the upcoming KM3NeT detector or the planned future facility IceCube-Gen2 with about five
times the sensitivity of IceCube.

I. INTRODUCTION

Cosmic rays (CRs) with energies up to a few PeV
are expected to originate in Galactic sources; see
e.g. Refs. [1–3] for recent reviews. This hypothesis can
be indirectly tested by observing the emission of �-rays
and neutrinos associated with the collisions of CRs with
gas in the vicinity of their sources or while they prop-
agate through the interstellar medium. Indeed, �-ray
observatories have detected a plethora of Galactic �-ray
sources [4–7] as well as extended di↵use emission [8–
12], which can be attributed, in part, to the presence
of CRs. However, the interpretation of these observa-
tions requires a careful modeling of absorption processes
as well as the inclusion of �-rays from synchrotron emis-
sion, bremsstrahlung, or inverse-Compton scattering of
high-energy electrons.

In a recent study [14], the IceCube experiment re-
ported the first observation of high-energy neutrino emis-
sion from the Galactic plane (GP) with a significance of
4.5�. The result is based on a fit of neutrino emission
templates derived from models of CR propagation and
interaction in the Milky Way [8, 19]. The best-fit nor-
malization of the angular-integrated per-flavor neutrino
flux is at the level of E2

⌫� ' 2 · 10�8 GeVcm�2s�1 at a
neutrino energy E⌫ = 100 TeV and marginally consistent
with model predictions; see e.g. Ref. [19]. The IceCube
analysis [14] is based on a selection of cascade events,
i.e. events with compact Cherenkov-light features follow-
ing from a cascade of secondary short-ranged particles.
Since these events have a relatively high angular uncer-
tainty of typically 7�, the analysis has a limited ability
to resolve degree-scale emission from individual neutrino
sources.

In the following, we investigate the contribution of un-
resolved Galactic neutrino sources to the Galactic di↵use
flux [20–27]. Analogous to the case of Galactic TeV �-ray
sources [28–30], the relative contribution of unresolved

sources to the Galactic di↵use emission is expected to in-
crease with energy due to the relatively soft emission from
CRs in the interstellar medium [19, 20, 23, 24, 26, 31–
39]. We present here a novel model-independent formal-
ism that parametrizes the (quasi-)di↵use Galactic emis-
sion in terms of the e↵ective source surface density and
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“IC Cascades” [14]) and the expected reach of KM3NeT [15]
and the proposed IceCube-Gen2 facility [16, 17] assuming a
monochromatic neutrino luminosity L100TeV = 1034 erg/s.
We indicate the location of Galactic arms [18] and nearby
candidate neutrino sources. See main text for details.
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angle ✓ is degenerate with declination � as ✓ = � + ⇡/2,
this background a↵ects the DP for sources in the North-
ern Sky, including sources in the direction of the GC. In
contrast, the point-source DP of cascade events used in
the study [14] has a more uniform coverage in terms of
declination.

Note that the discovery horizons shown in Fig. 1 as-
sume point-like sources and have to be corrected for the
enlarged angular extension of nearby sources. Assuming
an (e↵ective) source radius Rsrc and distance D > Rsrc,
the source angular radius becomes �src = sin�1(Rsrc/D).
We assume then that the DP of extended sources can be
approximated as:

�DP(E⌫ , �,�src) '

s
�2

PSF
+ �2

src

�2

PSF

�DP(E⌫ , �) , (7)

where �PSF is the size of the point-spread function (PSF);
see e.g. Ref. [29]. While this parameter in general de-
pends on source declination and neutrino energy, we will
use �PSF ' 0.2� (�PSF ' 7�) for track (cascade) events at
100 TeV [13–15, 17]. Note that these angular resolutions
represent optimistic values of the data samples that lead
to conservative DP estimates from Eq. (7).

We can now evaluate the expected number Nobs of ob-
served sources as:

Nobs =

Z
d⌦

Z Dmax(�)

Rsrc

dDD2⇢(r� + Dn(⌦)) , (8)

where Dmax(�) accounts for the scaled DP of Eq. (7).
So far, no Galactic neutrino point sources have been
identified, which implies an upper limit Nobs . 1. Fig-
ure 2 shows the corresponding exclusion limits of neu-
trino sources using IC tracks (solid blue contour) and IC
cascades (solid red contour). We assume here that the
sources have an extension of Rsrc = 10 pc, motivated by
the typical size of a SNR at the end of the Sedov-Taylor
phase [50]. Interestingly, IceCube’s current source DPs
are not su�cient to exclude a 100% contribution to the
Galactic di↵use flux over a wide range of source surface
densities and luminosities.

Figure 1 also shows the expected discovery horizon for
KM3NeT ARCA [43] as well as the planned IceCube-
Gen2 [16] (using the 10 year DP with surface array)for
the same benchmark luminosity. Using track events, op-
tical Cherenkov telescopes in the Northern Hemisphere
are expected to have an increased discovery horizon for
sources towards the GC. Notably, a recent analysis by
ANTARES [51] finds a hint for TeV neutrino emission
from the Galactic Ridge, although with weak significance
and consistent with earlier upper limits [52]. The ex-
pected exclusion contours of KM3NeT and IceCube-Gen2
are shown in Fig. 2 as dashed contours. These detectors
will be able to probe the contribution of rare but power-
ful Galactic sources if they dominate (> 50%) the di↵use
emission at 100 TeV as long as the source extension is
limited to about 10 pc.
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FIG. 2. Comparison of the Galactic di↵use neutrino emission
to the e↵ective local surface density and luminosity of Galac-
tic neutrino source populations. The green dashed lines show
the contributions in terms of the observed angular-integrated
neutrino flux at 100 TeV. The solid contours indicate popula-
tions where bright sources with an extension of Rsrc = 10 pc
should have been discovered in IceCube’s point-source stud-
ies (“IC Tracks” [13] and “IC Cascades” [14]). The dashed
contours show the expected reach of KM3NeT [15, 49] and
the proposed IceCube-Gen2 facility [16, 17]. We also indicate
the required luminosity of pulsar wind nebulae (PWNe), su-
pernova remnants (SNRs), hypernovae remnants (HNRs) and
young massive star clusters (YMSCs) to saturate the di↵use
emission at 100 TeV.

Note that, to be conservative, the KM3NeT DP from
Ref. [15] shown in Fig. 1 excludes the region � & 50�

which is only visible above the horizon [15, 43]. However,
similar to IceCube, future event selections of KM3NeT
are also expected to probe neutrino sources via high-
energy track events at high declination angles. Like-
wise, KM3NeT is also expected to have a good sensi-
tivity and angular resolution to cascade events [43]; see
also Ref. [27]. Similarly, IceCube-Gen2 is also expected
to improve the detection prospects of Galactic neutrino
sources with the inclusions of cascade events as well as by
a surface veto for atmospheric background events [16, 17].

The discovery horizon of Galactic sources depends
strongly on the source extension. As an illustration,
Fig. 3 shows the exclusion limits of Galactic populations
(as compared to Fig. 2) for point-like sources (left panel)
and sources with a radius of Rsrc = 50 pc (right panel),
typical for YMSCs [53] and also an average value for the
radius of a Pulsar TeV Halo, which can extend up to
⇠ 100 pc [54]. Indeed, identifying PeVatrons of large ex-
tension will be challenging for the upcoming detectors,
even though dedicated multi-messengers analyses might
improve the discovery prospects. Note that the sources
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Point Source vs. Quasi-Diffuse Flux

flux over a wide range of source surface densities and
luminosities. Figure 2 also indicates the required luminos-
ities for different source types examined in detail in Sec. IV.
Figure 1 also shows the expected discovery horizon for

KM3NeTARCA [39] as well as the planned IceCube-Gen2
[40] (using the 10 year DP with surface array) for the
same benchmark luminosity. Using track events, optical
Cherenkov telescopes in the Northern Hemisphere are
expected to have an increased discovery horizon for
sources toward the GC. Notably, a recent analysis by
ANTARES [51] finds a hint for TeV neutrino emission
from the Galactic Ridge, although with weak significance
and consistent with earlier upper limits [52]. The expected
exclusion contours of KM3NeT and IceCube-Gen2 are
shown in Fig. 2 as dashed contours. These detectors will be
able to probe the contribution of rare but powerful Galactic
sources if they dominate (>50%) the diffuse emission
at 100 TeV as long as the source extension is limited to
about 10 pc.
Note that, to be conservative, the KM3NeT DP from

Ref. [38] shown in Fig. 1 excludes the region δ≳ 50° which
is only visible above the horizon [38,39]. However, similar
to IceCube, future event selections of KM3NeT are also
expected to probe neutrino sources via high-energy track
events at high declination angles. Likewise, KM3NeT is
also expected to have a good sensitivity and angular
resolution to cascade events [39]; see also Ref. [22].
Similarly, IceCube-Gen2 is also expected to improve the
detection prospects of Galactic neutrino sources with the
inclusions of cascade events as well as by a surface veto for
atmospheric background events [40,41].
The discovery horizon of Galactic sources depends

strongly on the source extension. As an illustration,

Fig. 3 shows the exclusion limits of Galactic populations
(as compared to Fig. 2) for pointlike sources (left panel)
and sources with a radius of Rsrc ¼ 50 pc (right panel),
typical for YMSCs [53] and also an average value for
the radius of a Pulsar TeV Halo, which can extend up to
∼100 pc [54]. Indeed, identifying PeVatrons of large
extension will be challenging for the upcoming detectors,
even though dedicated multimessenger analyses might
improve the discovery prospects. Note that the source
extension is less relevant for the cascade-based analyses
of Ref. [13] due to the large intrinsic angular uncertainty of
event reconstructions in IceCube. We also emphasize that
in a more realistic scenario sources will have different sizes,
and this could impact the limits as well. For instance, if
local sources have a reduced radius with respect to sources
near the Galactic Center, this might well lead to limits very
near to the pointlike case shown in the left panel of Fig. 3.
IceCube also searched for the combined neutrino emis-

sion from three catalogs of SNRs, PWNe, and unidentified
γ-ray sources in Ref. [13], updating previous stacking
searches in IceCube [42,55]. Each catalog was comprised
of 12 local γ-ray sources with most promising expectations
for neutrino emission under the hypothesis of correlated
γ-ray and neutrino production from CR interactions.
Assuming an equal weight for each source, the IceCube
analysis finds an excess of more than 3σ from each of these
catalogs; however, as already pointed out in Ref. [13], it is
difficult to interpret these results as independent evidence
of neutrino sources due to the spatial overlap with the
Galactic diffuse emission templates and the limited angular
resolution of the cascade data.
We will therefore consider in the following the per-flavor

upper limits of IceCube’s catalog stacking searches to

FIG. 3. Same as Fig. 2 but now showing the discovery potential for pointlike sources (left panel) and for sources with a 50 pc radius
(right panel).
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point-sources extended sources

and the local source surface density Σ⊙ (left axis) related to
the expected1 total number of sources N (right axis). The
green lines show the combinations of L100 TeV and Σ⊙ that
contribute to the observed angular-integrated Galactic
neutrino emission at 100 TeV at levels of 1%, 10%
and 100%.

III. LIMITS ON GALACTIC POPULATIONS

The nonobservation of individual Galactic neutrino
sources by IceCube implies a limit on the Galactic source
surface density Σ⊙ and luminosity L100 TeV. We make use
of IceCube’s discovery potential (DP) ΦDP (units of
GeV−1 cm−2 s−1) for pointlike neutrino sources using
track [42] and cascade events [13] that strongly depend
on neutrino energy Eν and source declination δ. For a given
source luminosity L100 TeV these discovery potentials
define a declination-dependent discovery horizon of the
form

DmaxðδÞ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L100 TeV

4π½E2
νΦDPðEν; δÞ$Eν¼100 TeV

s
: ð6Þ

Figure 1 shows this horizon for Galactic sources for two
IceCube analyses (“IC Tracks” [42] and “IC Cascades”
[13]) and a monochromatic neutrino luminosity L100 TeV ¼
1034 erg s−1 as thick solid contours. We also indicate
nearby potential neutrino sources from three source classes:
SNRs and PWNe from the catalog search of Ref. [13] and a
list of nearby YMSCs [46–49] (see Appendix C for details).
The point-source DP of track events shows a particularly
strong dependence on Galactic longitude related to the
strong background of muons produced by CR interactions
above the detector. Owing to IceCube’s location at the
South Pole, where the zenith angle θ is degenerate with
declination δ as θ ¼ δþ π=2, this background affects the
DP for sources in the Southern Sky, including sources in the
direction of the GC. In contrast, the point-source DP of
cascade events used in the study [13] has a more uniform
coverage in terms of declination.
Note that the discovery horizons shown in Fig. 1 assume

pointlike sources and have to be corrected for the enlarged
angular extension of nearby sources. Assuming an
(effective) source radius Rsrc and distance D > Rsrc, the
source angular radius becomes σsrc ¼ sin−1ðRsrc=DÞ. We
assume then that the DP of extended sources can be
approximated as

ΦDPðEν; δ; σsrcÞ ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2PSF þ σ2src

σ2PSF

s

ΦDPðEν; δÞ; ð7Þ

where σPSF is the size of the point-spread function (PSF);
see e.g. Ref. [24]. While this parameter in general depends
on source declination and neutrino energy, we will use
σPSF ≃ 0.2° (σPSF ≃ 7°) for track (cascade) events at
100 TeV [13,38,41,42]. Note that these angular resolutions
represent optimistic values of the data samples that lead to
conservative DP estimates from Eq. (7).
We can now evaluate the expected number Nobs of

observed sources as

Nobs ¼
Z

dΩ
Z

DmaxðδÞ

Rsrc

dDD2ρðr⊙ þDnðΩÞÞ; ð8Þ

whereDmaxðδÞ accounts for the scaled DP of Eq. (7). So far,
no Galactic neutrino point sources have been identified,
which implies an upper limit Nobs ≲ 1. Figure 2 shows the
corresponding exclusion limits of neutrino sources using IC
tracks (solid blue contour) and IC cascades (solid red
contour). We assume here that the sources have an
extension of Rsrc ¼ 10 pc, motivated by the typical size
of a SNR at the end of the Sedov-Taylor phase [50].
Interestingly, IceCube’s current source DPs are not suffi-
cient to exclude a 100% contribution to the Galactic diffuse

FIG. 2. Comparison of the Galactic diffuse neutrino emission
to the effective local surface density and luminosity of Galactic
neutrino source populations. The green dashed lines show the
contributions in terms of the observed angular-integrated neutrino
flux at 100 TeV. The solid contours indicate populations
where bright sources with an extension of Rsrc ¼ 10 pc should
have been discovered in IceCube’s point-source studies (“IC
Tracks” [42] and “IC Cascades” [13]). The dashed contours show
the expected reach of KM3NeT [38,45] and the proposed
IceCube-Gen2 facility [40,41]. We also indicate the required
luminosity of PWNe, SNRs, hypernovae remnants (HNRs) and
YMSCs to saturate the diffuse emission at 100 TeV.

1Note that the actual number of sources could be significantly
impacted by Poisson fluctuations in the case of lowN . This is not
accounted for in this study.
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Galactic Diffuse Emission from a Global Fit of Cosmic Rays Georg Schwefer
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Figure 3: Neutrino intensity spectra in the window |1 | < 8�, |; | < 80�. The left column shows the prediction
of our fiducial model of truly diffuse emission only, the right column show the prediction combined with the
model of unresolved sources from [3]. The shaded bands represent the uncertainties from the various inputs
to the GDE model, the magnitude of which relative to the prediction of the fiducial model can be seen in the
lower panels. The baseline intensities predicted by the Fermi-c0, KRAW-5, and KRAW-50 models are shown
in the dashed, dotted and solid gray lines, respectively. The IceCube measurements reported in [5] along
with their uncertainties are indicated by the shaded bands around the blue, green and red lines.

deviate from the morphology of the truly diffuse emission determined by the product of GCR and
gas distributions in the Milky Way. The morphology resulting from the model of unresolved sources
considered in this work appears similar enough to give a consistent description in both windows.
The conclusions drawn on this matter from the IceCube measurements somewhat depend on the
particular model considered in the analysis. However, above 10 TeV, i.e. the range that overlaps
with the LHAASO measurements, the excess is at a similar level as seen there, strengthening the
above conclusions. This similarity is also a clear indicator that the observed GDE of gamma-rays
is primarily produced in hadronic processes. In the future, measurements in different IceCube
channels such as [41] that will be sensitive in different regions of the galactic plane could be of
major help to further shed light on the morphology of GDE.

On the energy spectrum of the GDE, we remark on the consistency between the spectra
measured by LHAASO in both windows, which challenge models with a spectrum dependent on
galactocentric radius such as the KRAW models and those shown in [40]. Beyond this, it is also
noteworthy that the LHAASO result shows no signs of a spectral softening above 100 TeV that
would reflect the cosmic ray “knee”. This will be interesting to monitor while the measurements of
GDE will inevitably become more precise over the next few years.

Finally, we reiterate that our fiducial gamma-ray and neutrino models, the underlying GCR
distributions and the fitted local GCR fluxes with their uncertainties are available on zenodo.

7

Contribution of unresolved Galactic sources improve MM fits.

 [Schwefer, Mertsch & Wiebusch '23; see also Shao, Lin & Yang'23] ν
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Galactic Diffuse Emission from a Global Fit of Cosmic Rays Georg Schwefer

10�6

10�5

10�4

E
2.

7
J

in
s�

1
cm

�
2

sr
�

1
G

eV
1.

7

|b| < 5�, 15� < l < 125�

Fiducial Model

LHAASO rescaled

Statistical from CR fit

CR source distribution

Gas map

Cross-section

ISRF

|b| < 5�, 15� < l < 125�

Fid. Mod.+Unr. Src.

Fiducial Model

LHAASO rescaled

Statistical from CR fit

CR source distribution

Gas map

Cross-section

ISRF

Unresolved sources

0.5

1.0

1.5

10�6

10�5

10�4

E
2.

7
J

in
s�

1
cm

�
2

sr
�

1
G

eV
1.

7

|b| < 5�, 125� < l < 235� |b| < 5�, 125� < l < 235�

101 102 103 104 105 106 107

E in GeV

0.5

1.0

1.5

101 102 103 104 105 106 107

E in GeV

Figure 2: Gamma-ray intensity spectra in two windows in the galactic plane: |1 | < 5�, 15� < ; < 125�

(inner, top row) and |1 | < 5�, 125� < ; < 235� (outer, bottom row). The left column shows the prediction
of our fiducial model of truly diffuse emission only, the right column show the prediction combined with the
model of unresolved sources from [3]. The shaded bands represent the uncertainties from the various inputs
to the GDE model, the magnitude of which relative to the prediction of the fiducial model can be seen in the
lower panels. The model is compared with the observations by LHAASO [4], rescaled by factors of 1.61
(inner) and 1.02 (outer), respectively, to correct for the applied source mask as suggested in [4].

4. Discussion and Conclusions

The comparison of the CRINGE model with the measurements in figures 2 and 3 shows that
an additional flux of unresolved sources on top of the truly diffuse emission is likely necessary to
match the measurements, a conclusion also recently drawn in [e.g. 39]. Note that on the basis of
this alone, other scenarios leading to GDE intensities greater than predicted by the CRINGE model
such as those presented in [40] can of course not be excluded. A corollary of this is that scenarios
for the transport of GCRs at TeV and PeV energies that would lead to lower GDE intensities than
the homogeneous and isotropic diffusion assumed for the CRINGE model are only viable when a
very large contribution from unresolved sources is considered.

Regarding the morphology of GDE, we note that the LHAASO measurements exceed the
prediction of our fiducial model by a similar factor 2 in both windows. This is an indication that the
morphology of the additional flux component needed to explain the measurements does not strongly
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FIG. 1. The significance maps in Galactic coordinate of the inner Galaxy region (panel (a)) and outer Galaxy region (panel (b)) above 25 TeV
after masking the resolved KM2A and TeVCat sources.

n = 2.5 to balance the source contamination and the residual
sky area. Exceptions are adopted for several very extended
sources, i.e., 6� for the Cygnus cocoon and 8� for Geminga
and Monogem, which are slightly larger than 2.5 times of their
extensions as compiled in TeVCat. Note that deviations from
Gaussian profiles of these sources may exist [41].

The residual contamination of resolved sources after the
masking is estimated from the morphological analysis for both
the resolved sources and the di↵use emission. We employ the
2D Gaussian templates weighted by the measured fluxes for
known sources. For the di↵use emission, we use the mor-
phology of the gas distribution as traced by the PLANCK dust
opacity map, assuming a uniform ratio between the dust opac-
ity and the gas column [42]. Fitting to the observational data
we can obtain the relative contributions of the di↵use com-
ponent and the residual source component. The contamina-
tion of resolved sources for n = 2.5 is found to be smaller
than 6% throughout the analyzed energy ranges, as summa-
rized in Table S1 of the Supplemental Material. Due to

the improvement of the PSF with energy, the contamination
decreases e�ciently at high energies. The contamination is
subtracted when calculating the fluxes of the di↵use emission.

We employ a test statistic (TS) that utilizes twice the
logarithmic likelihood ratio to determine the significance
of the di↵use emission. Specifically, we compute TS =
2 ln(Ls+b/Lb), where Ls+b and Lb represent the likelihoods
for the signal plus background hypothesis (H1) and the back-
ground only hypothesis (H0), respectively. We assume a
power-law model of the spectrum of the di↵use emission in
the fitting, with �(E) expressed as �0 (E/E0)�↵, where E0 =
50 TeV is the pivot energy. We implement a forward-folding
procedure to optimize the model parameters and estimate the
background from the observational data. Note that, the sta-
tistical uncertainties of the background are relatively large at
high energies, which need to be properly considered in the
fitting process.

The likelihood ratio is defined as

Ls+b

Lb
=

Qn
i=0 Poisson

⇣
Nobs

i ,N
sig
i (�0,↵) + Nbkg,1

i

⌘
· Gauss

⇣
No↵

i ; Nbkg,1
i ,�bkg

i

⌘

Qn
i=0 Poisson

⇣
Nobs

i ,N
bkg,0
i

⌘
· Gauss

⇣
No↵

i ; Nbkg,0
i ,�bkg

i

⌘ , (1)

where Nobs
i is the observed number of counts in the ROI in the

i-th energy bin, No↵
i is the estimated background number of

counts, Nsig
i is the predicted number of counts obtained from

folding the di↵use spectrum to the exposure and response
functions (energy and angular) of the KM2A detector, Nbkg,0

i

and Nbkg,1
i are predicted background numbers of counts un-

der the hypotheses H0 and H1, and �bkg
i is the statistical un-

certainty of the estimated background. Note that Nbkg,0
i and

Nbkg,1
i are nuisance parameters to be fitted.

To determine�bkg
i , we generate thousands of mock data sets

5

for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude

5

for each energy bin by randomly assigning the arrival time
of every event in the observational data. We then apply the
same background estimation technique to each mock data set,
which yields a distribution of estimated background counts
(No↵

i ) for given energy bin. This distribution can be approxi-
mately described by a Gaussian distribution with width �bkg

i .
The likelihood function in Eq. (1) includes a Poisson term,
representing the statistical probability of the observed number
of events, and a Gaussian term, representing the probability
of the background fluctuation. The flux in each energy bin is
determined by fitting the normalization parameter �0, while
the spectral index is fixed at the best-fit value obtained from
the whole-band fitting.

Results. — The LHAASO-KM2A significance maps of the
two sky regions after masking detected sources are shown in
Fig. 1. The one-dimensional significance distributions are
given in Fig. S2 in the Supplemental Material. As a
comparison, reference regions which are ROIs shifted along
the right ascension (R.A.) in the celestial coordinates show
standard Gaussian distributions of the significance, indicat-
ing that our background estimate is reasonable (Fig. S2 of the
Supplemental Material). The total significance of the in-
ner (outer) Galaxy region is 29.1� (12.7�). No significant
point-like sources are present in the significance maps after
the mask, except for some hot spots, which need more data to
confirm whether they are point-like sources or di↵use emis-
sions. The LHAASO results give the first measurement of
di↵use emission in the outer Galaxy region in the VHE-UHE
domain.

Fig. 2 shows the derived fluxes of the di↵use emission in
the two regions. The fluxes in di↵erent energy bins are tabu-
lated in Tables S2 and S3 of the Supplemental Material).
From Fig. 1 we can see that considerable regions along the in-
nermost Galactic disk are masked for the inner Galaxy region.
Since the expected di↵use emission is non-uniform, the cur-
rent measurements are thus not equivalent to the total average
emission in the ROIs. As an estimate, we find that the aver-
age di↵use emission in the ROIs without any masking will be
higher by ⇠ 61% and ⇠ 2% than our measurements assum-
ing a spatial template of the PLANCK dust opacity map in the
inner and outer Galactic regions, respectively.

We fit the measured spectrum using a power-law function,
finding that the index is �2.99 ± 0.04stat for the inner Galaxy
region and �2.99 ± 0.07stat for the outer Galaxy region (see
Table I). Possible spectral structures deviating from power-
laws are not significant, and more data statistics are needed to
further address such issues. As a comparison, the power-law
fitting to the spectrum without subtracting the residual source
contamination as given in Table S1 obtains �3.01 ± 0.04stat
for the inner region and �2.99 ± 0.07stat for the outer region,
indicating that the e↵ect due to residuals of known sources is
minor.

In Fig. 3, we present the longitude and latitude profiles for
the two sky regions, for energy bands of 10 � 63 TeV and
63 � 1000 TeV. The latitude integration range when deriving
the longitude profile is from �5� to +5�, and the longitude in-
tegration ranges for the latitude profiles are the same as the
definitions of the ROIs. The di↵use emission shows a clear
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FIG. 2. Measured fluxes of di↵use �-ray emission in the inner and
outer Galaxy regions. The smaller error bars show the statistical er-
rors and the larger ones show the quadratic sum of the statistical and
systematic errors. In each panel, the dashed line shows the best-
fit power-law function of the data, the grey shaded band shows the
model prediction assuming local CR spectra and the gas column den-
sity with the same mask as the data, and the cyan shaded band is the
grey one multiplied by a constant factor of 3.0 for the inner region
and 2.0 for the outer region.

TABLE I. Fitting parameters of the LHAASO-KM2A di↵use spec-
tra.

�0 ↵

(10�14 TeV�1 cm�2 s�1 sr�1)
Inner Galaxy 1.00 ± 0.04stat ± 0.09sys �2.99 ± 0.04stat ± 0.07sys

Outer Galaxy 0.44 ± 0.04stat ± 0.05sys �2.99 ± 0.07stat ± 0.12sys

decrease from the inner Galaxy to the outer Galaxy and a con-
centration in the low Galactic latitudes. We fit the longitude
and latitude distributions using the gas template traced by the
PLANCK dust opacity map, as shown by the solid line in each
panel. The results show that the measured latitude distribu-
tions generally agree with the gas distribution, except for a
slight deviation for 10 � 63 TeV profile in the outer region
(the p-value of the fitting is about 0.03). We can see a clear
deviation of the data from the gas template for the longitude
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Cygnus Region

ray bubble that extends to more than 6! from the center, (ii) the
detection of hot spots associated with massive molecular clouds,
(iii) the observation of the spectral energy distribution (SED) of
the bubble up to 2 PeV, and (iv) finding a new source nearly at
the center of the bubble, spatially coincident with both Cygnus
OB2 and Cyg X-3.

The new results are based on substantially enhanced (by a fac-
tor of five) statistics of photons detected by KM2A andWCDA since
the beginning of full operation in 2021. Overall, about 3200
photon-like events with energies over 100 TeV have been regis-
tered from LHAASO J2032+4102 within the radius 10!. Moreover,
thanks to WCDA, the spectral measurements have been extended
down to 2 TeV. The new data set allows spectral and morphological
measurements with comparable angular and energy resolutions
over three energy decades.

Fig. 1 shows the contour map of 2–20 TeV c-rays obtained
towards Cygnus X, and 66 individual photon-like events of ener-
gies exceeding 400 TeV. The estimated cosmic ray background is
about 9.5, and the contamination will be smaller with the increase
of energy benefiting from the improvement of rejection power.
There are 8 events with energy above 1PeV, whileas the back-
ground is only 0.75. Considering the small background-to-signal
ratio, we get valuable information from the individual events. They

are distributed inhomogeneously. In general, the density is higher
at a closer distance to the core. Especially within 0:5! radius around
Cygnus OB2, 7 events above 400 TeV have been detected, including
two photons of energies exceeding 1 PeV. This implies the opera-
tion of central CR accelerator(s) that injects relativistic protons
and nuclei into the circumstellar medium (see the Supplementary
materials).

To study the hot spots and the much broader diffuse c-ray
structure (‘‘bubble”), the contribution from all individual sources
that show up in the region of interest (ROI) should be removed
from the analysis. To separate the signal from individual sources
and extended emission, a 3-dimensional (3D) fitting procedure
has been developed, which is widely used by experiments in the
c-ray band to deal with complex astronomical environments. The
spatial and spectral parameters are fitted simultaneously by max-
imizing the likelihood value. The very extended emission is mod-
eled by a combination of a Gaussian distribution and a template
based on the angular pattern of the HI and H2 gas distributions.

2.1. Individual sources

In this relatively compact central region with a radius of 0:5!

(hereafter, the core), Cygnus OB2, a massive OB association, and
the powerful X-ray binary Cyg X-3 are located. There are three
TeV sources, including the hard-spectrum TeV source TeV J2032
+4130 [8] (=LHAASO J2031+4127), binary system PSR J2032
+4127/MT91 213 [9] and the UHE source LHAASO J2032+4102
[4], detected in this region. The resolved sources potentially corre-
lated with previous TeV sources are discussed in the Supplemen-
tary materials. A new source (LHAAO J2031+4057), detected by
WCDA below 10 TeV, is also found in the core region, in spatial
association with both Cygnus OB2 and Cyg X-3. The similarity of
spectral shape with the extended emission suggests that this
source is presumably a part of the bubble. The increase of TS by
adding a new source at the core region is 18 for KM2A, which
shows a hint of excess but it is not significant now.

Immediately outside the core is a TeV c-ray source, which is
associated with the middle-aged supernova remnant c-Cygni
[10]. The source has been detected by LHAASO up to 100 TeV.
The detailed study of this interesting object, which overlaps with
the bubble, will be published elsewhere. In this paper, it is modeled
using a 2D Gaussian template. The r-parameter of the Gaussian
template is 0:23!.

2.2. The Cygnus bubble

After the removal of all (identified and unidentified) c-ray
sources, a giant c-ray structure (hereafter, the Cygnus Bubble) is
revealed both in the WCDA and KM2A data. The residual structure,
detected from "2 TeV to P 1 PeV and spreading to " 10!, formally
is fitted with a Gaussian template for the inner part, H2 gas
distribution together with an extended tail approximately propor-
tional to the HI angular distribution pattern. The values of the r-
parameter of the Gaussian distribution derived from the WCDA
and KM2A data are similar: 2:28! # 0:14! and 2:17! # 0:10!, with
centers at ðl; bÞ ¼ ð79:61! # 0:23!; 1:65! # 0:24!) and (79:62!#
0:18!; 1:16! # 0:18!), respectively. The significance maps in differ-
ent energy intervals show a strong brightening of the bubble
toward the core (see Fig. 2).

The distribution of c-ray emission and the estimated Galactic
diffuse c-ray emission (GDE) as functions of the galactic longitude
are shown in Fig. 2 (the bottom row of panels). It is clear that the c-
ray brightness distribution is much sharper than the distribution of
GDE, ruling out a significant contribution of GDE to the bubble’s
emision. Indeed, the GDE is produced in interactions of the cosmic

Fig. 1. (Color online) Photon distribution in the Cygnus-X region. The size of the
circle labels the point spread function of LHAASO-KM2A in the energy range above
100 TeV. The significance map of c-rays from 2 to 20 TeV of the bubble is shown by
grey contours starting from 3r with a step of 3r. This structure is about 20! in
longitude and latitude. The blue diamond located at the centre of the c-ray image
marks LHAASO J2031+4127, which coincides with the unidentified source TeV 2031
+4130 [8]. There are 66 photon-like events within a radius of 6 degrees with an
estimated background of 9.5. Eight events with energy above 1 PeV are marked
with black circles, 12 events with energy between 600 TeV and 1 PeV are shown as
pink, and the other 46 events with energy between 400 and 600 TeV are shown
with blue circles. The photons below 400 TeV extend beyond 6! , but with a higher
CR background contamination, so we do not show them individually on the map. In
particular, as shown in the zoom-in figure, seven of these high energy photons, 2 of
them with energy above 1PeV, are located in the region of radius of 0:5! relative to
the centre (red circle), which is roughly the size of the massive star association
Cygnus OB2. Possible contamination of the CR background is only 0.07 events. This
region contains at least three interesting objects-Cygnus OB2 (red circle), Cyg X-3
(cyan diamond), and the powerful pulsar PSR J2031+4127 (blue diamond). The
larger circle in black dotted line represents the ROI used in this study, while the
shaded circle within black dotted line marks the masked region near the
unidentified source LHAASO J2018+3651. This source is bright and reveals a large
spatial extension, and thus a circular region with a radius of 2:5! is masked in the
analysis.
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• LHAASO observes extended -ray emission from Cygnus region. 

• Soft spectrum ( ) with "hot spots" correlated to molecular clouds. 

• Emission reaches PeV, indicating CR PeVatron(s) in the central region.

γ

Γ ≃ 2.7

cient, namely wp / Lp=D0. While the proton density wp is derived
directly from the c-ray observations and gas distributions, Lp is
limited by the available kinetic power of the accelerator. For exam-
ple, for D0 ’ 3! 1026 cm2 s"1 with b ¼ 0:7, the calculations shown
in Fig. 4, require Lp ’ 1037 erg s"1, which is about 1% of the kinetic
power of the collective stellar winds in the case of Cygnus OB2. The
diffusion coefficient is about 2–3 orders of magnitude smaller than
the standard value of the diffusion coefficient in the interstellar
medium (ISM) derived from the observations of secondary cosmic
rays [15]. For any reasonable acceleration mechanism, the fraction
of the wind mechanical energy converted to CR energy can hardly
exceed 10%. Thus, it is unlikely to increase D0 by more than one
order of magnitude, implying that in any realistic model, the CR
diffusion inside the bubble should be much slower than that in
ISM. The model predicts significant excess of P 100 TeV proton
density (compared to the CR sea) up to several hundred parsecs
(see Fig. 5). Therefore, this scenario predicts the bubble extension

in UHE c-rays out to 10$. However, because of the low brightness,
detecting the outskirts of the bubble is a difficult task.

The proposed model roughly reproduces the 1D c-ray intensity
profiles along with the SED of the bubble, as demonstrated in Fig. 4.
Note that the exponential cutoff energy E0 is a formal fitting
parameter and does not represent the end of the injection spec-
trum. The spectrum extends to at least 10PeV as demanded by
the detection of photons above 1PeV, although E0 ¼ 5 PeV is
employed in the present model. In the model, the 2$ Gaussian com-
ponent is considered to be of the same origin as the Cygnus cocoon
measured by Fermi-LAT in the GeV band, which can be ascribed to
the interactions between injected CRs and atomic gas within
150 pc from the center. The hot spots coincident with molecular
clouds are explained as well if the molecular clouds are located
at % 100 pc from the center with an inclination angle of 30$ with
respect to the observer’s line of sight, so that the projection dis-
tance between the hot spots and the center is about 50 pc (or 2$).

Fig. 4. (Color online) Modeling of the Cygnus bubble that simultaneously fits the SEDs and 1-dimensional (1D) intensity profiles of c-rays. (a) The measured fluxes from the
entire bubble (black squares), from the 2$ Gaussian component or LHAASO J2027+4119 (red squares), and from the CO template (blue squares). Orange diamonds present the
flux of the Cygnus cocoon measured by Fermi-LAT [5]. The proton injection luminosity is Lp ¼ 1037 erg s"1 with the acceleration spectrum E"2:25

p expð"Ep=5 PeVÞ. The diffusion
coefficient is DðEpÞ ¼ 3! 1026ðEp=1 TeVÞ0:7 cm2 s"1. The black solid, blue dashed, and red dot-dashed curves showcase the emission of the entire 6$ bubble (including the DGE
from this region), the emission from interactions between injected protons and MCs, the emission from interactions between protons and atomic gas, respectively. Panels (b–
d) show the measured surface brightness profile (SBP) in the energy ranges of 2–20, 25–100, and > 100 TeV (red crosses), in comparison with the model prediction (black
curves). Dotted curves show the expected contribution of GDE. See the Supplementary materials for details of the model.
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