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lceCube v detector

* |ce Cherenkov v detector
e 1.5—-2.5 km underice

* 5,160 DOMs
* 86 strings

1450 m

* Spacing: 17/minz, 125 in x-y

e 1 km3 volume

* LE extension: DeepCore 2450 m
e 7minz aseti
* 40-70m in x-y




Penetrator HV Divider

IceCube v detector <

DOM
* Ice Cherenkov v detector Mainboard L

e 1.5—-2.5km underice

LED
Flasher
Board

o

Mu-metal

* 5,160 DOMs

grid

* 86 strings ‘
* Spacing: 17/min z, 125 in x-y X X §——= 73
e 1 km3 volume \\ — g
* LE extension: DeepCore ~ Nty
PMT RTV
* /minz : 4

* 40-70m in x-y Glass Pressure Housing



lceCube v detector

* Ice Cherenkov v detector

e 1.5-2.5 km under ice

* 5,160 DOMs

* 86 strings

* Spacing: 17/minz, 125 in x-y
* 1 km3 volume

* LE extension: DeepCore
* /minz
* 40-70m in x-y
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Neutrino sources for mixing studies

— Astrophys. neutrinos — Conv. atmos. neutrinos —— Prompt atmos. neutrinos
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Cos(Zenith)

Flavor mixing E regime

80%

60%

40%

20%

— 0%

10t
Energy (GeV)

P(v,—vy)

muon-suppressed
<€——  pion decay
(0:1:0)

pion & muon

<«—  decay
(1:2:0)

neutron
decay

s

4.0 45 5.0 5.5 6.0 6.5 7.0 G ev
log(Ey (GeV))

103 ;106



Flavor mixing E regime

The DeepCore regime The IceCube track regime Very high energy cascades

* Aggressive veto techniques * Bright events, great pointing Bright events, contained, good
to remove atmospheric * Energy is a lower limit E estimation
muons * More resilient to systematics Pointing is not great
Computationally expensive Some susceptibility to
reconstructions systematics
Good E estimator All-flavor, could ID tau neutrinos

Highly detailed
implementation of detector-
related systematics




Standard oscillations (DC)
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Pvy = vg = sin” 20 sin AE L

Standard oscillations (DC)

IceCube 8 years - Verification Sample
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Standard oscillations (DC)

e Best fit values
Sin2923 = 0505-'__882(1)
Am3, = 2.41 + 0.084 x 1073 eV?

* Excellent agreement
between data/MC

e Publication in
preparation

le—3 IceCube 8 years - Verification Sample
32/ " NOvVA 2020 ---- MINOS/MINOS+ 2020
' T2K 2020 - DeepCore 8 years - Verification Sample
——— SuperK 2020
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Standard oscillations (DC) — tau appearance

* Older sample, new analysis
still in progress

600 T
500 t
%) 400 T

Q300+
LL

200 ¢

100

600
500
400
300
200

100

0 0
5.6 10 18 32 56 -1.0 -05

Reconstructed Energy [GeV]

0.0

0.5
Reconstructed Cos(Zenith)

2500

2000

1500

1000

500

1.0

CascadesTracks
Particle ID

| R 1

1 e e 1

Analysis A, NC+CC
Best-Fit 68%, 90%

Analysis B3, NC+CC
Best-Fit 68%, 90%
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Analysis 53, CC
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Searches for sterile neutrinos (DC & IC)

* More elements in the neutrino mixing matrix

* Modulate standard oscillations
* Can create large oscillations for small mixing angle due to matter effects
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Searches for sterile neutrinos (DC & IC)

* More elements in the neutrino mixing matrix

* Modulate standard oscillations
* Can create large oscillations for small mixing angle due to matter effects
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Searches for sterile neutrinos (DC & IC)
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Astrophysical tau observations (HE cascades)
2

muon-suppressed

€——  pion decay
(0:1:0)

* Astrophysical neutrinos expected
to come from light meson decays

* No tau neutrino component A \

pion & muon

<«—  decay
(1:2:0)

* But neutrino mixing will scramble
the flavors by the time they get to
Earth

* Tau neutrinos expected

 Observed flavor ratio at Earth
expected in a narrow region

neutron




Astrophysical tau observations (HE cascades)

l-- Single, no brights

= = Double, no hrights

=== Double, with brights %+ Dam]

... bright DOM

Detected Photons

o o ® e

* Two events observed in 1 search (here)
« arXiv:2011.03561 [hep-ex]

e® -.“. 000009

* New ML-based approaches developed
* Expect 5 v; events on 0.5 background

* Could reject no-tau hypothesis at 5sigma
* Results coming soon

L 1] o eTa @
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https://arxiv.org/abs/2011.03561

Astrophysical tau observations (HE cascades)

<

Fraction of v,

Ve 1 V) 1 Yy atb source — on Earth:

o
A

L 4

*

0:1:0 — 0.17 : 0.45 : 0.37
1:2:0 — 0.30 : 0.36 : 0.34
1:0:0 — 0.55 : 0.17 : 0.28
1:1:0 — 0.36 : 0.31 : 0.33

HESE with ternary topology 1D
Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

3v-mixing 30 allowed region

arXiv:2011.03561 [hep-ex] 18



https://arxiv.org/abs/2011.03561

W-production by v, — e

a t, =328 ns b 3 ms after t,

* Process:v, +e” - W™ - X

* Cross section enhancement at 6.32 PeV

* One event observed
* Rejects no resonance at about 2.5sigma
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Nature volume 591, pages220-224 (2021) 19


https://www-nature-com.login.ezproxy.library.ualberta.ca/

Summary and Outlook (i)

* IceCube has measured neutrino mixing from GeV to PeV energies
* Precision measurement of atmospheric oscillations
* Searches for other flavors (steriles, Upy;ys NON-unitarity) so far negative
* First evidence of astrophysical tau neutrinos found
* First Glashow resonance event found

e Data analysis is still on-going — over 10 years of stable data!
* Inclusive version of low-energy sample being finalized, boost of 5x stats
* All DC-suite of studies will improve significantly
* New cascades+tracks HE sample being put together
* ML efforts in astrophysical v; well underway
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Summary and Outlook (ii)

* The IceCube upgrade P .
 Recalibration of all data " " .
 Lower E threshold for DC | o .0 "
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Fully funded (NSF+partners)
Deployment to occur 2025-2026
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Systematics

Tested, but subdominant:

* DIS x-sec NuTeV corrections

* X-sec higher twist parameters
e X-sec valence quark correction
* Hadronization multiplicity

e Optical acceptance models

Analysis A

Parameter Prior (CC + NC) Best fit (CC)
Neutrino flux and cross section:

v, /v, Ratio 1.0 £0.05 1.03 1.03
v, Up/Hor. Flux ratio (o) 0.0+1.0 —0.19 —0.18
v/v Ratio (o) 0.0+ 1.0 -0.42 —0.33
Ay, (Spectral index) 0.0£0.1 0.03 0.03
Effective Livetime (years) : 2.21 2.24
M (Quasielastic) (GeV) — 0.997)248 1.05 1.05
M7 (Resonance) (GeV) 1.124+0.22 1.00 0.99
NC Normalization 1.0£0.2 1.05 1.06
Oscillation:

015 (°) 8.5 £0.21
03 (°) e 49.8 50.2
Am3, (1073 eV?) 2.53 2.56
Detector:

Optical Eff., Overall (%) 100 £ 10 98.4 98.4
Optical Eff., Lateral (o) 0.0+ 1.0 0.49 0.48
Optical Eff., Head-on (a.u.) e -0.63 —-0.64
Local ice model S S e
Bulk ice, scattering (%) 100.0 = 10 103.0 102.8
Bulk ice, absorption (%) 100.0 + 10 101.5 101.7
Atmospheric muons:

Atm. u fraction (%) e 8.1 8.0
Ay, (p Spectral index, o) 0.0+1.0 0.15 0.15
Coincident v 4 u fraction 0.0+ 0.1 0.01 0.01
Measurement:

v, Normalization 0.73 0.57




Systematic uncertainties

e Continuous modification of -
expectation at each bin
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* Include:
* Cross section
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Count with respect to baseline rate

* Neutrino flux
* Detection optical efficiency -
* Relative angular acceptance

[ ]

Background expectation
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¢ Individual (CC) I Category (CC)

4+ Individual (NC+CC) I Category (NC+CC)
Am2, A 4+j4 Oscillation
I
0,3 1 +% I
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Ay, 1 %
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\)e/\)“ RatIO r
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¥ ¥ e
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50%
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oscNext verification — total charge

IceCube 8 years - Verification Sample
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