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Neutrino Astronomy

Neutrinos travel almost undeflected
from their sources, making them

unique messengers of the Universe.
Astrophysical neutrinos prqbe the most
energetic environments, such as active
. galaxies (A), blazars (B), and other cosmic
tacceleratars (C). Detecting these neutrinos is
a major goal of neutrino telescopes. '
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Neutrino Astronomy

Neutrinos travel almost undefl-écted
from their sources, making them

unique messengers of the Universe.
Astrophysical neutrinos prqbe the most
energetic environments, such as active
galaxies (A), blazars (B), and other cosmic
Hacceleratars (C). Detecting these neutrinos is
a major goal of neutrino telescopes. |
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Cosmic rays inte_rqc#tihg with Earth's
atmosphere produce extensive air
showers, creating atmospheric

neutrinos.

These atmospheric neutrinos form the
dominant background in searches for
astrophysical neutrinos.
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Air Showers

~ Primary cosmic rays collide with atmospheric nuclei.

‘ 2 These interactions produce
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These particles can decay into neutrinos
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Air Showers

~ Primary cosmic rays collide with atmospheric nuclei.
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These particles can decay into neutrinos
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Air Showers

~ Primary cosmic rays collide with atmospheric nuclei.
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These particl'esl can decay into neutrinos
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Atmospheric Neutrino Fluxes

Neutrinos — total other prompt —— K* D — A —— 1 decay
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Atmospheric Neutrino Fluxes
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Neutrinos

. 1.Electron
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Atmospheric Neutrino Fluxes
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Sfopping Muon Flux:
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Muon Spectrum Unfolding (yc)
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Cosmic-ray models describe the
spectrum and composition of the

primary CRs entering the atmosphere.
e Energy spectrum of primary particles.
e Elemental composition (p, He, CNO, Fe, .. )
e Features such as the knee and an'kie_
e Examples: ' '
o H3a/H4a

o GST3/GST4
o Global Spline Fit (GSF)
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Cosmic-ray models describe the
spectrum and composition of the

primary CRs entering the atmosphere.
e Energy spectrum of primary particles.

e Elemental composition (p, He, CNO, Fe, ...)

* Features such as the knee and ankle
e Examples: ' '
o H3a/H4a
o GST3/GST4
° Global Spline Fit (GSF)
Hadronic interaction models describe
particle production in cosmic-ray air
showers.
e Production of pions, kaons and charmed
hadrons ;
e Meson multiplicities and E distributions
* Interaction cross sections
o Examplés:
o SIBYLL 2.3c

o EPOS-LHC
o QGSJet-ll
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Seasonal Variations

Winter

1.Denser atmosphere
2.Larger Pinteract |
3.Less Mesons decay intov

LENE VAN ROOTSELAAR | ISCRA ERICE’
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' Seasonal Variations

1.Sparser atmosphere
2.Larger Pyecay

Summer P
| 3.More Mesons decay into v-
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Muon Neutrino Spectrum Unfolding
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Angular Dependence

00

e = « B > 6 = 70°
I:)decay Pdecay ~ e : s ' - _ | ' -« :
| | . |




| Elecfrc. | Muo. . Tcu.
Muon Neutrino Spectrum Unfolding
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Electron Neutrino Spectrum Unfolding (yc)

Electron Neutrino Flux:

Unfolded Ve Spectrum

+ Unfolded Spectrum (T = 1075:23)

IceCube Preliminary

Ve Sibyll 2.3c/H3a -y
Ve + v, + v Sibyll 2.3¢c/H3a o

Ve Sibyll 2.3¢c/H3a + astro 9.5yrs

P

| Shows the unfolded atmospheric electron neutrino

flux across an energy window (1to >10-TeV).

e Regularization Applied:_ Data points are unfolded using
Tikhonov regularization with an optimized strength .
pdrameter to balance statistical variance and physical
smoothness.

e Model Baseline: The data steps track the Siby‘" 2.3c /H3a
hadronic/primary interaction model baseline (orange line).

* Livetime: MC data represents 10 years of livetime. |

* Proxy Variable: Reconstructed energy
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Electron Neutrino Spectrum Unfolding (yc)

Electron Neutrino Flux: - Angular Dependence:
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Electron Neutrino Spectrum Unfolding (yc)

Flavour Ratios:

Histogram of Neutrino Flavours

105 3 ' L L] L]
- Miist Natfrinos | Neutrino flavour ratio is dependent on energy
G R _— Elactron Neutrinos b e In'the lower energies the production of tau leptons is
§ : - _ == Tay Neutrinos : kinematically heavily suppressed. |
=gy TEITTE : " e Above 10° the astrophysical neutrino signal begins to take
'U_l"' i e i . over. A flavour ratio of I.Il is assumed.
c B i BN
"= 107+ fuesres
_E'] Teases
= - ——
QO 1 L f"saasaw |____
La 101 P !———I___
IceCube Preliminary Assanel
100 - ————— . ——— . R
_ 10 10* 10° 10°
'_E 10 E, [GeV]
8 Osasni o Bivsans U P 10%
g O 5 Oeen., ' =
B > T —— O ) O ()
+ .._._.;._.Gh.u_o..—mO.T:.'.'.Q.-.-.:..-?:..:'.{.9..-.-.:...'.'.8:'.'..'.".'.Q‘.:.'.'.:.O.:_-_-.:.'.Q...
D) e e : e , ———————r
£ 10° 10* 10° 10°



‘14

Electron Neutrino Spectrum Unfolding (yc)

Flavour Ratios:

Histogram of Neutrino Flavours
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Target: true energy distribution.
Background: muon neutrino flux as
measured in 2023. |

Measured proxy: reconstructed energy

and zenith variables

Detectror Response Function: |
description of detector effects, created
with MC. |

Funfolding package:
Likelihood-based Unfolding

,Elect'rco | Muo. |
Unfolding

o)

measured proxy true enerqgy distribution

o) = J Aw. Bv) (Ev) dEv + b(y)

detector response function

LENE VAN ROOTSELAAR | ISCRA ERICE | AUG 2026

background






10

‘3-|I3ECLJBE

50 m

iy

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

86 strings of DOMs,
set 125 meters apart

DOMs
i arel?7

meters

' | apart

Muo. Tcu.

IceCube Neutrino Observatory

IceCube is a km® detector located at the Amundsen-Scott
South Pole Station.

e Depth: Deployed 1,450 to 2,450 meters below the

surface.

e Instrumentation: 5,160 Digital Optical Modules (DOMs)
Amundsen-Scott South on 86 strings.
Pole Station, AT e Medium: Utilizes ultra-pure Antarctic ice as the

detection medium.

managed research facility

T

60 DOMs
on each
string

"LWERN oc¢

EAST ANTARCTICA “*

Y i B e e = o ke PR IR

WEST
ANTARCTICA’

i\,

A& Cube Collaboration /lins.mit.edu/~saxani



