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Antarctica

-~ | The IceCube+DeepCore Detector

. IceCube Lab
e [ceCube built in 2010 to map e —
—— I 81 Stations
the 17 Sky at Ey ~ 1 TeV S0m :7»:-.»—_.».‘_._;::?:‘?\'1‘ i . it = 4 324 optical sensors

e Find astrophysical v lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

e Find astrophysical v sources

e Help solve mystery of UHECR

1 Amanda Il Array
> Enhanced Wlth Deepcore 1450 m (precursor to IceCube)
DeepCore
8 strings-spacing optimized for lower energies|
480 optical sensors

emore densely instrumented
region for DM and atm. v osc.

Eiffel Tower
324 m

2450 m
2820 m

Digital Optical Module (DOM)

IceCube:
13 Countries J Li ,
54 lnstltutlons
319 Collaborators
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Neutrinos in IceCube: Sources

e Atmospheric tau neutrinos e Astrophysical high energy neutrinos
e cosmic rays (mainly protons) interact e created in cosmic accelerators, e.g., in
in the earth’s atmosphere particle jets created by black holes
o creating v, that oscillate — v, eEvidentat £, > ~ 10 TeV in IceCube
eIceCube threshold E, ~ 5 GeV, eIceCube has seen PeV-scale (10> eV) v's
EMM < ~ 10 TeV; E, = 107712 eV
@ c-cton Neutrino
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Fig. courtesy T. Stuttard/NBI

TXS 0506+056: BL Lac-type blazar, z=0.3365

IceCube
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Neutrinos in IceCube: Sources

e Astrophysical high energy neutrinos

e created in cosmic accelerators, e.g., in
particle jets created by black holes

eEvidentat £, > ~ 10 TeV in IceCube

e IceCube has seen PeV-scale (101 eV) v's

At higher energies, neutrino
flavors can be distinguished:

CC, I/NC

Single cascade: v e

e T

Track: yﬂCC, VTCC(T — U) Double cascade: ¢

o

early = late

oOOO

light level

L.~ 50 m/PeV
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Astrophysical v: E, > ~ 10 TeV

. + . :

e mainly from 7~ decay in e Beat down atm. i using part of
astrophysical beamdumps detector as veto (see below)

e Needle in a haystack! e Separate atm. v from
e 10'! atmospheric u/yr, astrophys. v using £,

spatiotemporal concidence,

¢ 10° atmospheric v/yr, and
g 1y and/or event topology

« 10! astrophysical v/yr
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Fig. courtesy J. Stachurska
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Astrophysical v: E, > ~ 10 TeV

v mainly from 7z~ decay in e Beat down atm. i using part of
astrophyical beamdumps detector as veto (see below)

e Needle in a haystack! e Separate atm. v from
e 10'! atmospheric u/yr, astrophys. v using £,

spatiotemporal concidence,

¢ 10° atmospheric v/yr, and
> 1y and/or event topology

« 10! astrophysical v/yr

CcC , NC cc | CcC

Single cascade: v, -, v, ,  Trackiy, =, v~ (z = p) Double cascade: 1€

“Double Bang/" ||

o

early = late

oOOO

light level

op ~ 11% Cp~ 2 L.~ 50 m/PeV
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Astrophysical v,

e Measurements to date: L. ~ 50 m/PeV )

e Search for 1-2 clean “double
pulse” waveforms and/or a
“two-cascade” signature

v(+v,)

_/

e ~2 v_candidates found:

. — single cascade —— double cascade -+ -} exp. data — reco wi ight s =--- reco without bright s ,-g:
- Assuming e e =)
s 1 )
«1:1:1 flavor ratio at earth § it { S
8L AL AR S &
«®(v) x E;*% (IceCube msmt.) ARV U | e TTT**.?‘ I e e )
E bright DOM* § N
expect 1.5 signal and 0.8 S 2 T3
. ¢) G =
background in 7.5 yrs gj « 0 2o s N g
° a § S
. Seee $88 B e G
e Notes: o : : ° ° ® .| | ondntopw] | & 32
: “ IREL g . > e 55
e Estimate that 98% and 76% of £ HE T 8 Q N S
c T 2
events like the two seenarev - © é s = :g @ o h%ﬂ"ﬁw 2
induced o‘ ® : :’ : 3 bright DDM™ m
Py 0 ® Q ) ::
e Index of -2.87 softest . S0 ¢ 9 i{H\ early = late
© ® it Sy
measured by IceCube ° G 0000
9‘ Bright DOMs are excluded from this analysis Time light level
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Astrophysical v,

e Joint flavor analysis:

e First time best fit point with "FlaV()r Trian gle"
((Dve’ (I)I/”’ M (I)UT) 75 0

e First probe of v flavor oscillations
over cosmic baselines & at the TeV
scale

eRules out no-v*" hypothesis at
2.80

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

arXiv:2011.03561 [hep-ex]

Ve : Vy @ Vr at source — on Earth: Z A/\ A \ s
5 010 — 0.17: 045 : 0.37 B “ 8 % -/ 0.1
o  1:20030:0.36: 0.34 o /W f
A 100 055 0.17: 0.28 o of B @ & & o B B B &
¢  1:1:0 - 0.36:0.31: 0.33 O WY N W RS w YN
--------- 3v-mixing 3o allowed region Fraction of 1
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Next Steps: Upcoming 25" Measurement

e Waiting for a clean “double bang”
would require much patience:
E, > ~ PeV are rare.

]
IEU > 60 TeV HH  Data
: Astro.
) HH »—:[-‘_1_1 Bl Atmo. Conv. )
2 107+ ,“I“ BN Atmo. Muons g
= : 3
o) ' L _ S
3 E
N ' ©
. HH | HH 1 g N
P 2o
o, : 5 Q
0 3
@ = — — 2 S
£
T
~ 20
-
8
25
10_1 1 1 L I L L) LI | I m‘ Q-‘
104 10° 106 107
Deposited Energy [GeV]
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Upcoming Astrophysical v, Measurement

e Follow in footsteps of previous
analyses, but look for DP signature
on 3 strings (180 vs. 1-2 modules)

e Instead use more plentiful “double *Render each string into a 2-D image

pulse” v_events at lower threshold * Identify DP signal(s) using deep
. convolutional neural networks
energies: E, > ~ 50 TeV
i NuE waveforms, full string " ; NuTau waveforms, full string - ; NuMu waveforms, full string o
~ Nu Energy = 464574 GeV,
o | = o AR .
o) 100 100 100 ]
0 Nu Energy = 655212 GeV 0 n Nu Energy = 575750 GeV
wn _% Wy Qt = 53839 PE _g g Qt = 42566 PE
(- < 150 Qs = 52858 PE i < 150 i o 150 Qs = 17139 PE ifa
(:)J E 00 E 200 E 200
D)
E ™ | o, single shower B |, DP structure s
o= (1 hyperbola) (2 hyperbolas)
0 1 20 30 4 50 W 0 220 3 4 50 s 0 10 20 3 4 50 W
DOM# DOM# DOM#
Module number (OC Depth) Qt: total charge

Qs: string charge
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Upcoming Astrophysical v, Measurement

Simulated ~200 TeV v_.
Data from most illuminated string and its two nearest neighbors:

Image 9, 205 TeV v;
NET1 = 1.00, NET2 = 1.00, NET3 = 0.97
Qs+ = 8042 Qs = 2426 Qs+ =531

'f_:, (Note: axes

Q, swapped from

é) previous slide’s

figures.)
s)
T O
-
S
S 3
prm—
Q
N =
SAANA /N
0 50 100 150 200 50 100 150 200 100 150 200 250 300

Time (3 ns bins)
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Upcoming Astrophysical v, Measurement

e Preliminarily predict ~4.8 = 0.1 vfc

on background of ~ 0.4 = 0.06
events (HESE flux; stat. errors only)

*~10 years livetime After opening the box, here’s what the triangle plot

*background dominated by might look like for two selected values of events seen:

astro atm
V,, and promptv

2 events seen 5 events seen

e systematic effects appear to
have minimal impact

IceCube
Work in
Progress

IceCube
Work in
Progress

e With ~5 events, can rule out

no-v2" at high confidence

¢~50% chance to reach 5S¢

e May be able to better
constrain astrophysical
neutrino “flavor triangle”

e Also: Exploring supra-PeV v_ Fractonohiv. Fraction of v.
producing kms-long 7 tracks % Source v,:v,: v, = 1:2:0 — ~1:1:1 at det.
e Potentially distinguishable from Blue lines from IceCube Collaboration, Phys. Rev. D 99, 032004

p tracks (smoother: m, > m,)

Doug Cowen/IceCube




Upcoming Astrophysical v, Measurement

e Preliminarily predict ~4.8 = 0.1 u,CC

on background of ~ 0.4 = 0.06
events (HESE flux; stat. errors only)

e ~10 years livetime

Simulated example
(5 events) overlaid
on current msmt.

ebackground dominated by

astro atm
V,, and promptv

e systematic effects appear to
have minimal impact

e With ~5 events, can rule out

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

Ve 1 Vy @ Vr at source — on Earth:

no-v2" at high confidence

¢~50% chance to reach 5S¢

e May be able to better

o 1 B 0:1.0—0.17:045: 0.37
ConStraln aStrOphy81cal - ,' e 1:20—030:0.36: 0.34
neutrino “flavor triangle” SERSEEERNE R A 4 00— 0555 0.17: 028

) ¢ 1:1.0—036:0.31:0.33
Fraction Of Ve || = 3v-mixing 3o allowed region

e Also: Exploring supra-PeV v_
. Overlaid plot lacks full
producing kms-long 7 tracks
e Potentially distinguishable from
p tracks (smoother: m, > m,)
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Conclusions

e [ceCube is unique in its broad sensitivity to v_ (and 7)

o ~6 orders of magnitude in £, (and £): 10 GeV < 10 PeV

e ~20 orders of magnitude in L, : ~R .,y & ~ 4 X 10° ly

e IceCube makes both exclusive 2" and inclusive 2™ measurements

e Exclusive: 12" — 7 — double pulse

e Likely to soon have world’s largest (exclusive) v appearance sample

astro

ev-""" are powerful probes of

e ultra-long baseline, ultra-high energy v oscillations
e astrophysical accelerator v production scenarios
e new physics

o Very early days for £2*"...but maturing rapidly!
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rate / Hz

Image 9, 205 TeV v
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[ceCube Prospects

e [ceCube Upgrade The IceCube Upgrade
e Will improve both low | .
. ce o °
and h?gh energy o
neutrino AP S
measurements L. t
e Important step o . .o l i 3

( )) o ’ Instrumen_t eeeeee :
towards the Gen-z 7 strings with 875 advanced DOMs and

experiment that will  limproved caiibration devices _

improve IceCube’s
capabilities by ~10x
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[ceCube: Neutrino Particle Physics

vy “disappearance” results competitive with

® Only dete ctor In the dedicated accelerator-based v experiments

world that can i \ /
perform atmospheric I el 8
v oscillation studies -
at high energies R e S
e Megaton-scale e
v “appearance” results currently competitive
dete CtOI‘ COnfeI‘S and soon will be world-leading; tests unitarity
enormous [ [ s T B

201 J e G 1 Best-Fit 68%, 90%
CC Expected (N =1.0, 68%)
| | n T T T
NC+CC Expected (N = 1.0, 68%)
- Best-Fit ) Analysis 4, CC
S a IS 1 Ca 13 +CC Best-Fit o Best-Fit 68%, 90%
N . -

Analysis 3, CC
Best-Fit 68%, 90%

W I SuperK 2017, CC 68% .
arXiv:1711.09436 e
OPERA 2018, CC 68%
arXiv:1804.04912
T T
0.0 0.5 1.0 1.5 2.0

v Normalization
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8-Year DeepCore v, Disappearance

3.0
=== NOVA 2020 (90%) === MINOS+ 2020 (90%)
-== T2K 2020 (90%) == DeepCore sensitivity, 8 yr (90%)
SuperK 2018 (90%)
257
%
T35 8 - Ry < —— S
M e o 2 B i e R IR el -
|O '\l ,>Q- (\\Q- - - e s ,-T(\\ \,
: \ |’ \\ §“—-.\—""’—’ / ! ,I
~N \ \ ~ S |
Nm 2.4 3 N \ . o’ /7 //
E \\ \ /’ ’
\\ S
2.2
0 IceCube Work in Progress
'0.30 0.35 0.40 0.45 050 0.55 0.60 0.65 0.70
sin?(6,3)
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