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Next Step: the IceCube Upgrade

* Seven new strings of multi-PMT mDOMs in the DeepCore region

* Inter-string spacing of ~22 m

e Suite of new calibration
devices to boost
lceCube calibration
Initiatives

* Improve scientific
capabilities of lceCube at
both high and low energy
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Multi-PMT Digital Optical Module (mDOM)

» Baseline sensor design is the mDOM

o 24x3" PMTs in a 14" DOM

* Double the photocathode area
of lceCube DOMs

PMT holding {
structure ~—_, AC g

« Segmentation provides
directional information
tor detected photons

. optical gel

e Onboard LEDs

e |ce and hole calibration

* Ability to mimic tau events

 Also developing camera for local ice calibration



Science Goals

* Neutrino astronomy at high energy with recalibration and reanalysis
of existing data

* Improved angular resolution and veto performance
 Tau neutrino identification

e Multi-messenger astronomy

* Neutrino physics at low energy with new instrumentation
* Tau neutrino appearance and PMNS unitarity tests

* Precision measurements of sin? B3 (incl. octant) and Am?3, at 10-20 GeV
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Recalibration and Reanalysis of Data

* Improved devices and closer inter-string
spacing permit significant improvement in
bulk and hole ice modeling

e« Probe L < A\ for first time

* Wider range of angles accessible to LEDs,
especially vertically

* More precise LEDs, new devices like POCAM,

onboard cameras Q >
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Recalibration and Reanalysis of Data

* Improved devices and closer inter-string
spacing permit significant improvement in
bulk and hole ice modeling

e Probe L < A% for first time

» Wider range of angles accessible to LEDs,
especially vertically

* More precise LEDs, new devices like POCAM,

onboard cameras Q >

 Extrapolate throughout detector using new
DOM calibration methods, ice layer info

* Improvements can be applied retroactively
to existing data: ~km3-decade of improved

data available immediately




Neutrino Astronomy

* Angular resolution of high =~ Expected (stat. only)
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Multi-Messenger Follow-Up Observations

* |dentification of counterparts HESE160427a(GCN alert)

limited by angular resolution

* E.g.. HESE-1604273,

~140 TeV (Egep) track in
coincidence with Pan-STARRS

SN PS16cgx (p-value 0.3% if
type Ic)
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Multi-Messenger Follow-Up Observations

* |dentification of counterparts
limited by angular resolution

* E.g.: HESE-160427 3,
~140 TeV (Egep) track in
coincidence with Pan-STARRS
SN PS16cgx (p-value 0.3% if

type Ic)
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Multi-Messenger Follow-Up Observations

* |dentification of counterparts
limited by angular resolution

* E.g.: HESE-160427 3,
~140 TeV (Egep) track in
coincidence with Pan-STARRS
SN PS16cgx (p-value 0.3% if

type Ic)

« With improved calibration,
current ~0.6° error circle could
be improved to ~0.1°

* Smaller error circle also facilitates
follow-up of cascades as well as tracks
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* E.g., CTA's SC-MST field of view of 8° well matched to cascade resolution of 3°-5°
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lceCube probes oscillation physics at baselines and energies inaccessible to
LBL or reactor neutrino experiments — essential for constraining new physics



Measuring Oscillations

* Exploit high statistics to measure
2D distortions due to oscillations
in energy/angle space
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Atmospheric Oscillation Parameters

arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)

~ — 1C2017 [NH] | . SK1IV 2015 [NH]
L9 : : 3.5p =+ MINOS w/atm [NH] =+ NOvA 2017 [NH] 1
sinZ B3 is maximal - 12K 2017 [NH] | |

* Currently unclear whether

e 3rd mass state made
up of equal parts v, vz

e Evidence of new

symmetry?
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Atmospheric Oscillation Parameters

* Currently unclear whether
sinZ B3 is maximal

e 3rd mass state made
up of equal parts v, vz

e Evidence of new
symmetry?

e T2K and IceCube prefer
maximal mixing, NOvVA
disfavors maximal at 2.60"
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Atmospheric Oscillation Parameters

* Currently unclear whether
sinZ B3 is maximal

e 3rd mass state made
up of equal parts v, vz

e Evidence of new
symmetry?

e T2K and IceCube prefer
maximal mixing, NOvVA
disfavors maximal at 2.60"
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Atmospheric Oscillation Parameters

* Currently unclear whether
sinZ B3 is maximal

e 3rd mass state made
up of equal parts v, vz

e Evidence of new
symmetry?

e T2K and IceCube prefer
maximal mixing, NOvVA

disfavors maximal at 2.60*
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arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)
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Atmospheric Oscillation Parameters

arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)

* Currently unclear whether o 2017 [NHD] . SKIV 2015 [NH] |
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* Higher energy range of lceCube also permits octant determination via
matter resonance (99.93% CL expected at NOVA 2017 best fit)
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Tau Appearance and PMNS Unitarity

* 3-yr DeepCore result
competitive with 15-yr
Super-K measurement

* Analysis improvements
and additional data will
Improve precision

lceCube Upgrade will
achieve =£/% in 3 years

* ~10% precision needed
for real tests of unitarity of
PMNS mixing matrix

15.0
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lceCube Upgrade Status

* Proposals pending with NSF (PHY mid-scale) and foreign partners

o $22.7M US plus $12.8M from foreign partners

o Signiticantly enhanced detector performance for ~10% incremental investment

* Improved performance retroactively for reanalysis of 10 km3-year lceCube data set

* Project-driven timeline:
« Final engineering and design reviews in 2018-19
« mDOM, DAQ electronics and cable production in 2020
e Drill integration and firn drilling at South Pole in 2020/21
e Deep drilling and deployment in 2021/22

« Commissioning and integration in 2022



The Future: IceCube-Gen?

* High Energy Array

e 120 strings x 80 sensors/string

* ~8 km3 volume, wider string spacing

* PINGU

* Low energy infill

» 26 strings (incl. IC Upgrade)

* Also investigating surtace
arrays, UHE radio detection

e Cost scale similar to IceCube
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Thanks for your attention!



Calibration with the Upgrade

* Improved devices and closer inter-string spacing will permit
significant improvement

in understanding of Y(m)| . . lceCube

hole |
bulk and hole ice . DeepCore

» Wider range ot angles ¢ PINGU
accessible to LEDs — both ;

horizontally and vertically
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Calibration with the Upgrade

* Improved devices and closer inter-string spacing will permit
significant improvement
in understanding of
bulk and hole ice

» Wider range of angles
accessible to LEDs — both
horizontally and vertically

e Probe L < )\t for

scatt

the first time

 More precise LEDs,

fundamentally new
devices like POCAM



Bulk Ice Characterization

» Optical properties ot hostkal 13 = - 2 - o
the bulk ice are Hole
determined by varying g
amount of dust grains @ 66
o
e Current uncertainties g'
on absorption, effective "
scattering at ~10% level ...

. Depth[meters]
» Also: anisotropy, P

scattering angle distribution

2130 2140 c150 2160 5170

Toba eruption

* Dust logger data taken during construction provides an incredibly
detailed map of the ice — the issue is conversion to optical properties
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Bulk Ice Characterization
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* Precision measurements in the Phase 1 region can be applied
throughout the array, using our existing 3D map of the dust layers
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Local Effects on DOM Response

 Sensitivity of DOMs in situ is modified by cable shadow and
bubbles in the refrozen ice

1.0

’ Leadmg SyStematIC for Model with no scattering

low energy analyses —  From same-DOM flasher data

0.8}| — Direct fit to interstring flasher data
o | irni : @ Default IceCube hole ice model

Limits angular resolution :

for high energy events 2 0.6}
©
. Q

* Closer strings, POCAMSs, 204}
L
and better LEDs will Z

enable us to map the >

DOM angular response

direCtly —-1.0 : : : 1.0
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High Energy Cascade Veto

* Original contained event searches (HESE, MESE)
make no use of neutrino event information

e Search entire veto volume for muon traces: maximal
robustness, (nearly) equal flavor sensitivity
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High Energy Cascade Veto

* Original contained event searches (HESE, MESE)
make no use of neutrino event information

e Search entire veto volume for muon traces: maximal
robustness, (nearly) equal flavor sensitivity
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High Energy Cascade Veto

* Original contained event searches (HESE, MESE)
make no use of neutrino event information

e Search entire veto volume for muon traces: maximal
robustness, (nearly) equal flavor sensitivity

* For v, CC events, improved ESTES analysis doubles

efficiency in 10-100 TeV range

« Uses event reconstruction to determine veto region: lower ’
effective energy threshold, reduced false-positive rate

ot |
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High Energy Cascade Veto

* Original contained event searches (HESE, MESE)
make no use of neutrino event information

e Search entire veto volume for muon traces: maximal
robustness, (nearly) equal flavor sensitivity

* For v, CC events, improved ESTES analysis doubles

efficiency in 10-100 TeV range

« Uses event reconstruction to determine veto region: lower ’
effective energy threshold, reduced false-positive rate

» Better reconstruction will permit similar gains for

cascades

o Slightly worse pointing, but can also use particle ID to

ot |
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reject background (atmospheric muons)




Angular Resolution

25 T L L L L | T T T T T T T
* Reconstruction of tracks and cascades % ~— ~ Expected (stat. only)
o . % -@- ¢ Observed (sys. + stat.)
imited by systematics above ~100 TeV g o [ ]
)
QO
* Uncertainties in detailed scattering of L freyte o
Cherenkov photons in bulk ice and in 5 1k . .
. . L =y
immediate vicinity of DOMs (cable = 5 e
shadow, bubbles in refrozen ice) % 10 | M’:,_, o i
E ‘m factor of 6
* DOMs closest to the event must be 5 ©»
omitted from fit to avoid strong pulls = 5F YN i
 Resolutions as low as 0.1°-0.2° (muons), Y TS E——
3°-5° for cascades possible in the Deposited energy [TeV]

absence of systematic uncertainties

 Better resolution also enables targeted veto — up to 2x yield for cascades at 10-100 TeV
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Flavor Ratio Measurements

* No tau neutrinos yet identitied

* Difficult to tag below ~PeV; only 2 expected so far assuming equal flavors
(9% probability of observing zero events)

—— HESE with ternary PID 0 VeV Ve at source
100% vy,
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e 120
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Tau Neutrino Identification

e For standard PMNS oscillations, 1/3 of cosmic
neutrinos should arrive as vr

* Depends weakly on source environment and
oscillation parameters, but only a small region
of flavor triangle is allowed in SM

* Primary detection channel is “double
bang:” vr interaction followed by T
lepton decay

* Anisotropic Cherenkov photon
propagation can give double
image of single cascade (cf.
birefringence) ¢

* New LEDs will enable controlled
injection precisely timed light Q
pulses — direct calibration <



Experimental Uncertainties

Formaggio and Zeller 2012
>
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* Neutrino-nucleon interactions dominate long-baseline systematics

* Nuclear physics effects can have a signiticant impact at lower energies — lceCube
complementary from the experimental perspective, as well as theoretical
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Muon Neutrino Disappearance: L/E

Cascade-like

arXiv:1707.07081, Phys. Rev. Lett. 120, 071801 (2018)
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Tau Neutrino Appearance and Unitarity

 Direct tests of unitarity of the Uet U2 Ues
PMNS mixing matrix are limited U=1 Un U Us
U7'1 U7'2 U7'3

by imprecision of tau neutrino

appe€arance data Parke and Ross-Lonergan 2016

Normalisations

« 30% deviations in tau row 9_ o Rows T
allowed at 20 CL by world data T
6L Columns
* Tau lepton mass suppresses * -- %)

CC cross section — appearance |l AV . 20

measurements difficult in

|ong—base|ine experiments vl L 1o
° 107 = 107 | 0.5
(Ul +Usl® +Ual)  OF  1=(Uf” +[U, " +[U")

Rows Columns

ﬁ\ MICHIGAN STATE UNIVERSITY 26 QICECUBE



COSHyeco

Oscillation Signatures

e Different oscillation effects

have different characteristic

distortions of data set
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e NSI, steriles, etc. also have

characteristic signatures

Vr appearance
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* Systematic uncertainties are
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