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Neutrinos, their interactions and lceCube

High Energy Starting Events
TXS0506 and Multimessenger Astronomy
Atmospheric Neutrinos and Data Science
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Neutrinos

Bildquelle: particlezoo.net

Neutrinos have very small
mass and very small
Interaction cross section.

&
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Proton

S >Q/
Neutrino Astronomy , :
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AGNs, SNRs, GRBs... *

Gamma rays

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos
They are weak, neutral
particles that point to thelr
sources and carry information
from deep within their origins.
air shower

*

They are charged particles and
are deflected by magnetic fields.

* X
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Atmospheric Neutrinos

Cosmic ray

Contribution of
Electron Neutrinos

dd
— X
dE

Prompt component
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Atmospheric Neutrinos

Cosmic ray Contribution of
Electron Neutrinos

Prompt component

dd _
“x E 2.7
Ar

....
...*

Finding needles in a haystack Conventional
dd _
Component I o« E~37

. *2% 275 million atmospheric muons are detected daily, created

by interactions of cosmic rays with the earth's atmosphere

Sl 00 .

o 8,250 atmospheric neutrinos are detected monthly RO

only 10s of cosmic neutrinos are detected per year 8
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How neutrinos interact

Charged current Neutal current Glashow-Resonance
interaction (CC) interaction (NC) (Ey > 6.3TeV)
v (V) £=(€7) ve(Ve) v (Vy)
WHW™) V4
/ X / X
N N

Image: A. Sandrock
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Detection Principle

= Neutrino detection via
charged leptons:

vi+X—l+X’

= |nteractionintheice orthe
bedrock

= Detection of Cherenkov light
by Digital Optical Modules
(DOMs)

T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 10
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Digital Optical Modules (DOMs)

oo o = Downward facing 10 PMT
N PMT High Vottage Base Board (Hammamatsu R7081-02), 25% Peak
QE

= High Voltage Supply

= Electronics

Flasher LEDs

Higher QE (34%) for DeepCore DOMs

(Hammamatsu R7081MOD)

= Very few DOM failures (mostly during

deployment)

PMT = Slightly larger fraction of DOMs with

issues (mostly non-standard Local
Coincidence)

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 11

IcECUBE

High Voltage Generator &
Digital Control Assembly

Mu-Metal Magnetic
Shield Cage

Glass Pressure /

Sphere
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The IceCube Neutrino Observatory

Top View

IceCube Lab
IceTo

-‘/81 Stat%ns, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

o« ° 50m

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

@ IceCube Strings

% HQE DeepCore Strings

A DeepCore Infill Strings
(Mix of HQE and

December, 2010: Project completed, 86 strings

normal DOMs)
1450 m
3
2
>
k) DeepCore o i
& Sencors s e 8 strings-spacing optimized for lower energies
10 DOMs with a 480 optical sensors
'_1 DOM-to-DOM spacing :
of 10 meters Eiffel Tower
2 |324m
e 2450 m
2820 m
{ 50 HQE DOMs with an
2 DOM-to-DOM spacing
of 7 meters.
% 21 Normal DOMs with a
DOM-to-DOM spacing
of 17 meters
T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 12
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Event Signatures

Cascade like events:

= vy, - CCandall flavour NC interactions

= [nteraction inside instrumented volume
= Poor angular resolution = 15°

= Good energy resolution

3 T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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Track like events:

= v, - CCinteractions

Interaction may happen outside
iInstrumented volume

= Good angular resolution = 1°

= Poor energy resolution

13
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Tau-Neutrino Signatures " Zdistinctcascades |
= First from tau-neutrino interaction

= Second one from tau-lepton decay

= Connected by track caused by tau-
lepton

= Caveat:track length is only 50m/PeV

3 T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 14
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IceCube‘s Detection Medium:
South Pole Ice

absorptivity [m™]

Natural Medium: Lots of

inhomogenities, smaller and larger  Absoprtion
layers of dust.
@ n -
@ 105F _ =
> = = = — :
5104:_ = = = Depth in
o = T — Neutrino MC _
o B — Real Data Detector
_g 103F — CORSIKA 2
=) E R e e §
Z 102 EE: +++++++ +++-+-'+++ E
106 Scattering ;
Sl
400 -20 0 iR

B

IcECUBE
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Ackermann et al.,Journal of Geophysicafsz%search 111, (2006)
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In Ice Measurements and Ice-Model Eyolution

AHA

‘

SPICE-1

‘

SPICE:Mie

‘

SPICE-Lea

‘

Aartsen et al., NIMA 711,73 -89 (20013)
‘ ' T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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lce core measurements

In situ
measurements
using flasher LEDs
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photoelectrons in 50 ns bins
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P e = "
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time from the flasher event [ ns ]
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High Energy Starting Events (HESE)

\

TS T ~-1450m
; \vgto region 1 90 meters : :
AR
S
IN £ OB 8
Widucjal volumé
185 : ~-2085 m .
.1 80 me ~-2165m
: : - . -
fiducial volume .
- 1:0 meiers : : E*.2450 m
Side =

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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125 meters

veto region

Top
Select events starting inside the
detector
Charge threshold of 6000 pe
Less than 3 of first 250 pe in veto
layer
~ 30 TeV deposited inside the

detector
17
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Muon Background Estimation

Jl/tag muons here

L/

‘_

/

/

/

__how many of them
pass the veto!?

o/
VA

% T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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HESE Background Estimation

Main backgrounds are:

= Atmospheric muons
= Estimated in data-driven method
= 10.3in75yrs.of data

Events per 2635 days (> 60TeV)

—1.0 —0.5 0.0 0.5 1.0
cos (6,)

= Atmospheric neutrinos
= Strongly disfavored by energy and ] IceCube!Preliminary F Dua
directional distribution

>-I-I »—}‘_I_‘ Bl Atmo. Conv.
:‘I" EEl Atmo. Muons
I
I

i

10714 R e Emanmn . I
10 10° 100 107

Deposited Energy [GeV]
% T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 19
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= 23.2eventsin 7.5 yrs.of data

1004

Events per 2635 days
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HESE Results
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Single Power Law Fit:

y = 2.897933

By = 645745 x 1071° Ge\-'om 2 Tsr-
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original GCN Notice Fri 22 Sep 17 20:55:13 UT

F rO m I C 1 709 2 2A. am 6.6° refined best-fit direction IC170922A

-
o

IC170922A 50% - area: 0.15 square degrees 9
(G170922 80% -area: 097 squaro dogrees .
Sep. 22nd 2017: - 7
= High energy neutrino event is observed s, . - 6
(IC-170922A), S 5
= Energy: 290 TeV, signalness: 56.5% “ o '
= Alertissued within ~T minute 2
5.0° )
4.6° 0

side view ’ = : 78.4° 78.0° 77.6° 77.2° 76.8° 76.4°

Right Ascension

= Event found to originate from
direction of known Fermi-LAT
source (blazar)

= Source in flaring state for several
months

top view| °

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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Fermi-LAT Counts/Pixel
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6.6°

6.2°

o
o]
o

o
N
o

5.0°

4.6°

... to TXS 0506 + 056

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction 1C170922A
IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees

TXS 0506+u
—

AN
./
MAGIC PSF

3FHL
3FGL

78.4° 78.0°

77.6°  77.2°
Right Ascension

76.8° 76.4°

MAGIC significance [o]

Many, many more follow-up
observations at various wavelength

by numerous experiments

100

N trials (normalized)
= =
A &

._.
i
o

,_.
i
[=>]

= 99% background
50% signal

== = JC-170922A

[ background

e signal

=
-

T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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... to TXS 0506 + 056

100 5 | : ¥
. I = 99% background
original GCN Notice Fri 22 Sep 17 20:55:13 UT 1 1 1 1 ===« 50% signal
6.6° refined best-fit direction 1C170922A 1071 4 C h ance coincl d ence Is - JC-170922A
’ IC170922A 50% - area: 0.15 square degrees H
IC170922A 90% - area: 0.97 square degrees . 1 d I Sfavo red at 3 o leve l [ background
— S i0-2 4 LT s e, g .= signal
6.2° ® S0 3 B D e, ]
© = ] o .
[&] E 1 v
c 1 - "
g ] S 103 4 -~ T,
T 5.8° =S 3 - M
5 e > =z ] :
S TXS 0506+ G ‘g ] -
o &) £ 1074 4 -
5.4 6 Z 1
< s
RN E v
| - 107°
5.0° ~
MAGIC PSF
3FHL .
3FGL 107° . . . -
4.6°
78.4°  78.0° 77.6° 77.2° 76.8°  76.4° 0 5 10 15 20 25
Right Ascension TS

Many, many more follow-up
observations at various wavelength
by numerous experiments

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 23
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TXS Time Dependent Analysis
= Unbinned maximum likelihood technique
= Minimal assumptions about time structure  Sample Start End
of neutrino emission IC40 2008 Apr 5 2009 May 20
= Assumption: Emission clustered around IC59 2009 May 20 2010 May 31
some time T, with duration Ty, IC79 2010 May 31 2011 May 13
= Time clustering to identify time dependent ~ 1C86a 2011 May 13 2012 May 16
signal, no characterization of time IC8b 2012 May 16 2015 May 18
structure IC86¢c 2015 May 18 2017 Oct 31

= Box-shaped and Gaussian time window

C59 oo CHEa

CHEc

o+ |ceCube-170522A
Gaussian Analyss

Hox-srapad Analysls

IcECUBE
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Time Dependent Analysis Results

Significant excess of 13 +/- 5 events found in both time windows.

Gaussian Time Window: Box-Shaped Time Window:

= (Centered around Dec. 13th 2014 = (Centered around Dec. 26th 2014

= Duration: 110%33 days = Duration: 158 days
1C59 o7 ICBEa L850 1C8Ec
X o+ lceCuse-170822A A o4
Y Gaussian Analysis 1
c; a4 4 — Hox-shapad Analysls oo
o2 74
| p 20
; - {1
O .

2009 2010 2011 sz 2013 2014 2015 2006 2017

% T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 o5
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Atmospheric Neutrinos

Cosmic ray

s T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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Contribution of
Electron Neutrinos

Prompt component

dd _
“x E 2.7
dE

....
...‘

. Conventional
dd _
Componentd—Eoc E~37

26
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Atmospheric Neutrinos e
10*} R enith Cut - 11, reC. Zenith |4
T ::“: q:-o—-"L._‘*_‘ b 0 real Zenith
. c 10°t il anltili H"'"'-—-‘....-__H_‘_mnm
Cosmic ray 5 |F -
¥ 10% L ~
g -::_W 3
o) 1] -:":;
bﬁ— ' 100}
T 10-10- - 20 40 60 80 100 120 140 160 180
. Zenith [°]
Prompt component
dd _
“x E 2.7
* Cll; ..'...
..O.. "
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nn... dq) B
Component — < E 37
..0.. dE
....A
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Two Complementary Approaches to Atmospheric Neutrinos

1. Likelihood Analysis

—432 This work

IceCube Preli
L, 20— —38.4 —— (updated MC,
g ~33.6 w. Muon-template)
O — 8.8 This work
,5\ 1.5 — ’ E * (w/o Hole-Ice)
i ~240 2 ICRC 2019
. -192 & * (9.5y, old MC)
A5 10— —144 ICRC 2017
i5 —96 * (8y, old MC&analysis)
< —48 Last Publication
0.5 — ' *  (6y, old MC&analysis)
[ [ [ [ [ 100

21 22 2.3 24 2.5 2.6
Spectral Index «y

T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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2.Reconstructed Spectrum

10° C
Igr O’)peo e v, (unfolding)
- ’/~o
B ”, v, (forward folding)
10 Y, m "
E A V. (DeepCore 2013)
- oo/)
40 L A v, (2014)
R
o T
g 10°E
3 F .
O r ro
;;10'7.5— M ,
wof
10°
= — Honda v, (HKKMS2007)
C  — Honda v (HKKMS2007)
10° — modified Honda v,
Eo- Bartol v,
10| ) I 1 | | 1 I 1 1 | | I 1 | | 1 I 1 1 | | I 1 1 h
1077 2 3 4 5 6

log,, (E /GeV)

lceCube Coll., PRD 91,
122004 (2014)
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Llh-Fit

- . . ——
# 35 JceCube Preliminary _-- “~.
0 // \\
o 3.0 - // g pyen \
:E // /// \\ \I
~ 25— S ' |
\> 7/ 7 ! I
- / / / J
- —_m~ *
& 20- 5 AN s 7
® ,/,"—?\ /Y\\ '& /// //
- ”
S 15- SN YN e -
- 7! \ ,( / s - -
- i =’ ) -
o] N ><L - -
= 1.0 - ] - '\-—:____’_4
7 N
3]
- I [ [ I [ I [ [
2.0 22 24 26 2.8 3.0 32 34
Spectral Index 7y
arxiv:1908.09918

Requires more stringent
assumptions on the spectral
shape (power law).

(N

\/\‘

Data / MC

HESE (7.5y Full-sky)
PoS(ICRC2019)1004

Cascades (4y Full-sky)
PoS(ICRC2017)968

Through-going Muon-Neutrinos

1.0 0.8 0.6 0.4 0.2 0.0
cos(Zenith)

T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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LIh-Fit to extract spectral
index and normalization of
the different flux

- (9.5y Northern-hemisphere) com p onen tS ]
This Work \\_/
PO S LN 10° =
P A - ] )
.mnoo“"' - ] o o -
£ 10* 3 < . s 10" = .'. %
& - IceCube Preliminary - .
2 Astrophysical (1.44 x (E/Ey)~>%) 10° - %
é" 7 —— Conventional Atm. ]
g -
5 10° T Prompt Atm. 102 =
b Sum
h— ’
2 +  Exp. Data 10" =
2 3
= el
< 1073 /—’—””—/j 100 =
12
1.050 = ! ! . ' ! 101 4 ! ! — ' '
1.025 — 12—
1.000 —— —===S==a ooy e e e e e — 1.0 — ey o= (I8 LT
0.975 — 0.8 =
0.950 = r , " . r 0.6 =y

10° 10* 10° 106 107

Truncated Energy / GeV
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Spectral Analysis
.3__ o . . .
E e, o v, (unfolding) = Requires less stringent assumptions 4
C 7% .
il N, Y terwerd totding on spectral shape (model N
; o ,“" "h"w“i‘d;;;«‘:rm “ A V. (DeepCore 2013) ln depen den t)
5L iR 3 v, (2014)
7':7: 10 g "e,”/,o/; \QL “n.umm,!;; 4 _
v f ) N\ = Allows for comparison between ')
E10° o o “ﬂ;mu“ ) \/
S R A\ experiments
9;10";— Mot Vv N
woF _ 9 = Does not give any answers on flux W
-EE ] . - .
""E __ Honda v,(HKKMS2007) ' normalizazion or spectral index —~
C Honda v_(HKKMS2007) \EHB
107 = — modifiede Hondav,
F oo Bartol v, = Requires the use of deconvolution
10 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 "{ |
10 1 2 3 4 5 6

Iogm (EleeV)
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Deconvolution in a Nutshell

dN#= j(de) dP(E,) JE
dE, dE,/) \ dE, Y
Muon energy Neutrino  physics of

spectrum energy  neutrino
spectrum interaction

= Production of charged lepton in
neutrino interaction is governed by

stochastical processes

= Additional smearing, due to several
detector effects

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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\ Limited
acceptance

Unfolding | [

Background 1

Mathematically: Fredholm integral

equation of the first kind:

Emax
A(E,y)f (E)dE

E.
min 31

gly) =



lehrstuhl
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Deconvolution in a Nutshell
o Limited
dNﬂ B f (de) dP(Ev) dE acceptance d to ‘Oe
dE, ~ ) \dE,/\ dE, )" _ ound 0% ok
By ' Unff" ac\ﬁ% eo(de‘ o
- Y Y add\’t\o od Y nee yae!
Muon energy Neutrino Physics of i\ (ed‘)c ma%ﬂ\t —und |
spectrum energy  neutrino |

spectrum interaction

= Production of charged lepton in
neutrino interaction is governed by

stochastical processes

= Additional smearing, due to several
detector effects

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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™

Mathematically: Fredholm integral
equation of the first kind:

Emax
A(E,y)f (E)dE

E.
min 32

gly) =
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Finding needles in a haystack

G e n e ra l Bac kg ro u n d Rej ecti 0 n St rategy :.f,-'.:.: 275 million atmospheric muons are detected daily, created

*¥+* by interactions of cosmic rays with the earth's atmosphere
"3 8250 atmospheric neutrinos are detected monthly

: *only 10s of cosmic neutrinos are detected per year

Cut on Classifier
Qutput

Variable Selection Classifier Training

DON'T MAKE ME

CH®@1 s -
< Y -
iR .

Picture: CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.p
hp?curid=14260

s T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 33
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General Background Rejection Strategy

Cut on Classifier

Variable Selection Classifier Training Output

DON'T M F ME
= H@

- Gl

= Thisis simply too large to be fed into a classifier >

= (Contains redundant features D

~1200 Featu res
. L —a ® = Contains useless features (e.g. constant)

e

’__________~

~

ex.p

s T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020 34
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Feature Selection

Initially

= Select features according to relevance and
redundancy

blacklisted

= Feature setis built by iteratively adding
features that fulfill the following criterion

constant & useless

Correlation cut

1
/MC C1f max Ix-c——z I(x;, x;
Data/MC C ijX—Sm_1 (]; ) m_ 1 ( [N ])
Xi € Sm—-1

mRMR

i

Peng, H.C., Long, F., and Ding, C., IEEE Transactions on Pattern Analysis and Machine Intelligence,
Vol. 27, No. 8, pp. 1226-1238, 2005.

M. Borner, PhD thesis (2018) _ o _ _ _
Ding, C., & Peng, H., Journal of bioinformatics and computational biology, 3(02), 185-205. (2005)
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General Background Rejection Strategy

Cut on Classifier

Variable Selection Output

DON'T MAKE ME
CH@IISE
' ‘ «‘_ B

’_______

Z

Picture: CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.p

Except for the choice of the classifier, this is fairly straighforward!
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Random Forests (Ensemble Methoden)

= Ensemble of many decision trees

= Everytreeis build inarandomized
way

= Everytree's classification is
independent from all other trees

= Forest Classification is average over
classification of individual trees

Ntrees
1

Csignal — n, Ci
rees
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General Background Rejection Strategy

Ntrees
1
Csignal = Cy
Ntrees o
Cut on Classifier
- | | | | | Qutput
-+ Sum of simulated v, and simulated x = I
-} -~ atmospheric v, simulated cut
10° | |-+ -+ atmospheric i simulated |
-+ - 1C79 Data - I
Ly
_ 10 [ |
3 ++++++ +_]_ I
ST
i} 102 + ++ ++++__l_ + _]__]_ I ¢
T \
/
10t b 1
Picture: CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.p
100 hp?curid=14260

0.70 0.75 0.80 0.85 0.90 0.95 1.00
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Cut on Classifier Output

(2] B —
S Aartsen et al.,ERJC 75,116 (2015)
>
10 ‘ ‘ ‘ ‘ w10* = _
-+ -+ Sum of simulated v, and simulated p . © - ==
-~ atmospheric v, simulated cut ] i —.—TE
10* L|+ - atmospheric . simulated 'g ='=—i—_|_i =
-+ 1C79 Data — 51 0*—
=;d=f= ;+_—+—
103 e B T, L
S S i
. Al +
P +++_[_—l+++++ + 10%; _ —
. T+ + T | - B9 strings
79 strings + JmLJmLﬂ— '
_]- i Data
10tk ] 10 £ | —— Atmospheric Neutrinos
Aartsen et al., ERJC 77, 692 (2017) [ |7 Amospheric Muons
10° . . . . . L Muons + Neutrinos
0.70 0.75 0.80 0.85 0.90 0.95 1.00 | ‘ ‘ ‘ ‘ |
Csignal 1 | | | | |

490 492 494 496 498 500

~ 200 neutrino candidates per day Number of Trees

~ 80 neutrino candidates per day
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2D-Cut on Classifier Output

10°

9967 Events in 32d‘:22h:53m

m—— 7enith Band: 86.0° - 111.0°

—4
Zenith Band: 111.0° - 180.0° 10
10°
3
Z 104 -
3
= =
) [}
o0
= 103 4 ot —5 é
= 10 =
. - g
§ 102 4 o5 o ¥ O h 3 i/ b . X =
< - =
§ 10 B T Qee
& 1 NI T - s
° ° ° ° 6
° ————= 10

10°

| Preliminary!

T T T 1 -
0.0 0.2 0.4 0.6 0.8 1.0
Classification Score

107!

~ 300 neutrino candidates per day!!!
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Events per second

107t

1073 4

107°

1077 4

1079 4

10—11

i— VR = v, down B v,
1 Atmos. I = NC Vi — v,

g -

86 strings (l,11,11)

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Classification Score

Classifier outputis energy and
zenith dependent.

Score cut as a function of energy
and zenith.

M. Borner, PhD thesis (2018)
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General Background Rejection Strategy

Cut on Classifier

Variable Selection Classifier Training Output

10° ‘ ‘
o e e | |
o) — L1 1c79 Data | Purity generally above 99%.
Dol == |
2 10| . | Even more important:Make
T 100] — sure there are no muons in
100 N bins with small statistics.
10752 10° 10° 10° 10°

Eu, reco [GEV]
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Atmospheric Neutrino Spectra

1073 ‘ ‘
Il IceCube Parameter Fit
. | ~ -~ 1C59 Unfolding
107} -~ AMANDA Unfolding
-} ANTARES Unfolding
— 1% - 1C79 Unfolding (this work)
[a\] = i
-
]
= -6
v 10
0
2
o 107
o=
Ty 10°
10°}
lceCube Coll., ERJC 77,692
(2017)
10710 : : ‘ :
102 103 10* 10° 10°

E, [GeV]
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Tau-Neutrino Signatures, Double Cascade

,,/@

~ zTrack (- 50m/PeV)

V

¢ ¢ @

:vT.+X - T" +‘X’
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Single- and Double-Pulses

b ¢ ¢ © ¢ ¢

a T. Ruhe, Lecture Series on Astroparticle Physics, Winter 2019/2020
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Double Pulse

Single Cascade

J
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Tau-Neutrino Search with Machine Learning

Random Forest #1

1.0 — 10!
— Purity
e v CC events
Single cascade events
0.8 - 100
3
£
g
= 0.6 \- -1 @
= 0 =
g 2
£ 04 4
5 - 1072 =
b
&
0.2
- 10—3
0.0 IceCube preliminary
0.0 0.2 0.4 0.6 0.8 1.0

Double Pulse score cut

Score Cut: 0.2

Purity increases to 97%
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Events per second

Random Forest #2

= w— Atmos. p
1074 4 s 1, CC
e v CC Contained
1075 4 wmm v, CC Uncontained
10—6 .
1077 4
10—8 .
10—9 .
10—10 .
10"  IceCube preliminary
T

0.0 0.2 0.4 0.6 0.8 1.0
Cascade score

Score Cut: 0.62 (optimized via
Model Rejection Factor)

2 Events survive
both cuts
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Tau-Neutrino Search with Machine Learning

— String 20, DOM 25

o“”

Double Pulse Score:0.92 | 5 i1 df & . . —— Sing 2, DOM
p-value:0.035 . f,‘ é : TooGube prefminacy

& 1000
§ 750 A
2
: 500 4
250 4
IceCube Preliminary 1 . . : .
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Time / ns

Double Pulse Score: 0.565 | 00 -
p-value: 1.0 | 0.

——— String 10, DOM 44
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HESE (7.5y Full-sky)
PoS(ICRC2019)1004

Cascades (4y Full-sky)
PoS(ICRC2017)968

Through-going Muon-Neutrinos
(9.5y Northern-hemisphere)
This Work

I |ceCube Parameter Fit
-+ -1 1C59 Unfolding
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-} -} 1C79 Unfolding (this work)
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