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The IceCube Neutrino Observatory
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The IceCube Neutrino Observatory
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The IceCube Neutrino Observatory

Cherenlkov
radiation
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The IceCube Neutrino Observatory

Cherenlkov
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The IceCube-Neut}ino Observatory
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The IceCubeNe‘uti'ino Observatory

Spacing [m] Energy

threshold
Horiz. Vertical (GeV]

DeepCore| ~50 7 ~5

........
......
. ;..‘ ] .

L2 l 8 +DeepCore PMTs with higher quantum efficiency
# .
|

10 Year - 1
anwniversary for 1l
fl/LU, awaal E\ | g ﬁ*ig

b cawn access atmospheric

' il : neutrino oscillations
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Neutrino oscillations

\anOoW Mass Atmospheric Accelerator Reactor
: * Accelerator Reactor Solar
Ve =2 Uk [vi
\’ 1 0 O ciz 0O edsq3 Ciz S12 0 Cij = COSDj
Uppns=[ 0 C23 s 0 1 0 -S12 C12 O Sij = SIiNBj
0 -s23 Cos -e%s13 0 €13 0 0 1
Normal ordering (NO) Inverted ordering (lO) : : :
Two-neutrino vacuum approximation: AM 2 ~ 1.0-5 gV
21
Puop= | (Vg (L) Ivy) E A 2~ 102 eV=
Amplitude Frequency

Py =SR2 (20)stn2(1.2% - Am2- L / E)

To first order, DeepCore is sensitive to Ams22 and 023
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Atmospheric neutrinos

Free neutrino beam from cosmic ray interactions ¢ down-going
« Mixed composition of (anti-)v, and (anti-)ve ?upgo,ng """""
* Observable over a wide range, from few GeV —100's TeV

» Arrival direction used as proxy for distance travelled: cos(Bzenith) o< L

At 5 GeV, operating well above tau-production theshold

. % 1.0 100%
VM Dlsappearance VT Appearance
. ’ 0.5 e
g o : £ o0 1
-10 z -1.04 - - 0% k
10 10+ .

10° 10t 2 10 .
Energy (GeV) Energy (GeV) e ¢

~12,700km
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Filtering and reconstruction

See posters #1567, #164 for more on DeepCore reconstruction

Haodrons

PDWN
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Filtering and reconstruction

See posters #1567, #164 for more on DeepCore reconstruction

Haodrons
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Filtering and reconstruction

Haodrons

See posters #1657, #164 for more on DeepCore reconstruction

Background rejection 2 data sawmples, 3 years of data

: 0,1%

\ noilse <0,1% B Analysis A (Total Exp: 62203)

: 8 1% W Analysis B (Total Exp: 40959)

[ atm. U '

[ VT

I v 64,6%

: M 66,5%
ve

“Cascade-Like”: BN TR R it ~NQNELER R D
NC wnteractions, v, CC and ' ; TR N o
3% v CC

“Track-LLke”:
Vi, CC and some v CC (17%)

2.5

J.
Time [ us
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Filtering and reconstruction

See posters #1567, #164 for more on DeepCore reconstruction Hadrons
Background rejection 2 data sawmples, 3 years of data Ustng track length as Flavour 1D
: 0,1% 1.0
[ noise <0,1% B Analysis A (Total Exp: 62203) v, + U, CC Analysis A

. v
‘ 3 19% W Analysis B (Total Exp: 40959) g fg 0.8 v, + v, CC
! atm. U 506 v+ NC
! 5o 7. CC
' — Ve + Up
! VT 5204
L4 ) -a
U 0
. 5 E
! Vu 64,6% L % 0.2
; 66,5%
° 0.0
ve 6 8 10 13 18 24 32 42 56

MC Truth Energy (GeV)

“cascade-Like”: EER T P i I RO Dl —
, , : | I NE - L =asTGav || | S\t o ‘ i EFT:EQ;:: RCSO l/LtLDV\IS
NC wnteractions, v, CC and =
220 GeV:
23% vy CC @20 G Tracks | Cascades

“Track-like”: AT Rand IR -1, S 29 7o
vy CC and some v CC (1?%) — — T o | Zenith 10° 16°

J.
Time [ us

Energy
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Analysis strategy

(O’LV"' M) 2 4+ (O'Lolata) 2

LEbLins
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Analysis strategy
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Analysis strategy
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Standard oscillation results

Am?23z = 2.55 +811 12 X103 eV?

sin2023 = 0.58

+0.04
-0.13

0
= 1251 MC Uncertainty
fél.OO"I'..'..l...l.l.'......l....l

& 0.75 4

Data

10° 10
L/E (km/GeV)

+0.34
Norm v (ce+ne) = (0.73 594

102 103
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Reject no-v. with 3.20 (CC+NC)

- MINOS 2016

- NOvA 2017
- |C 2017
- |ceCube, Analysis .4

T2K 2017

SK 2017

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

Analysis 5, NC+CC
Best-Fit 68%, 90%

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

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

SuperK 2017, CC 68%
arXiv:1711.09436

(S [—

OPERA 2018, CC 68%
arXiv:1804.04912

0.0 0.5

1?0 1?5 2.0
v; Normalization




Standard oscillation results

% Individual (CC) | Category (CC)
4+ Individual (NC+CC) | Category (NC+CQ)
Am?Z, - ...r Oscillation
I
+O12 . +OO4 823' “ |
Am232 =255 -0.11 X10-3 eV?2 S|n2923 = (0.58 013 T 000 e -
v/v Ratio - 21 v Flux
Ay, { % + Howda et al.

Effective Livetime % < PRD 92, 023004 (2015)

Ve/Vy Ratio
, Bary et al.
ve Up/Hor. Ratio PRD 74 094009 (2006)

oNC Norm. 4 #4¢ Cross Section

!
Ma (RES) 4 % : GENIE 2.8.6
Ma (QE) # || (GrRVIR)

Detector

®
4

Head-On Eff.
Scattering

|

s
o 1.25 ¢
© 1.00

MC Uncertainty

L/E (km/GeV)

Absorption
Overall Eff.
Lateral Eff.

Atm. 1 Fraction

v/ Coin. Frac.

|

Atmospheric u

Ay, ¥

+0.34 _ _ 0%  10%  20%  30%  40%  50%
Norm V. (CCHNC) = 0.73 _0.24 ReJeCt NO-v. with 3.20 (CC"‘NC) Impact on 1o Range
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On the horizon EEE % Individual (CC) I Category (CC)

4+ Individual (NC+CC) | Category (NC+CQ)

Am§2 | Oscillation
623 I

v/v Ratio

Avy Howda et al.
Effective Livetime PRD 92, 023004 (2015)

Ve/Vy Ratio 2ary et al
Ve Up/Hor. Ratio PRD 74 094009 (2006)

wNC Norm. Cross Section

Ma (RES) GENIE 2.8.6
Ma (QE)

Head-On Eff. Detector
Scattering
Absorption
Overall Eff.
Lateral Eff.

Atm. p Fraction Atmospheric p
v/u Coin. Frac.

Ay,

0% 10% 20% 30% 40% 50%
Impact on 1o Range
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On the horizon...

% Individual (CC) | Category (CC)
4+ Individual (NC+CC) | Category (NC+CQ)
Am2.. - Oscillation
32 ..F
823 7 “ i
, v/v Ratio - *4 v Flux
q - . Ay, | %+ Hownol )
2 ” I onala et al.
: Link to MCEq on qithub Effective Livetime % 4 . PRD 92, 023004 (2015)
$ Fedynitch et al., Ve/Vy Ratio .
- EPJ Web Conf. 99 (2015) 08001. [ECRUALALE SuNE Y 559_7;_%9“&5‘5_{@9%%_3
gg oNC Norm. 4 #4¢ i Cross Section
Ma (RES) 1 % : GENIE 2.8.6
Ma (QE) ¥ I (QR\/ﬂ g)

3 4 5 6
Y ey W1 veadonen.| x4 Detector |
Scattering - k! :
Absorption | ¥ I
Overall Eff. {9 |
Lateral Eff. 1% :

Atmospheric i

Atm. p Fraction 1%
v/l Coin. Frac. 1%
Ay, ¥

0% 10% 20% 30% 40% 50%
Impact on 1o Range

Summer Blot | 22.06.2020 | Neutrino 2020



On the horizon EEE % Individual (CC) I Category (CC)

4+ Individual (NC+CC) | Category (NC+CQ)

Am2.. - Oscillation
2P
| | 6,3 1 +% I
- ;’, 0os(6;™*) = -1.0 = Lu.)c v/¥ Ratio - %1 v Flux
. Ay, 1 %8 + ! Hownd L
=% |7 . . I OMI a 6t a .
06 Link to MCEq on qithub Effective Livetime % 4 . PRD 92, 023004 (2015)
S K* B Fedynitch et al, Ve/vy, Ratio . Barr et al
2 0.4 _ FPJ Web Conf. 99 (2015) 08001 . Ve Up/Hor. Ratio | PRD 74 094009 (2006.)
cvar = L NP1 IS e Do\
ch 10" oNC Norm. 4 #4¢ i Cross Section
E JCAP 1910, 048 (2019) e e Ma (RES) 1% | GENIE R2.8.6
E 1 Central Model Absorption MA (QE) -' I (QRVj g)
@ 10" w—— Perturbed Absorption | [ @000 b e e e e e e e i — — ————
= Head-On Eff. - % + Detector I
S Scattering - ® :
Absorption | ¥ I
0.5 Overall Eff. { % :
Lateral Eff. 1% I

0.01

————————————————————————————————— 7 R y—— R y—— S —— p————

Atmospheric i

—0.5 1

1200 1400 1600 1800 2000 220)0) 2400 2600
Depth (m)

Atm. u Fraction %
v/l Coin. Frac. 1%
Ay, ¥

Fractional Shift

0% 10% 20% 30% 40% 50%
Impact on 1o Range
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On the horizon...

-
—

N
+
Ai
8
2
S
=

cos(67"€) = -1.0

K*

Lux

-~ Link to MCEq on qithub

Fedynitch ef al.,
EPJ Web Conf. 99 (2015) 08001.

l”H

Coefficient (m1)
i

10

JCAP 1910, 048 (2019)

Central Model Scattering
w— Porturbed Scattering

Central Model Absorption

— ["'H\lriw«].\}’-~«>1]=H»1;

(.5

0.01

—0.5

““““““““““““““““““ 7

Fractional Shift

+ alternative xsec models (CSMS), see A. Cooper-Sarkar, et al. JHEP 08 (2011) 042

1200)

1400

1600

1800

2000 2200) 2400 2600

Depth (m)

| Category (CC)
Category (NC+CCQC)

% Individual (CC)
4 Individual (NC+CC) I
Ams3, -
823 m -l-%
v/v Ratio - 3‘-!-
AY\) n x +

Effective Livetime % <=

Ve/V, Ratio
ve Up/Hor. Ratio ¥

wNC Norm. -
Ma (RES) -
Ma (QE)

Head-0On Eff. 1
Scattering -
Absorption | ¥
Overall Eff. {3
Lateral Eff. %

Atm. u Fraction -
v/l Coin. Frac. 1%
Ay,

Oscillation
[
[

—_—t— B B B B N B N N B N B N B N N N B N N B B B B __N _N ]

Howda et al.
PRD 92, 023004 (2015)

Baryr et al.
PRD 74 094009 (2006)

PR NN S BN SN SR GRS S SN SN SENNN SN SENNR WNNNN WENNR WENNR WNNNN WENNR WS WNNNR WSS NSNS W WNNER O WENNN WS Wm——

Cross Section

GENIE 2.2.6
(GRVIR)

Detector

U S S SN SN S SN B SN S G G S BN SN S SN S BN I G G SN SN S S S e

Atmospheric U

0% 10%

+ tmeproved moodeling of DOM response, see  https://arxiv.org/pdf/2002.00997 . pdf
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Standard oscillation 8 y projections

- T2K 2018

IceCube Preliminary Sensitivity

- = NOvVA 2019 = = MINOS/MINOS+ 2017

SuperK 2018 === DeepCore 8 year sensitivity

DeepCore 3 year resull 2018

0.30 0.35 0.40 0.45 050 055 060 0.65 0.70

sin?(623)

.IL
T}

See posters #5647 and

m— Trials median
- ASiMOV
68% of trials
90% of trials

IceCube preliminary
sensitivity

t167 for more details

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Nv“’x_

IceCube Preliminary wugum Sensitivity for 8 yrs (lo)

IceCube 3 yrs (10)

Sensitivity

e

e |

OPERA (10)
SuperK (1o0)

1.5
NVT

tmpro\/ed detector ca Libmtiow, evewnt seLeo’ciow, recowstrua’ciow, PID and sgs’cematio treatmeent
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Searching beyond the vSM

?
NC
ﬂ—-a\

» eV-scale sterile neutrinos ’ /'
* Non-standard interactions /' /' New Int.?

* ...+ much morel! /' /' ‘; f /'

New Int.?

Expected signatures are assessed by modifying /'
neutrino mixing matrix and potential

/

00000
OO00000O
O000O0O

OOO000O0O
O000O0O

A 1 A | "\
H = = UMU' +
2k "t
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Searching beyond the vSM

Favourable phase space
« High energies: access new physics coupling to T-sector

* Long trajectories: exposure to new fields/interactions it 1R standare

Non-standard
interactions

Sterile neutrino

Model dependent searches for new physics, e.g.: | A mixing

« eV-scale sterile neutrinos
* Non-standard interactions
e ...+ much more!

Expected signatures are assessed by modifying
neutrino mixing matrix and potential Energy (GeV)

A 1 2 For particular realisations of nhon-standard physics

H = = UMU' + V.
op M mk
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See poster #364 for more details

Non-standard interactions

IceCube
preliminary

New mediators, e.g. Z'
* Creates non-standard flavour changes

Super-K 2011 (2d)

* Modifies effective matter potential experienced MINOS 2013
by neutrinos in transit through the Earth COHERENT 2018 (¢, = c) = i o

2018 (w/ | 90 % range
global 2018 (w/ correl.) { range

1C 2018
IC 2019

2 (x)
() )

E;d'af o efu)(x)

Results are consistent with the null
hypothesis

90 % allowed region

» Constrain real couplings with phases fixed to O

IS AID ST

¢z

* New - full parameter fit includes complex ——
phases e ™ Eap Err T €
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Sterile Neutrinos See poster #177

for more details

3+1 model: probes AmZ241 , 024, 034
» Using 8 years of high-energy, through-going tracks (cos0; < 0)
« 305,735 events with >99% purity vy

» High statistical precision required significant investment in
modelling of systematic uncertainties

= =  This work 90% CI.
wemm  This work 99% CL
B 687 (trials)
1 95% (trials)

Two searches, both results consistent with null hypothesis

Analysis |I: Am =4.47 eV?2, sin2(2024) =0.10 (B34 =0),p=8% —p

—
N
ot
L
Lo}
o~
J—
J—
3

Analysis Il: sin2(2624)= 0.006, sin2(2634)= 0.40, (Am =50 eV2), p = 19%

Results are robust against the removal of any single year of data L enmcss
or systematic uncertainty - MiBooE SciBoeNE

https.//arxiv.org/abs/20056.12942v3 https.//arxiv.org/abs/20056.12942
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https://arxiv.org/abs/2005.12943
https://arxiv.org/abs/2005.12942

The IceCube Upgrade

IceCube Upgrade goals:

* Precision oscillation measurements
* |Improved detector calibrations
 R&D for lceCube-Gen2

Key features
* > 3800 new devices
» Reduced spacing between devices

* Explore the deep ice down to 2600 m

~all Now Deploy  Gen2...
lceCube DeepCore  Upgrade 1450m  2100m  2150m

B e 2450m  2450m  2425m
e Instrumented Depth

2018 2020 2022/23 f

Ref: Duvernois 20190222
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New sensor designs

2x8” PMT
Produced at Chiba
DITolle)VAR2610]0

24x3” PMT
Produced at DESY&MSU
Deploy ~400

Move total photocathode area, increased wavelength and angular acceptance

Genl-DOM =« pDOM
mDOM Special device
Calibration device

Depth [m]

2500-

2600-
S P D P g gl o

> °
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Genl-DOM =« pDOM
mDOM Special device
DEgg Calibration device

New sensor designs

DEQg

2x8” PMT
Produced at Chiba
Deploy ~300

L " rr

Depth [m]

24x3" PMT
Produced at DESY&MSU
Deploy ~400

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

» L

Move total photocathode area, increased wavelength and angular acceptance
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lceCube Upgrade Potential

NOVA 2019 (90%)

T2K 2018 (90%)

SuperK 2018 (90%)

0.0030 - MINOS 2016 (90%)

DeepCore 3 yr 2018 (90%)

lceCube Upgrade 3 yr sensitivity (90%)

0.0032

~0.0028-
>
Q
~ 0.0026-
&
<]

0.0024

0.0022 -

0.0020

IceCube Work in/Progress

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin?(653)

e

IceCube Work in Progress

DeepCore 3 yr (10)

IceCube Upgrade
1 yr sensitivity (10)

.

OPERA (10)

e e SuperK (10)

IceCube Work in Progress

DeepCore 3 yr (10)

IceCube Upgrade
1 yr sensitivity (10)

e

OPERA (10)

e e Superk (10)

1.5
Ny

T

Simtlar merovemewts expected LA Begowd VSM searches
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lceCube Upgrade

DeepCore

 Large dynamic range

Impact on science

« Reduced detector-related uncertainties for
entire detector, including archival data

* New opportunities for ice studies/glaciology

POCAM: https://arxiv.org/pdf/2005.00778.pdf (Accepted by JINST)
Cameras: https://arxiv.ora/pdf/1908.07734.pdf (ICRC 2019)
Acoustic: https://arxiv.org/pdf/1909.02047.pdf (ICRC 2019)

DESY. Summer Blot | 22.06.2020 | Neutrino 2020


https://arxiv.org/pdf/2005.00778.pdf
https://arxiv.org/abs/1908.07734
https://arxiv.org/pdf/1909.02047.pdf

lceCube Upgrade

DeepCore

 Large dynamic range Upgrade

Impact on science device

« Reduced detector-related uncertainties for
entire detector, including archival data

* New opportunities for ice studies/glaciology

Upgrade

device
POCAM: https://arxiv.org/pdf/2005.00778.pdf (Accepted by JINST)

Cameras: https://arxiv.ora/pdf/1908.07734.pdf (ICRC 2019) : f————
Acoustic: https://arxiv.org/pdf/1909.02047.pdf (ICRC 2019) R ~30 m

DESY. Summer Blot | 22.06.2020 | Neutrino 2020


https://arxiv.org/pdf/2005.00778.pdf
https://arxiv.org/abs/1908.07734
https://arxiv.org/pdf/1909.02047.pdf

lceCube Upgrade

DeepCore

 Large dynamic range Upgrade

Impact on science device

« Reduced detector-related uncertainties for
entire detector, including archival data

* New opportunities for ice studies/glaciology

device
POCAM: https://arxiv.org/pdf/2005.00778.pdf (Accepted by JINST)

Cameras: https://arxiv.ora/pdf/1908.07734.pdf (ICRC 2019) : f————
Acoustic: https://arxiv.org/pdf/1909.02047.pdf (ICRC 2019) R ~30 m
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lceCube DeepCore provides complementary measurements of standard atmospheric mixing
parameters.

Higher energies and longer baselines provide unique sensitivity to New Physics and world-
leading constraints.

New oscillation measurements from lceCube DeepCore with 8 y live time are coming soon.

lceCube Upgrade will enable more precise measurements of low energy neutrino properties,
and better calibrations will benefit entire IceCube science program.

RESEARCH FOR
GRAND CHALLENGES

ICECUBE

J UPGRADE




Th an k yQ U ' want more? Checkkout these posters!

Novel reconstruetion tools Interactlons/cross sectlon Standard oOscillations

203. Measuring neutrino cross-section with IceCube at

intermediate energies (~100 GeV to a few TeV)

Sarah Nowicki (Michigan State University)

164. Application of Convolutional Neural Networks to
Reconstruct GeV-Scale IceCube Neutrino Events

547. Atmospheric Neutrino Oscillations in IceCube DeepCore

Kayla Leonard (University of Wisconsin - Madison)

Jessica Micallef (Michigan State University)

Poster session 4

Poster session 4 Poster session 4

171. Measurement of the Earth Density Profile with Atmospheric 167. Tau Neutrino Appearance with 8 years of IceCube Neutrino
Muon Neutrinos Collected by IceCube Data

Kotoyo Hoshina (University of Wisconsin Madison) Mr Etienne Bourbeau (NBI)

157. Deep Learning Classifier for Low-Energy Events in IceCube
Maria Prado Rodriguez (University of Wisconsin-Madison)

Poster Session 1 Poster Session 1 Poster session 3

3|
_ S e W A b

Begowd Standard oscillations

320. Searching for neutrino decoherence from quantum gravitational 177. Search for Light Sterile Neutrinos With Eight Years of
space-time fluctuations with IceCube. IceCube Data

Dr Tom Stuttard (Niels Bohr Institute, IceCube) Dr Carlos Arguelles (MIT)

Poster session 3 Poster Session 2

529. Light Unstable Sterile Neutrino Search in IceCube

364. Non-standard neutrino interaction search with IceCube DeepCore
Marjon Moulai (Massachusetts Institute of Technology)

Mrs Elisa Lohfink (Johannes Gutenberg-Universitdt, Mainz)

Poster Session 2 Poster Session 2

RESEARCH FOR
GRAND CHALLENGES


https://indico.fnal.gov/event/19348/contributions/186321/
https://indico.fnal.gov/event/19348/sessions/15287/
https://indico.fnal.gov/event/19348/contributions/186230/
https://indico.fnal.gov/event/19348/sessions/15288/
https://indico.fnal.gov/event/19348/contributions/186565/
https://indico.fnal.gov/event/19348/sessions/15113/
https://indico.fnal.gov/event/19348/contributions/186588/
https://indico.fnal.gov/event/19348/sessions/15289/
https://indico.fnal.gov/event/19348/contributions/186577/
https://indico.fnal.gov/event/19348/sessions/15289/
https://indico.fnal.gov/event/19348/contributions/186541/
https://indico.fnal.gov/event/19348/sessions/15289/
https://indico.fnal.gov/event/19348/contributions/186712/
https://indico.fnal.gov/event/19348/sessions/15113/
https://indico.fnal.gov/event/19348/contributions/186478/
https://indico.fnal.gov/event/19348/sessions/15287/
https://indico.fnal.gov/event/19348/contributions/186229/
https://indico.fnal.gov/event/19348/sessions/15287/
https://indico.fnal.gov/event/19348/contributions/186687/
https://indico.fnal.gov/event/19348/sessions/15288/

Backup



Neutrino oscillations

matter profile) than accelerator experiments

Well above the tau production threshold

U-mns Unitarity implies, e.g.:
|Uez |2 + ‘UMB‘Q + |Uz|2 =

Solar Potential

#
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#
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DeepCore 3 year sample
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DeepCore 8 year sample

10 Hz—g
1 HZ';
100 mHz-§

10 mHz—é

- -

- R
0.1 mHz-; —

B

,

: —O-
1lceCube Preliminary (Simulation) 9

DeepCore Simple Muon & Noise Straight ~ Reconstruction Final
Filter Muon & Noise BDTs Cuts Selection
Veto
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DeepCore 8 year sample
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Analysis strategy

GENIE 2.2.6 Photown propagation

REMOVE AtML. MUONS
and pure notse trigoers

CR, hadrow production/
Lnteraction, atwwsplncre

Hadvronlzatlon with

POM réspownseg
KNO and PYTHIA,

Howoda, et al

Energy, zenith, P>

LPhys. Rev. D 92, 023004 (2015) GRVIL PDFS Trigger )
Interaction Detectlon Filter/Reco
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Primary cosmic ray model

Dembinski, et al., https://pos.sissa.it/301/533/pdf
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Flux uncertainties

Experimental coverage
of single 1T production vield
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https://arxiv.org/pdf/astro-ph/0611266.pdf

Flux uncertainties

E, 3-30GeV _

N
o

Uncertainty (%)
Uncertainty (%)

N W A, O OO N 00 ©
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v, /v, uncertainty
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100

Barr et al. https://arxiv.org/pdf/astro-ph/0611266.pdf
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https://arxiv.org/pdf/astro-ph/0611266.pdf

Photon propagation

lce

| SPICE 3.2.1 ice model _
IceCube DeepCore
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Photon propagation

lce

| SPICE 3.2.1 ice model _
IceCube DeepCore
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Local ice/DOM features

Still frame from M S5 5 ‘
camera A 0B ’- ':'—". 18 S a 14
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Detector recalibration

“With great statistics comes great responsibility”
mps //arX|v org/abs/2002 00997

log,, orientation uncertainy, degrees

L4l ——  SPE Templates -
- 5 —  TA0003
L2y —  TA0004
1.0 - Nadison
U.81§
=
O
0.6} |\
0.4
0.2}
0'8 | - i 1
10 20 30 40 50 60 70 80 0 (.5 1.0 1.5 2.0 2.0 3.0

string Charge [PE|
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https://arxiv.org/abs/2002.00997

Event readout

Hit records sent
to surface DAQ

Trigger Flag to I
Neighbor DOMs 13 H
. ard local
Discrimingior | Clock Capture F==>1"" ime Stamp. e »
Charge Summary coincidence” HLC

from Neighoor DO Trigger decision
10 based on number of
it HLCs (+ optionall
sl (+ optionally

Analog Compression VO I U m e )
Capture & W (lossless)

Digitizers

256 Samples

—

High Gain 128 Samples
(each gain)

Preamplifiers
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Neutrino interactions in IceCube

DESY Summer Blot | 25.02.2020 | UW-Madison
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Neutrino interactions in IceCube

Ve, Vi, Ve
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Neutrino interactions in IceCube

Ve, Vi, Ve

DESY Summer Blot | 25.02.2020 | UW-Madison

36



Neutrino interactions in IceCube

u
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Neutrino interactions in IceCube

u
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Neutrino interactions in IceCube
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Neutrino interactions in IceCube
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Neutrino interactions in IceCube
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Neutrino interactions in IceCube

VC/VW

Ve

Vr
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Neutrino interactions in IceCube

VC/VW

Ve

Vr
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Resolution @ 20 GeV for
tracks (cascades):

e 24% (29%) In energy
* 10° (16°) zenith

Classification @ 20 GeV:

* 50% of vy CC events
correctly classified as
tracks

DESY

Event reconstruction

60

0 10 20 30 40 50 60 O
Etrue (GeV)
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Detector systematics

[W—
[W—
| g

T1.15

Best Fit . ; TL10
Track-hke .
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[
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—

ount F
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70.90
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Neutrino oscillations

Number of Events

Data/MC

NC
- I r - Hatma
e cr NG
- 1”’- - "" : I)f‘..‘"',

cc
o

1 No Oscillations

I | Data

v CY Appearance
IceCube Preliminary

Log,,( L/E (km/GeV))

Analysis A Analysis B

Parameter Prior Best fit Best fit| Best fit Best fit

(CC+NC) (CC) [(CC+NC) (CC)
Neutrino Flux & Cross Section:
ve /v, Ratio 1.0 £ 0.05 1.03 1.03 1.03 1.03
ve Up/Hor. Flux Ratio (o) 0.0£1.0 -0.19 -0.18 | -0.25 —0.24
v/v Ratio (o) 0.0x 1.0 —-0.42  -0.33 0.01 0.04
A7, (Spectral Index) 0.0=0.1 0.03 0.03 —0.05 —-0.04
Effective Livetime (years) 2.21 2.24 2.45 2.46
MSC9E (Quasi-Elastic) (GeV) 0.99! 3 248 1 1.05 1.05 0.88 0.88
.Mfs (Resonance) (GeV) 1.12 =0.22 1.00 0.99 0.85 0.85
NC Normalization 1.0+0.2 1.056 1.06 1.25 1.26
Oscillation:
013 (°) 8.5 £ 0.21 - - 8.5 8.5
Bz (°) ; 49.8 50.2 46.1 45.9
Am3, (1073eV?) - 2.53 2.56 2.38 2.34
Detector:
Optical Eff., Overall (%) 100 £ 10 98.4 08.4 105 104
Optical Eff., Lateral (o) 0.0 1.0 0.49 0.48 —-0.250  —-0.27
Optical Eff., Head-on (a.u.) - —-063 064 | —-1.15 —1.22
Local Ice Model - - - 0.02 0.07
Bulk Ice, Scattering (%) 100.0£ 10| 103.0 102.8 97.4 97.3
Bulk Ice, Absorption (%) 100.0 £ 10| 101.5 101.7 102.1 101.9
Atmospheric Muons:
Atm. p Fraction (%) 8.1 8.0 4.6 4.6
A~, (u Spectral Index, o) 0.0 :iL 1.0 0.15 0.15 - -
Coincident v + u Fraction 0.0+0.1 0.01 0.01 - -
Measurement:
v+ Normalization - 0.73 0.57 0.59 ().43

40
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NSI

-0.2
-0.4
—-0.6
-0.8

Pns) — Ps

500 Vu = Uy | Eee = 0.55 1.0 200 Vu = Uy | € =0.04 1.0 200 Vy = Uy | Eer =0.12
300 A 0.8 300 A 0.8 300 -~
200 A 200 A 200 -
0.6 0.6
100 0.4 100 0.4 100
> 02 o > 0.2 o >
Q QI Q QI. Q 30
Q 0.0 _ 0 0.0 - 9 20
u3 -02 &2 4 0.2 2 4
-0.4 -0.4
—-0.6 -0.6
-0.8 -0.8 =
-1.0 1 e e e L -1.0 ] -Te——— S=SS T | p—
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
cos8, c0s9,
500 Vy - Vu I fur — 0.008 1.0 500 'Vu - Vu I Err= 0.03 1.0
300 0.8 300 - 0.8
200 200 -
0.6 0.6
100 0.4 100 0.4
< 50 " < 50 -+ N
> 0.2 > 0.2
Q 30 Ql D 30 - c:'
O 20 oo | O 5p - oo |
w10 —0.2 & w10 - =0.2 &
. -0.4 5 1 -0.4
3 -0.6 3 -0.6
=== -0.8 -0.8
1 - — ---Vl T T T T T T T -1.0 1 T T T T T T T -1.0
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 -1.0 -0.8 -0.6 =-0.4 -0.2 0.0
cos9, c0s9,

Non-standard disappearance at high energy due to €ey & €1
Less disappearance at high energy due to €er & €17
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Analysis |

e A ]| Systematics 90% C.L.
=== Normhzation Only
=== N - (Cross Secticn)
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N - (Detector)

==== N - (Conv.)
=== N - (Detector)
N - (Astro.)
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lceCube Upgrade Events

Inner fiducial (DeepCore)
Outer fiducial (DeepCore)
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IceCube
Work in Progress
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- |nner fiducial (Upgrade)
- Quter fiducial (Upgrade)

IceCube
Work in Progress

o
N

Rate [mHZz]

Cos(ezenith, true)

IteCube
Work in Progress

Rate [mHz]
o
o
[
o

Cos(ezenith, true)

Summer Blot | 22.06.2020 | Neutrino 2020

45



The IceCube Upgrade

DEgg

=

Acoustic sensors

Rotating pencil beam Cameras
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The IceCube Upgrade
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PINGU LOI v2: https://arxiv.org/pdf/1401.2046.pdf
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https://arxiv.org/pdf/1401.2046.pdf

lceCube-Gen2
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Neutrino oscillations

_ PINGU 4 year, maximal mixing
== PINGU 4 year, Fogli 2012 4., input T2K — projected 2020
| m== PINGU 4 year, NuFit 2014 inputs

Normal mass ordering assumed, 90% CL contours

o | Expected precision:
Pr ehmmary -; Am232~ 1% (10)

0.35 0.40 045 050 055 0.60 0.65 023~ 4% (10)
. 2
SRR depends on NMO and true 023
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NeUtri no OSCi I Iations PINGU LOI Version 2 @ arXiv:1401.2046v2

— NO (Asimov) - ® NO (LLR)
— |0 (Asimov) @ e 10 (LLR)
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https://arxiv.org/abs/1401.2046v2

Phys. Rev. D 101, 032006 (2020)
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Ice anisotropy

South Pole ice anisotropy: Proceedings of ICRC2013 0580, 2014
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SPICEcore
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