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ICECUBE DETECTOR

Antarctica

South Pole

¢McMurdo Station

50 m

1450 m

2450 m

IceCube Lab

2820 m

IceTop
—_— 81 Stations
324 optical sensors

IceCube Arra

y

86 strings including

8 DeepCore strings

5160 optical sensors
DeepCore
8 strings-spacing optimized
for lower energies

_ 480 optical sensors

Eiffel Tower
324 m



| EVENTS IN ICECUBE

- Every DOM gets around ~500-800 hits per second, mainly from dark
noise, hits from physics events are ~1 order of magnitude fewer

- After trigger, we read out roughly (per year):
- 10'% events caused by atmospheric muons
- 107 events caused by noise
- 10° events from atmospheric neutrinos
- A handful of very high energy events likely to be of astrophysical origin

Tracks: mainly numu CC Cascades: nue and nutay, “Double Bang”: very high energy taus
interactions or atm. muons as well as NC interactions with second decay shower (~50m/PeV)




GOING LOWER IN ENERGY

~100m

Typical TeV-PeV IceCube event:
* Photons from secondary particles

arriving in many strings and modules %‘ § f '

* Very clear, extended signature

C
Typical GeV DeepCore event: ‘ 6 .
* Photons from secondary particles : ®
arriving in few strings, tens of sensors 0 ’
* Almost impossible to see the signature .
“by eye” ' ‘ O

~100m

N
\ 4
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| LOW ENERGY ATMOSPHERIC NEUTRINOS

cosmic rays

- For O(10) GeV neutrinos and below, earth
diameter provides perfect L/E

- We can look at oscillations in the energy vs.
cos(zenith) (ocL) plane
2

P — sin” 20 sin’ 2~ m%
Vy—>Ve — ‘
tau neutrino

v,V

Matter effects,
here: transition
to earth’s core

probability

-——

NMO v, disappearance vV, appearance

cos(zenith)
measurement medasurement measurement



| ACTUAL SIGNAL

- v, disappearance fit: - V. appeadrance fit:
- Deficit of events compared to the - Excess of events in the cascades
non-oscillation case channel compared to the non-
- mostly visible in the tracks channel appearance case
- For upgoing events, concentrated - Effect ~order of magnitude
around the first oscillation suppressed compared fo
maximum of ~25 GeV disappearance

- Slightly worse directional resolution for
cascades than for tracks

100 Cascade-Like Track-Like s o 100 Cascade-Like Track-Like
IceCube Simulation L IceCube Simulation 0.2
0.75 9 0.75 .
10 2
0.50 v 0.50
=] 0.1
05 T
0.25 g 0.25
= o
= B
0.00 0.0 = s 0.00 0.0
= @
v ]
—0.25 o —0.25
\ r—0.5 o
\ c -0.1
-0.50 4 -0.50
\
| 1.0
-0.75 , e -0.75 . 0.2
/ 150
-1.00 . . ; . . 15e -1.00 : ; ;
8 16 32 8 32 PR 8 16 32
~ _ - ~ -
EFECO {GEV, EFECO {GEV,_ EFECO mw-)- - EFECO (Gev)
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| DATA SAMPLE

- New DeepCore results are based on 3

years of data

Analysis A

Analysis B

Type Events +1o|Events 1o
Ve + Ve CC 13462 29 | 9545 23
Ve + Ve NC 1096 9 923 8
vy + v, CC 35706 48 | 23852 39
vy + vy NC 4463 19 | 3368 17
vr + v CC 1804 9 934 5)
vr + - NC 556 3 445 4
Atmospheric pu 5022 167 | 1889 45
Noise Triggers 93 27 | <9 2
total (best fit)|62203 18040959 68
observed 62112 249|40902 202

- Excellent data/MC agreement
- Goodness of fit (p-value) ~20-60%

PHILIPP ELLER

nutau NC

nutau CCi i \

Analysis B

: m/

nue +
numu NC

numu CC

Analysis A



| EVENT DISTRIBUTIONS

- Projection of events onto the L/E axis

: . 2 Am3
P, o, ~=1— sin? 2693 sin® %@

3500 T

3000 T

2500 T

Events

1500 T
1000 T

500 T

O
=105 ¢4
8

© 1.00 1

2000 T

V¢ me v© mmm VE©
mm V\C wNC  mum vNC #

“down-going” events

|
Matmo == No Oscillations No oscillation

Data
/ case

“up-going” (Earth Appearing
crossing) events tau neutrinos

L

& 075 1

MC Uncertainty

10° 10
L/E (km/GeV)
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NUMU DISAPPEARANCE RESULTS

- Constraining the atmospheric mixing parameters 0,, and Am?,,

== T2K 2017 ==  NOvA 2017
320 == MINOS 2016 = 1C 2017 (Analysis B) |
- SK2017 = |ceCube, Analysis .A

Am3, (1077 eV?)
[R]
[w]

oL S . — Phys. Rev. Lett. 120, 071801 (2018)
0.3 0.4 0.5 0.6 0.7
Sil"l2 Hog

Analysis A best-fit point: Analysis B best-fit point:

sin26,, = 0.58 + 0.04 — 0.13
AM2,, =255 +0.12-0.11 x 103 eV?

sin?0,; = 0.51 + 0.07 — 0.09
Am?,, =231 +0.11 = 0.13 x 103 eV?

& IDEBUBE PHILIPP ELLER 9



| NUTAU APPEARANCE RESULT

- Quantifying the appearance
of tau neutrinos

- V. normalization:
- 0 = absence of tau neutrinos

- 1 = SM expectations

PVM—-H/-,- %@ SlIl2 2923 $11”12 ‘74-23311 all _ — -
these are 00 0.5 1.0 15 2.0
still fitted v- Normalization
- Similar analyses by OPERA ——— ARSVEIE A HCECT
Best-Fit 68%, 90%
and SUper-K Analysis 5, NC+CC
—— — ' Best-Fit 68%, 90%
. Analysis A4, CC
- Difference from 1 could g s
indiCQTe: Ana_lysis B, CC
- Non-unitarity of mixing S
- Modification of cross section Superi 201 o 9N *
OPERA 2018, CC 68%
arXiv:1804.04912 {
Phys. Rev. D 99, 032007 (2019) 00 e 1o 15 2.0
v; Normalization
IBEBUBE PHILIPP ELLER 10

G

20

15

IceCube v; Appearance
Analysis A

CC Expected (N;=1.0, 68%)
NC+CC Expected (N;=1.0, 68%)
== CC Best-Fit
= NC+CC Best-Fit




NEUTRINO MASS ORDERING (NMO)

- For atmospheric neutrinos, the
relatively small mixing of v v,
can be drastically enhanced by

matter effects 23 ‘ —
. . 16 — Normal Ordering
- For neutrinos under the normal ordering — Inverted Ordering
- For anti-neutrinos under the inverted 8
ordering £ 4l
5
- Combined with initial flux differences 1 2p-
etc., the wrong mass ordering can be =
excluded = .
- First measurement and proof-of-
concept analysis:

- Different energy range / systematics from C()).35 0.40 045 0.50 0.55 0.60 0.65
LBL experiments sin® (6y3)

- Slight preference for normal over inverted
ordering (< 1sigma)

- https://arxiv.org/abs/1902.07771

Lower energy threshold needed to
access V,  V, oscillations


https://arxiv.org/abs/1902.07771

| PUBLIC DATA RELEASED

- The full 3y dataset used for the results shown before is now publicly

available
- Can be used to perform oscillation analyses in the range 5.6 — 56 GeV

- Two samples (A & B) available
- Detailed description provided in Phys. Rev. D 99, 032007 (2019)

https: / /icecube.wisc.edu/science /data /highstats nuosc 3y

L. I CECUBE

, SOouTH POLE NEUTRINO OBSERVATORY

RN NN o ars \

Three-year high-statistics neutrino oscillation samples
(released 15 May 2019)

Introduction

In 2013, IceCube reported its first measurement of the neutrino oscillation parameters. This
was the first time that neutrino oscillations were measured with precision at energies above 10

(Ge\/_A vear later the callaharatinn nrecsented a second analvsis with three vears of data that



https://icecube.wisc.edu/science/data/highstats_nuosc_3y

NEW ANALYSIS

- Increased statistics from ~50k to ~200k

of total events

- Analyzing full DeepCore dataset (2012-2018 =

7 years)

- More efficient selection of events (+50% with

same purity)

model

reconstruction

detector systematics

# SOUTH PaLE NEUTRIND DBSERVATORY

Improved detector calibration and ice
Direct modeling of neutrino flux &
uncertainties using MCEq

Faster, and higher precision event

More robust parameterization of

PHILIPP ELLER
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CECUBE UPGRADE o

- 7 additional strings with .

different Modules * R A
- Placed in the heart of DeepCore o .. ° .. °. - S
- Smaller spacing (lower energy ‘e’ o
threshold) . +
. N
- New sensor designs with T i

multiple PMTs, here 24 3” . i
PMTs -9 N, | @

1450m  2100m 2150
lceCube  DeepCore  Upgrade > m i 2

- 4_ Coverqge I(] rge 2450m 2450m 2425m
’

photocathode area

Instrumented Depth

- Other sensor designs and LY
calibration modules will be D
deployed 1.00 pmﬁ!i\

3 «—__ Ppressure
- \ vessel




UPGRADE PHYSICS

0.0032 1 -== NOVA 2019 (90%)
. . o o ' -== T2K 2018 (90%)
- Able to dellver hlgh precision SuperK 2018 (90%)
. 0.0030+ === MINOS 2016 (90%)
measurements of atmospheric DeepCore 3 yr 2018 (90%)
. . mmmm |ceCube Upgrade 3 yr sensitivity (90%)
oscillation parameters . 0.00281
>
- Large improvement w.r.t. current = 0.0026 1 Amm—eep oL _Le==Tn
DeepCore result g \ a2 il SN )
, 0.00241 - A \i.
- Better precision than today’s LBL R e T O g
experiment constraints 0.00221 —
0.0020 A
IceCube Work in Progress
030 035 0.40 0.45 0.50 0.55 0.60 0.65 0.70
sin?(63)
- Better than 10% uncertainty on v DeepCore 3yr (10)
. . . . T IceCube Upgrade
normalization (PMNS unitarity) icocube iorkin progress 1 yr sensitivity (10)
e — OPERA (10)
] SuperK (10)
0.0 0.5 1.0 1.5
Ny,
3 IDEBUBE PHILIPP ELLER 15




SUMMARY

- IceCube /DeepCore able to
perform precision oscillation
measurements

- Results base on 3y dataset:
- Atmospheric mixing parameters

- Tau neutrino appearance with world
leading precision

- First NMO study

- Full data release available

- New analysis with larger
sample in the making

- Detector Upgrade underway

- Will deliver highly competitive
oscillation results

& IEEBUBE PHILIPP ELLER 16






ADDITIONAL MATERIAL




| A WAY TO DETERMINE THE NMO

- Lower energy events crucial to resolve neutrino mass ordering
- Accessible via IceCube Upgrade, and even more so with full PINGU

- Decisive determination of NMO (> 3 sigma) in 4y of PINGU data or

less
g | | | full PINGU -
— NO (Asimov) & NO(LLR) | . T
7l — 10(Asimov) @ 1O(LLR) ;
6 | H : .
: o0® N
O J S i .:. .::
> PINGU (4y) (Y
< 4 s 00° " "o
— .. L ] o° ®
b ] @ e o
3 :.. ° °
2k ) - : — - ) ; ’ 1m , >
: i E : . 100m -
0 | I I | 1 o’ -O .@’) ¥
0.35 0.40 0.45 0.50 0.55 0.60 0.65 lceCube  DeepCore  PINGU 24dom  245m  24dom

Instrumented Depth

2
sin” By,

https: / /arxiv.org/abs/1401.2046

3 IDEBUBE PHILIPP ELLER 19



https://arxiv.org/abs/1401.2046

INTERACTIONS

Vi
Vi -

V
ch dC e ¢ Neutral Current (NC)
. arge. urrenil( h ) interactions mediated
W Interaction reveals t e. 7 by Z boson is
flavor from the outgoing indistinguishable for
n p charged lepton N N  the 3 flavors

g‘l 4;— Formaggio & Zeller, '12 .,
%1.2F I
o r
32 T .
0.8 . ,‘
50.6]
16 u nA
20.4
@, F
00.2-
o B ik
10 1 10 10?
E, (GeV) .
lceCube = \

Quasi Elastic (QE)
nucleon is left intact,
charge changes for CC

Resonant (RES)
Delta resonance
producing pion

Deep Inelastic (DIS)
nucleon breaks up

20



CALIBRATION DEVICES

- New calibration devices will
be installed
- Stand-alone Isotropic light sources
- Integrated LED flashers and

- Camera systems in every DOM

- Help to understand the
optical properties of the ice

CCD and CMOS prototype boards
& IBEBUBE PHILIPP ELLER 21



UPGRADE TIMELINE

- 7' strin g upgra d e [ Drill Engineering and Refurbishment ]
approved by NSF, [ FraDal ]
Transport

deployment planned for

2022/23 [ oo

. . [ Optical Module Production ]
- Rough timeline
fO reseeing deploymenf [ Optical Module Transport ]
of modules in 2022/23 [She Preparaﬁonj
season
[ Deployment J
| | | | | |
Project Year 1 Project Year 2 Project Year 3 Project Year 4 Project Year 5

ﬁ' IBEBUBE PHILIPP ELLER 22



| SENSOR OPTICAL EFFICIENCY

Digital Optical Module

Borehole in

the ice

- A closer look at one of the most
important sources of systematic
uncertainty

- The optical efficiency and angular
acceptance of our bare sensors modules

is well known from lab measurements Downward
facing PMT

- After deployment in the ice and

1.0

refreezing, zones of enhanced scattering — Modelwith no hole ce
. . . —— Angular acceptance models
(C“r bubbles) formed N ‘I'he Ice 0.8/[*** One direct simulation scenario
- This causes an effective change in detection g AR
HP.- E . ‘od o
efficiency and acceptance 20 Al %'-'f
- This effect is studied with calibration LEDs and v otherpossible 8 o Y
5 0.4 % H .
other methods ’r.j e L
Peg®le < °
- Multiple nuisance parameters allow for changes 0.2 o "
in the acceptance for our measurements WA _ :
oo . IceCube Simulation

) 05 0.0 0.5 1.0

a‘ IDEBUBE PHILIPP ELLER 23



PARAMETERIZATION & UNITARITY

- Standard parameterization for the PMNS matrix, based on 3 angles
and one complex phase

* S,,=sin(0,,) - “solar” angle
* S,3 =sin(0,;) - “reactor” angle

1 0 0 c13 053¢ cr s10 0 . e ) o
Us= [0 23 524 0o 1 0 sp2 12 0 S,3 = sin(6,3) - “atmospheric
0 —s23 23 —513¢0 0 c13 0 01 angle

* § - CP violating phase

Using this parameterization imposes unitarity

- Some BSM theories introduce additional neutrinos

'e3 V1

. . (

- For example sterile neutrinos 7 5
725 2

{

oy T
~
[

~ ~ o~

/13 V3

i
SV )

- As a consequence the 3x3 PMNS matrix is not the vr | T
complete picture, and will not be unitary

- We can test for that

3 IBEDUBE PHILIPP ELLER 24



a SOUTH POLE NELTRIND OBSERVATORY

DEEPCORE

- High energy - whole IceCube
- 1 km?® of instrumented Ice

- >5000 DOM s (digital optical
modules)

- TeV - PeV energy range

- Low energy - DeepCore

- Additional 8 strings with densely
spaced
high efficiency DOMs

- In clearest part of ice (below dust
layer)

- Surrounded by IceCube strings
(used as atm. muon veto)

- Neutrino energies down to ~5 GeV

145

2450 m
2820 m

PHILIPP ELLER

=k IceTop
R i [ i / 81 Stations

......... 324 optical sensors

DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors

Eiffel Tower
324 m

IceCube Array
86 strings including

8 DeepCore strings
5160 optical sensors

Bedrock

25



| UNITARITY

- Unitarity of mixing matrix can be tested for
- Precision tests are done for the quark mixing for many years

- The typical precision on CKM elements: ~0.1% - 0.01%

1.5IIII|IIII1IIII

. . — E &%’ T 17T L T T T 7 :
r T % ]
10 % Amg & Amg
E sin 2‘3 i |1'I:uf |"I:If.| |Vub|
05 a Vaa|  |Ves|  [Va| | =
i ] Via|  [Vis| |V
= ep 7 [0.97427 £ 0.00015 0.22534 + 0.00065  0.00351" (001"
ok 9 | 0.22520 £ 0.00065 0.97344 +0.00016  0.0412*) 300
: : 1 [ 0.00867!55003 0.0404%000;5 099914655000
10 Yy &
: sol. w cos 2h< 0 :
= ICHEP 18 {excl. at CL = 0.95) -
.1-5 I I | | | I T ] 111 1 | L1 1 1 | 1111 | 1.0 1 i
-1.0 -0.5 0.0 0.5 1.0 15 20

P
http://ckmfitter.in2p3.fr/
a‘ IDEBUBE PHILIPP ELLER 26



UNITARITY

- For the neutrino sector we’re far from drawing triangles...

0.76 — 0.85 0.50 — 0.60 0.13 — 0.16
(0.79—0.85)  (0.50—0.59)  (0.14—0.16)

w/o Unitarity
with Unitarity) __ 0.21 = 0.54 0.42 — 0.70 0.61 — 0.79 . . e
U5 ' = (0.22—0.52)  (0.43—0.70)  (0.62—0.79) T)’plCCIl precision ~10%

3o
0.18 — 0.58 0.38 — 0.72 0.40 — 0.78
(0.24—0.54) (0.47—0.72) (0.60—0.77)

- Experimental constraints in T-sector ~order of magnitude worse than for
e and M sectors -> need to improve precision

Normalisations Unitarity Triangle Closures
9 L T L L R | T do O——— T T — T —7 T T 3o
Rows ' TRows I '’
a=e a,f=e,pu J’ ,r
— a=p — a,f=er St
- 1
— a=—r — a,f=p,t "o
6k Columns All these 6k Columns K /
:_ . P ]
=l contain one i =12 [
n -- =2 > o [ - =13 ry
a L oA l,, Ormore X =2, A 5
.......... JE2S L
[
N T-elements P
II
Vs
s
1 Park & Ross-
.............................................................. o e
’ Lonergan, 2015
o) — i i | s L1 ) X )
107 10" 0.5 0 o os
2 2 2 2 2 2 * *
1_(‘(Jul| +‘U{y2| +|Urv3‘ ) or 1_(‘Uw‘ +‘wa| +|UTI‘ ) |(]01U51* +U“2U7~2 +U03Ud3*| or |U“U(‘J* +U#1Uﬂ‘l* +U7'4UTJ
Rows Columns Rows Columns
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EVENT SELECTION [0

* Two different event selections for DeepCore offline filter
oscillation analyses:

* Analysis A: primary goal nutau Atm. muon and noise
measurement, larger sample / more suppression by straight cuts
cascade events and BDTs
* Analysis B: primary goal: numu

disappearance measurement, high Full event reconstruction

purity sample

Final containment in fiducial

* Main challenge reducing ~5 orders of

volume
magnitude of background
i 10 kHz
* Atmospheric muons —- v (CCHNC) @ Accidental
* Accidental triggers due to noise 100 Hz —F- Ve (CC4NC) O Atm.y
—&— v, (CC+NC)
1 Hz
. . . V]
* Using 3y of detector data, resulting in: &
10 mHz
* ~62k events for Analysis A
. 100 uH
* ~41k events for Analysis B .
1 uHz
\ C o \ \® 20 X X
?::'@‘6 2\\'@‘ 00“\80 NN N Y \94&

!GE!::UBE PHILIPP ELLER 28
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| CURRENT EXPERIMENTAL STATUS

- From NuFIT v4.0 (20] 8) http: //www.nu-fit.org

15 _l T TT l T i‘ T ] T 1T II l TJTT 17T l l_
10 — —
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http://www.nu-fit.org/

ICECUBE

SOUTH POLE NEUTRIND DESERVATO!

tau neutrino

cosmic rays

atmospheric muon neutrinos

PHILIPP ELLER
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ICECUBE EVENT SIGNATURES

Track-like Cascade-like

Hadron shower Hadron shower

Ven
Cherenkov light =

Typical V., event:

(EM shower)

Typical v, event: All energy deposited

Energy deposited in in form of showers

- Extended muon
track (E ~ length)

- Hadron shower from

e.g. DIS

(hadronic and
electromagnetic)
Spatially more
compact (no track)

Track (25GeV) Cascade (25GeV)

- Reconstructed using a hybrid Cascade + Track hypothesis

- position, direction, energy and PID (= whether event is track- or cascade-like)

ﬁ' IBEBUBE PHILIPP ELLER 31



PRELIMINARY NMO RESULT

- These are the very first lceCube /DeepCore results on NMO

- Based on same 3y dataset as the presented disappearance /appearance analyses

- Results not significant, more a proof-of-concept exercise

Analysis B

soo. PRELIMINARY

- data

Analysis B
— true NO (pyo = 11.4%)
= true 10 (po =84.5%)

Analysis A
400
Analysis A
350, PRELIMINARY e HGE N Toe Ti RS
= true 10 (p,o =15.7%)
- data
300 400
3L, )
®©250 K s
frar} = -
s 300
2 200 5
2 g
5130 m € 200
= - | ==
100
100
50
O =4 =3 -2 =1 o 1 2 @3 5 %5

& SOUTH POLE NELTRIND OBSERVATORY

TS =2ALLHyo 10

PHILIPP ELLER

-1.5

-1.0

-0.5

0.0
TS =XNo-10

0.5

1.0

1.5

2.0
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SYSTEMATIC UNCERTAINTIES

- Incorporqﬁng a Idrge vdad riety Of Parameter Type Fit Parameter Analysis A Analysis B
nuisance parameters in the Oscillations Amd, v v
sin (923) v v
measurements sin? (613) v
N, v v
- Covering uncertainties of: Cross-section  Axial Mass (QE) v v
tal heri . fl Axial Mass (RES) v v
- Initial atmospheric nevtrino flux Nwe/Noc v v
- Interaction (CI’OSS secﬁons) Neutrino Flux v,, Normalization v v
. . ve/v, Ratio v v
- Oscillation parameters - v v
o 2o v /v Ratio v v
- Detector uncertainties Up/Horizontal Ratio Y v

(efficiencies of optical modules and ice feoincident v
uncertainties) Muon Flux p Norm v v
. g v -
- Atmospheric muon background S

Detector DOM Efficiency v v
. .. Hole Ice Model v
- More systematic uncertainties Lateral Sensitivity v v
I d d d CI Forward Sensitivity v v
were evaluated and deeme Absorption y .
unimportant or fully correlated Scattering v v

3‘ IDEBUBE PHILIPP ELLER 33



EVENT CLASSIFICATION

—_k
o

vy + 1, GG Analysis A
ve + v. CC
v, + . CC
v+ v NC

o
o0

- Our ability to distinguish track
and cascade-like events mainly
depends on neutrino energy
- Higher energy = longer muon tracks

o
(2}

o
o

fraction of events
classified as track
o
o

e

0056 75 10 13 18 24 32 42 56
true neutrino energy (GeV)

- Analysis B: Separation based on
an additional reconstruction
using cascade only (no track)

- Difference in likelihood to the standard
reconstruction used as classifier

—
o

Analysis B

o
o

bt
™

o
~

- Analysis A is based on a simpler
approach using track length
(muon energy) as discriminator

|
!
5

fraction of events
classified as track

0.0

56 7.5 10 13 18 24 32 42 56
true neutrino energy (GeV)

3 IBEDUBE PHILIPP ELLER 34



MUON BACKGROUND

- Both analyses follow a different strategy to model the background of
atmospheric muons

- Muons are inherently difficult to produce in simulation with high enough
statistics

- Since our selections are extremely efficient at removing those

Analysis A: Analysis B:
* Data driven method

* Use a sideband to

* Simulation using a muon

gun targeted at regions

estimate the shape of the

where we actually expect
contamination muons in the signal region

Needs to take into Extrapolation uncertainty

account simulation
uncertainties
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| OTHER ATMOSPHERIC NEUTRINO RESULTS

- Non-standard interactions:
https://arxiv.org/abs/1709.07079
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- Sterile neutrinos using
high energy events:

https: //arxiv.org /abs/1605.01990
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| SYSTEMATICS IMPACT

- On Analysis A (nutau)
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