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The Galactic Plane and IceCube Stockholm

University
Galactic Neutrinos:

CR+ISM: 2,77, 7% (~ 1 : 1 : 1) from hadronic p-p interactions
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The Galactic Plane is Challenging for IceCube Do

107 C ~=- MkSmk B « Track point source sensitivity

ST il s S (2020, doi101103/PhysRevLett124.051103 )
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T; Galactic plane is mainly in the south

g Center is at § = —29°

T — Challenging observation for IceCube
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https://doi.org/10.3847/1538-4357/aa8dfb
https://arxiv.org/pdf/1910.08488
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The Galactic Plane is Challenging for IceCube 4 Stockholm
107 ac S S « Track point source sensitivity
- T RS B (2020, doi:101103/PhysRevLett124.051103 )
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Galactic plane is mainly in the south
Centerisat§ = -29°
= Challenging observation for IceCube
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First IC GP results using tracks —
(1.50 2017, doi:10.3847/1538-4357/aa8dfb)
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Using unbinned maximum & template fit
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https://doi.org/10.3847/1538-4357/aa8dfb
https://arxiv.org/pdf/1910.08488

2023: Observation of high-energy v from the Galactic plane Stockholm

University
o KRA{I Model — KRA:’: Best-Fit v Flux
.. KRAi" Model — KRA‘;’“ Best-Fit v Flux
=+ 70 Model = 7¥ Best-Fit v Flux
IceCube All-Sky v Flux (22)
. . 10°°
Model ng Flux Significance _
‘E
Fermi-LAT z° 748 21.8153* 4710 ,
5 PeV +0.18 g
KRAY 276 0.55_015 X MF 4.370. :} 1077
KRAPeY 211 037913 x MF 3960 v
— Trials-corrected significance: 10
4.480 v observation of the Milky Way e - e
— GP flux contributes approx. 10 % to astrophysical flux E. [GeV]

— Partial contribution from unresolved sources in the
GP can not be excluded
Steve
Sclafani

Mirco
Hinnefeld

* 72 H — H —12 2
E*® at 100 TeV assuming SPLy = 2.7 in 107"* TeV/cm?®s Ludwig Neste 4
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Main Array

770 Energy
O Dirx}

Upper DeepCore

Lower DeepCore

3 Fully Connected Layers

2023 Machine Learning based event-selection increased dataset by a factor of 20:
~60000 cascade events
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Spatial Templates Signal PDF

1. Diffuse neutrino emission in the GP
KRASOPeV

10°16 P
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Spatial Templates Signal PDF

1. Diffuse neutrino emission in the GP 2. Account for detector acceptance
KRAS50PeV A7c5c° Corrected KRAJOPeY
10716 %‘ 10!
10717 g
& oh 10°
10718 %
5 107t
1071 3\&
08t 107
10 20He
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Spatial Templates Signal PDF

1. Diffuse neutrino emission in the GP 2. Account for detector acceptance
KRA30PeV A7c5c° Corrected KRASOPeY
16
10 3 10!
1077 @ L0 1
10718 E oh <
] 1071 o
10718 = &
g% 1072
10 20‘_‘e

3. Account for per-event angular unc. g;

3° Smeared KRA§°Pev
75°
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Spatial Templates Signal PDF

1. Diffuse neutrino emission in the GP 2. Account for detector acceptance
KRA30PeV A7c5c° Corrected KRASOPeY
16
10 E 101
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10720 S
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Spatial Templates Signal PDF

1. Diffuse neutrino emission in the GP 2. Account for detector acceptance
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Spatial Templates Signal PDF

1. Diffuse neutrino emission in the GP
KRASOPeV

10’16H

10717

10—15

J(cm32sr s GeV)~

10—19

i

100TeV
Vi+

10720

3. Account for per-event angular unc. g;

7° Smeared KRA§°Pev
75°

Stockholm
University

2. Account for detector acceptance

Acc. Corrected KRA>OPeY
75°

10!

10°

PDF /sr™t

107!

1072

= Use diffuse v prediction as spatial PDF:
S(a,dlo) = T (a,5|o)

Don't forget to account for the large signal
contanimation in the scrambled

background-PDF! (Signal substraction)
Ludwig Neste
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Comparison to High Energy y Rays , University

KRASOPeV
75° 14

« Compare IC GP results from high
energy y-ray observatories

- Scale IC GP result to Tibet AS-y
analysis region

- Convert y-flux to v flux assuming

F‘T 107°A —— KRA} Best-Fit Flux IceCube all-sky v flux (22)

,TE o : ::,j;iiit:::‘ux % Tibet AS+MD [E, equivalent] (37) p u r_e 77:0 _ d e Cay

: = Consistent with high energy y-rays
E 1078 . .

3¢ But: Best fit z° is ~ 5x higher than
W g0 . .

_ simple extrapolation

H“_ 10748 —— KRA} Best-Fit Flux IceCube all-sky v flux (22)

Nm —— KRAO Best-Fit Flux % Tibet AS+MD [E, equivalent] (37)

‘LE; 10-7 —— 11° Best-Fit Flux

.

§ 108

glg .

W0 Ludwig Neste 7
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. . <2 Stockholm
Comparison to High Energy y Rays , University

KRASOPeV
75° 14

« Compare IC GP results from high
energy y-ray observatories

- Scale IC GP result to Tibet AS-y
analysis region

- Convert y-flux to v flux assuming

’E 1076 A —— KRA} Best-Fit Flux IceCube all-sky v flux (22)

o —— KRA® BestFitFlux % Tibet AS+MD [E, equivalent] (37) 0 _

LE) 10-7 —— 11° Best-Fit Flux pU re T deCay

z = Consistent with high energy y-rays
g 10 . .

3¢ But: Best fit z° is ~ 5x higher than
W g0 . .

_ simple extrapolation

F‘;_ 10_6 B — KRA3 Best-Fit Flux IceCube all-sky v flux (22)

T TPk TSR ammet S = |t's difficult to compare subregions
G 1077

W and spectral indices of the result
E 1078

glg .

W opg-e Ludwig Neste 7
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New Analysis Method: Segmented Templates Stockholm

& University

N ng N —n,
Ll = [T| 550 + ——Bi

i=1 N
New Features Segmented Template Analysis
M - Spectral index y for each segment
S=) W EEI[8 ) Tx(a,6]0) L
=1 - Flux normalization @ for each

men
2M free parameters: segment

- Not dependent on neutrino

Ny e s MG Y15 o5 YM Ceet
g emission models

.....

- Independent result for each
segment
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Outlook: Gamma Ray Inspired Segmentations Schemes

Ludwig Neste 9



Conclusion: IceCube is not done with the Galaxy, yet

My work: Segmented fit of the GP
Segmented GP flux and y measurement

Matthias Thiesmeyer (PhD student, Madison):
Updated GP analysis using combined datasets

- Cascades+Through-going Tracks+Starting Tracks
- More data

- Improved ice models

Stay tuned for ICRC! &

Ludwig Neste
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Current Cascade Reconstructions Stockholm

University
25
] Birefringence and undulation
i (2 cascades)
20 N === Birefringence and undulation
] No corrections (old model)
15

—
[a)

ot

Angular resolution quartiles [deg.|

10° 106 |
True EM-equivalent Egep [GeV] Ludwig Neste 11
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DNN per-DOM Input S98°¢ University

——  Gaussian KDE —-— st = 529.0 ns

—— Pulses —— tmean = 1329.5 ns
. Lo = 5082.0 ns

]
X\r_\_\ 3 tya = 669.4 ns i
\‘MHMMIWm bt ey o

Charge [PE]

U e —
o —— Crotal = 942.7 PE

g 7501 —— C500ms = 395.0 PE

5 500 ~——- Cloms = 13.1 PE

] = ——=- gy = 844.0 ns

g 201 —— Cumulative Charge —— sy = 1126.0 ns

S o ; ; ; .

2000 3000 4000 5000

Relative time ¢, [ns]
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Updated PS Sensitivities (2025)

dN/dE « E~2 dN/dE « E-3

= This Work Sensitivity
== This Work 50 DP
14yr Tracks
h - 10yr Cascades (8)
(X \/A"'ﬁ‘\\ A Upper Limit 90% C.L.

10—10

10—11

10—11

DR 2

A
A“ A A

10—12

12 A‘

10~ LYY
A

- dN/dE at 100TeV [TeV cm~2 s71]
- dN/dE at 100TeV [TeV cm™2 s7!]

10-13
m m
10-13 IceCube Preliminary IceCube Preliminary
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
sin(6) sin(6)
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Key Differences between KM3Net and IceCube

Stockholm

University

Y Scattering
£3 Absorption
~ Homogeneous
@& Dynamic

? North

1 Scattering
9 Absorption
Inhomogeneous
¢ Static

? South Pole

Ll

Ll

Better pointing

Denser layout

No depth-dependency
Changing geometry
Optimal for southern sky

Poorer pointing

Sparser layout
Depth-dependency
Fixed geometry

Optimal for northern sky
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The Leap: Deep Neural Networks (DNNs) % Stockholm

University

20 Hex. Convolutional Layers

S 3 Fully Connected Layers
—

O Energy
0O Dirx "}
X i OAzimuth

- Convolutional & fully connected layers

Main Array

Prediction

- DNNs optimized for (hexagonal) layout Sory B

- Built-in uncertainty estimation

Upper DeepCore

Gradient Stop

- Arbitrary labels (e.g. event-type)

- Fast reconstruction @(ms)

Lower DeepCore

3 Fully Connected Layers
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Stockholm

The Leap: Deep Neural Networks (DNNs)

University

20 Hex. Convolutional Layers

3 Fully Connected Layers

l—%\

| Energy
0O Dirx "}
rx | O Azimuth

lattened Layer
e ——

- Convolutional & fully connected layers

Main Array
o

Prediction

- DNNs optimized for (hexagonal) layout

O Dir-y i
ras O Zenith

- Built-in uncertainty estimation

Upper DeepCore

Gradient Stop

- Arbitrary labels (e.g. event-type)
- Fast reconstruction @(ms)

Lower DeepCore

3 Fully Connected Layers

102 o
10! ~
T - Previous cascade selection:
5 : : ~ 2000 events
- DNN-based cascade selection:

Na

— This Work
107 —— Cascades (12)

— Taacks (20) ~ 60000 events

10° 10¢ 10° 1
E, [GeV] E, [GeV]
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The Leap Part 2: A new Cascade Reconstruction

DOM; =1 per DOM inputs:
L (%.2,0,9,E,d,d,8,8)

- Hybrid: DNNs & Likelihood

- Utilizes physical symmetries

N Wy
v g | o

Y

Veinteraction
(Hypothesis: §)

. -
| Sl - Predicts per-DOM PDF parameters p;
; R T
i i ift Shift i H H =
i oviattpoy e it g given an event hypothesis x,®,6, E, t

' - Maximize L(X,®, 0, E, t|data)
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The Leap Part 2: A new Cascade Reconstruction

| Per DOM inputs

% G0 ddusp)
oo
oy

xtur omponents, charge
ne i
ﬁl i lwﬂwwdn T, Wy i A

(86 60 x 12) 00 o

N ' DOMy !
v
vinteraction =2
(Hypothesis: )

/11 -2
Compute relative displacement Locally connected layer  Convolutional layers Apply shifcto Shift PDF reative to
vectors d; and angles 5, ; without weight sharing with weight sharing expected charge  interaction time

Translational /rotational Symmetry breaki Shared DOM Linear scali
riance, det geome ice propertie roperties DOM

- Enhances directional reconstruction in
all energy regions

- ~5°median resolution at high energies

University

- Hybrid: DNNs & Likelihood

Opening Angle AW

- Utilizes physical symmetries

+ Predicts per-DOM PDF parameters p;

given an event hypothesis x,®,6, E, t

- Maximize L(x, ®, O, E, t|data)

40°

™ =<80% This work == 50% This work (all events)
35 e < 50% This work =~ 50% This work (contained events)
30° mmmm < 20% This work ~+ 50% Previous Cascade Analysis

25: '\'\.\\ -
N

10° 10* 10° 10
Neutrino Energy E, / GeV
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The GP in Tracks (ICRC 2023)

Through-going northern tracks:
CRINGE with 2.70
arXiv:2308.08233

Starting tracks:
Fermi 7° with 1.5¢
arXiv:2308.04582

—— CRINGE (fiducial) 0 2.9 x CRINGE 0.8 x FM-const.

—— Fermi-n" 4.7 x Fermi-r® 1.6 x FM-SNR
KRA-y-50 0.7 x KRA--50 Wl Isotropic Flux Fermi-LAT n° KRA, 5 PeV Cutoff KRA, 50 PeV Cutoff
== KRA-7-5 1.1 x KRA-Y-5 IceCube Preliminary Model Expectation This Work Diffuse
— This Work 90% Sens IC Cascade Diffuse
- This Work 90% UL (PRL 125, 121104 2020)
& | 1C DNN Casc 68% C1
e 10 (Science 380, 6652 2023)
S
'n
>
Q -
9 107 g
7 3l
w5 &2
Bl w
o
4 & 10°¢| .
=8 IceCube Preliminary _ _ e . 3
H N 10° 10° 10° 10° 10 10° 10° 10° 107 10° 10 10°
E, [GeV] E, [GeV] E, [GeV]
10% 10° 10! 10° 10 107
E, / GeV
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https://arxiv.org/abs/2308.08233
https://arxiv.org/abs/2308.04582

DNN Cascades Skyscan Stockholm

University

- Assume a point source at
on every “pixel” in the sky

Declination 6
N
b
E

- Compute significance and
fity

Equatorial Coord.
= Galactic plane emerges
: — visually among the

' Galactic Coord. d

—- m50% fluctuations

-120° -180°

Spectral index y
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Likelihood methods for v-source searches '+ University
N n N-—n

Unbinned maximum Likelihood approach: 2(n,.0) = [ | [ﬁS(xﬂe) + S B(x;)
i=1

- Background PDF B is obtained from data via RA scrambling
B(Z)(ns:ﬁs)
Z(ng=0)

Background Only
+++s+ Background + 8 Signal Events

e Background + 16 Signal Events|
Background + 24 Signal Events

evaluated on

- Distribution of test statistic A = 2log
randomized data

= p-values are robust against systematic uncertainty

- Signal PDF S uses spatial and energy information:
S =&(E5)- S(a,blo)

- For large signals: When using data-driven background-PDF, TR QE"‘:oxso %
subtract the signal from it!
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