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lceCube and DeepCore




Low energy neutrinos in the Upgrade




Cherenkov radiation from PeV electron (tau) shower
we detect all 3 flavors of neutrinos



lceCube Overview

* lceCube
’ 1000m
— DeepCore | |Done& e o Y
Delivering
— lceTop _ | .
° Upgrade } |underway L T e e
. ® o o, P S
* |lceCube-Gen2 ‘e’ o fo
— Full } N - AT + I
Astro2020 S T a4
Review J °
Preliminary - o - | i
DeSign in IceCube DeepCore  Upgrade ;3:—82 ;lggm ;E—gz
P re pa ratio n Instrumented Depth

* 10 megaton volume
e string spacing :125m = 35m =2 22m
* module spacing: 17m—=> 7m =2 3 m

%ICECUBE



Next step: the IceCube upgrade

« Improve the scientific capabilities of IceCube at low
energies

« improve the scientific capabilities of IceCube at high
energies with improved optics of the ice using the
information obtained with the Upgrade’s small string
spacings and novel calibration devices



- . ' |
« one million atmospheric
neutrinos

10 megaton
« at analysis level:
DeepCore: one every 15 min
Upgrade: one every 4 min




neutrino oscillations with a neutrino telescope:
access to tau neutrinos in the atmospheric (and cosmic beam)

The PMNS mixing matrix

KamLAND SNO Reactors SBL
Reactor LBL ' gg1ar CC /NC Ratio  7.Disappearance

v, Disappearance’
5 MINOS/T2K
(77 [yl . | v, Appearance

MINOS

v, Disappearance

OPERA and SK

Mark Ross-Lonergan NUFA(QT 2016

v, Appearance

SNO 4
Solar NC fluxes

neutrino “telescopes’



imminent unblinding:

« analysis with a sample of 210,000 neutrinos (9.3 years and 97.3% purity)

» higher energy than accelerator experiments and SuperK (5~55 GeV)

* 6900 tau neutrinos

» improved calibration of the data, event reconstruction using machine
learning and new treatment of systematics

3.0
== NOvVA 2021 (90%) == MINOS+ 2020 (90%)
= =  T2K+reactor 2021 (90%) DeepCore 8yr 2020, golden sample (90%)
SuperK 2020 (90%) mmmm DeepCore sensitivity 9 yr, high stats (90%)
2.8
g
v 2.6
T
o
—
N§ 2.4
<
2.2 1
IceCube Work in Progress

2-0 L T T T T T T
0.30 0.35 0.40 0.45 050 0.55 0.0 0.65 0.70
sin%(0;3)



... and with the Upgrade

| === NOVA 2020 (90%)
0.0032 === T2K 2020 (90%)
SuperK 2018 (90%)
0.00301{ === MINOS 2020 (90%)
DeepCore 3 yr 2018 (90%) DeepCore 3 yr (10)
mmmm |ceCube Upgrade 3 yr sensitivity (90%)
— 0.0028 . IceCube Upgrade
e IceCube Work in Progress 1 yr sensitivity (10)
., 0.0026 1 s — T y :
NEm \ ‘7‘-';*°-~ .====:=b<‘ }
0.0024 i s s ,/’I ; 104 e OPERA (10)
0.0022 {——N—f——==fF====r="" ' ' :
0.0 0.5 1.0 1.5
0.00201 : NVT
IceCube Work in|Progress

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 10% v, horm in 1yr

e (6% in 3 yrs)
Strong sensitivity in 3 yrs or less

... and the improvements implemented between the 3 and 9.3-year DeepCore
analyses have not been applied !



v, appearance before Linarade

»~ lceCube is the only experiment that observes
the tau neutrino event produced by the
disappearance of the muon neutrino

* Upgrada will be the leading neutrino zhysics
experiment worldwide betore the
commissioning of HyperK (2027) and DUNE

0.8

0.6

0.4

0.2

—

10

10> E, [GeV]

IIII ______ g .

SR _ _ oniiry S DeepCore sensitivity, 8 yr (10)
:_g_ ________________ 5 PhysRevD.66.113007 DeepCore 2019, 3 yr (10)

E B T
- %% E

2% /

¥ y, b | OPERA (10)
- 88 _— (v, N)/o (v, N) =

¥ PPcctVs cclVu - I—— SuperK (10)
Co: bocVeNIoe(, N) 1.5

—-l ----- lIII

New 8 yr analysis sensitivity = 11,000 v, expected
12% precision expected = 2.5x current world best




v appearance before Upgrade

» |ceCube is the only experiment that observes
the tau neutrino event nroduced by the
diszgpearance of the muon neutrino

»~ Upgrade will be the leading neutrino physics
experiment worldwide before the
commissioning of HyperK (2027)

[ IIII ______ ag e .
: DeepCore - - Work in Progress DeepCore sensitivity, 8 yr (10)
08 :#o— ---------------- “" PhysRevD.66.113007 DeepCore 2019, 3 yr (10)
= i :
0.6 —E_g _
¥ ! ] OPERA (10)
04 g9 ——— PV, N)Yo~(v, N) —
§§ e _T e _p. ] e Or—— SuperK (10)
02 F8% | /L s PecVeN/Oc,N) 7 00 0.5 1.0 1.5
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1 10 10° 10> E,[GeV]

New 8 yr analysis sensitivity = 11,000 v, expected
12% precision expected = 2.5x current world best

https://www.scientificamerican.com/article/troubled-u-s-neutrino-project-faces-uncertain-future-and-fresh-opportunities/#



Next step: the IceCube upgrade

« Improve the scientific capabilities of IceCube at low
energies

« improve the scientific capabilities of IceCube at high
energies with improved optics of the ice using the
information obtained with the Upgrade’s small string
spacings and novel calibration devices



pre-trial p-value for clustering of high energy neutrinos

+75°
6.0 — TR A0 S T S R Oh
. | PRI SR A
6.69
__450 - . vos ’,
| & Equatorial
0.0 718.36° 77.36° 76.36
Right Ascension

* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

evidence for non-uniform skymap in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates



limits and interesting fluctuations (?)
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Improve calibration, event selection and reconstruction




iIce: step by step

hole ice ?
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* anisotropy

~8% less scattering
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improved detector calibration (pass 2)

improved modeling of the optics of the ice

DNN (energy) and BDT (pointing) reconstruction
point spread function consistent with simulation

Insensitive to systematics

o: 0.30 deg, log

oy Y510

(E/GeV)= 3.0

Hard Spectrum (Y¥=2.0)

Rl KDE
/ \' === Rayleigh
/ a0, ‘\. § —0.09<sing <034
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i F N,
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o: 0.30 deg, log

oy Y510

(E/GeV)= 3.0

Soft Spectrum (Y=3.25)

— KDE
8 / \. === Rayleigh
/ \, § 009 <sing <034
R, ! § 034<sind <069
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Rayleigh (1D-projection of 2D Gauss)
doesn’t describe our Monte Carlo
accurately — Tails are suppressed

2 The distribution depends on the spectral

index!

Effect mainly visible at < 10 TeV energies
where the kinematic angle between
neutrino and muon matters

Solution: Obtain a numerical
representation of the Y-dependent spatial
term from MC simulation (for example
using KDEs)

1 _ @2 ,
53¢ 27 = S(¢|o, Ey, )

very soon!



sources come into focus: angular resolution < 0.3°

5 5 conditional pdf f( sigma | logl0 Erec )
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0.0' 10—1

logl0(Erec/GeV)



NGC 1068 comes into focus:

—2 x log(A)
0 5 10 15 20 25 30

* NGC 1068 Max. TS

0.50
0.25
& 0.00
=,
¢ —0.25
<
—0.50
—0.75
415 410 405 415 410 405 415 410 405
r.a. [deg] r.a. [deg] r.a. [deg]
2.90 3.30 4.20
 10-year analysis « new likelihood <+ 10-year analysis

new likelihood

method
* new reconstructions

energy/direction
* 1 pe calibration

submitted to Science of individual DOMs

method



Dec. (degrees)

what about the other sources?
e TXS 0506+056: 3.6c =2 3.7c

PKS1424+240 : 3.0c =2 3.7c

[ )
= 10g1()(plocal) - lOglo(plocal)
0 P 4 0 2 4 Banaarers
e e—
a: 216.9%, 5: 23.8%, v: 3.5, ng: 2.5 a: T7.4°, 5: 5.6, v: 2.0, n,: 6.1 - T 5
, IceCube Preliminary N —+— This Analysis
6.0 - @ g —+— 10.1126/science.aat2890
e = ~
n [5) | -
24.0 g E 20 L 20
20 i =
[} <]
=) o) X
b5 - £ 5
g = 10 1 10 1
23.5 A = =
<3
5.0 - 0 . 18 0
' < 10 15 20 25
1 2 3 : : :
217.5 217.0 216.5
s s e Spectral Index Spectral Index

R.A. (degrees)
PKS 1424+240

3.06 ->3.7c

R.A. (degrees)

results broadly consistent with previous work.

TXS 0506+056

ongoing program to improve the focus of the neutrino telescope will
receive another boost with the information on the ice obtained with
the Upgrade’s small string spacings and the new calibration devices
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lceCube high profile papers

2011 2020 2013 2018 2010 2021

Phys. Rev. Lett. (16) Science (4) Nature (3)

no evidence of decline of new results in 10 years



