for The lceCube Collaboration

Lepton Photon Conference

2
\

EY | '\I
..\I

Albrecht Karle

Dept. of-Physics and .

Wisconsin IceCube Particle Astrophysics Center (WIPAC)
University of Wisconsin-Madison

Guangzhou
August 2017

& Iﬁ De’tectlon of. hlgh energy neutrlnos
by lceCube

Outline:

IceCube

Cosmic neutrinos: evidence
Implications

IceCube-Gen2




Distance [Mpc]

Exploring the Universe at all energies

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

10¢
cosmological max of star formation opaque to photons;
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The Universe is opaque to EM radiation for 1/4 of the spectrum,
i.e. above 10-100 TeV where IceCube sees cosmic neutrinos.



High Energy Neutrino Detection Principle




lceCube Neutrino Observatory lceTop: 1 km surface array

86 strings
60 Optical Modules per string

5160 total modules in Ice

1 km?3 = Gigaton instrumented volume

Began full operations May 2011

| ‘ 2.5 km

DeepCore: ! ‘
Low-energy Extension

Highly stable operation.
Since 2014: livetime > 99%

clean-uptime 97-98%
(analysis-ready,
full-detector data)




Digital Optical Module (DOM)

Light sensor is housed inside a pressure resistant

(10000 psi) glass sphere.
Each sensor is basically an independent detector
synchronized in time to all others at 2 ns precision.

PMT: 10 inch Hamamatsu

Digitizing electronics records
waveforms.

5160 DOMs
in deep ice
13 in diameter

High reliabillity an detector uptime:
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COSMIC ray

Data

COSMIC ray

Events/year

Cosmic Ray muons:
2*107M11

“Atmospheric” neutrinos:
~100,000

Cosmic neutrinos:

~100



Types of events and interactions

Charged-current v,

(data)

Up-going (throughgoing) track

Factor of ~2 energy resolution
~ 0.5° angular resolution

Neutral-current / ve

Isolated energy deposition
(cascade) with no track

15% deposited energy resolution
10° angular resolution (above 100 TeV)

Early I ‘

- Late

Charged-current v,

(simulation)

“Double-bang”

(none observed yet: T
decay length is 50 m/
PeV)

ID: above 1 PeV



Event selection strategies

Throughgoing muons Events with contained vertex




Event selection strategies

Throughgoing muons Events with contained vertex




Starting muon
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Neutrino self veto —
Rejecting cosmic ray muons AND atmospheric neutrinos

for zenith angles < 60° and above some energy (10 to 30 TeV)

+ +
n K~
o Q . ” . \
*  “Atmospheric neutrinos” are generated in \
cosmic ray air showers. k)
\
* Above some neutrino energy, ~100 TeV, \ v
. . . . \
these neutrinos will likely be accompanied by ) VA #
one or more muons from parent air shower. ‘\\
* Those muons can be used to veto
atmospheric neutrino background.
Works also for electron neutrinos.
Suggested by Schoenert et al.
Phys.Rev. D79 (2009) 043009
arXiv:0812.4308 ‘LL

T. Gaisser, K. Jero, AK and J. v. Santen
arXiv:1405.0525


http://arXiv.org/abs/arXiv:0812.4308
http://arxiv.org/abs/1405.0525

Events per 2078 Days

High energy events with contained vertex: 4 = 6 years

82 events in 6 years (54 in 4 years) 6 years (ICRC 2017)

~ half (41) are expected to be bkg (atm. muons and atm. neutrinos)

Astrophysical fit (and its significance) depends on number, zenith

ang|e’ and energy Zenith distribution
incompatible with
atmospheric origin

Energy distribution : .
. S Southern Sk downgomg)] [Northern Sky (upgoing)

[ Background Atmospheric Muon Flux

I Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties

10° — Atmospheric Neutrinos (90% CL Charm Limit) |-

Background Atmospheric Muon Flux

Bkg. Atmospheric Neutrinos (7/K)

Background Uncertainties

Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit 1-Component Astrophysical (£ **)
Bkg.+Signal Best-Fit 2-Component Astrophysical

Data

eee Data

IceCube Preliminary

/___,__\{ IceCube Preliminary

10° 10° 10
Deposited EM-Equivalent Energy in Detector (TeV)

Events per 2078 Days with deposited E > 60 TeV

0.0 0.5
sin(Declination)



Adding partially contained events at E > 1PeV

Events with
PARTIALLY contained vertex




The highest energy neutrino?

Interesting event found in expanded search

Background studies not complete yet!
If confirmed, the highest energy neutrino

Charge: 200,000 photoelectrons
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Event selection strategies

Throughgoing muons,

upgoing Events with contained vertex




Example events W|th E >
100 TeV Hii LIl

147 TeV

200 TeV

T
. | .; :g. ."

|

|

B LR ER
of 11108 [HER (0 I0EHEE £ 0
| .

SEeiity RS

107 TeV




Rate per Bin / Hz

Diffuse Flux with upgoing muon neutrinos (6 years)

+++ Exp. data B Astrophysical v + 7

I Conv. atmospheric v + i

Combined v + v

IC79 |

1C59 —he IC2011 ) 1C2012-2014
oy T L = Ty R Falh Ny ]
. ™ - ", : s ;
- S
™ My, 3 -
3 e ; - F e, F -,
t *,
K\HW\ W | /Ntﬁ | /N‘m
10-! 10° 10! 102 10 10° 10¢ 100 10° 107 107 100 10¢ 10° 00 107 100 10° 10 100 105 107 10°
Muon Energy Loss Proxy / GeV m™! Muon Energy Proxy / GeV Muon Energy Proxy / GeV Muon Energy Proxy / GeV
. . _3 | ol el el el iy
Upgoing or Horizontal track = 10 5 109019.2014 g
Earth-filtered 1074 = T [ i
1 ¥
. . 107° - =l .
350 000 events in 6-year analysis v
1079 - - -

Estimated 99.7% pure
muon-neutrino sample

5.60 for astrophysical flux

- Astrophys. J. 833 (2016) 1, 3

Rate per Bin / Hz

- also Haack (IceCube C.), ICRC 2017

10_9 = H:_‘ T ‘—:7 —
10_10 L | L | N MR | L | AL | jﬁ'j:"_r:]'”
102 10 10* 105 108 10" 108

Muon Energy Proxy / GeV

18



Energy spectrum with these event samples:

1.) upgoing muon neutrinos 2.) contained vertex events

D, [GeVem 2s 'sr ']
[
o
[ee]

107+

2
v

1010}

10-11

ICRC 2017: Kopper, Wandkowsky for IceCube C.

-~ I
~
~

Fluxes and Limits Fit Astrophysical Fluxes

=« Prompt Upper Limit{s, +# ) [1.04x ERS] (on ton of atmosnheric)
3 i *

~ . Conventional (i, +u,) (zenith-averaged) LA Contained vertex (HESE)
1 [1.07x Honda2006) — i

—— EHE Differential Flux 90% Upper Limit o Best Fit

. "
N — Contalr)ed vertex (HESE) 27%)
~. ‘ — - best fit*

*IceCube Preliminary

10* 10° 10° 10’ 108

Neutrino Energy [GeV]

ICRC 2017: Haack for IceCube C.



Events with energy > 200 TeV
(more than 50% of events are astrophysical)

Events from above event selections with energy cut.

Through-going tracks (>200 TeV)
1

Cascades

Starting tracks

Equatorial



. Apd 835 (2017) 2, 151
7-year Point Source Search P 835 2017)

Point source optimized
muon sample.

. . - R LS
_+_45(J / " - :’. v e .\.. S ~._. ) o~ .
G T gt A SR R N Atmospheric v
T P B g e AT O SRR AR R NS
/’ PR ’4, N R T S

......................

AL A b At s AR s R APENR A8 (423000 events )

TS R s Penetrating u
AR (289000 events)

> ’ R -
~ LA R

o R T Equatorial
(o

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 H.4 6.0
- 108;1() P

Not significant excess seen.

21



7-year Point Source Search

=== Pre-trial (Disc. Potential) = + ANTARES (Sensitivity)*
= + Pre-trial (Sensitivity) Upper Limits (90%)
=== Post-trial Upper Limit (90%) #% Hotspots

10—10
7 : |
o —11 : 3
10 : :
= : :
- ; ;
2 | -
5 : : \
%sbj 10_12:— """""""""""""""" L T i!',.',,i,"":"ﬁ‘l' """ Y t‘(-:
N - LT Y T I ]
Lﬂ - N L 3 i
L0-13 Southern sky | | | Northern sky
—1.0 —0.5 0.0 0.5 1.0
sin

ApJ 835 (2017) 2, 151

*Updated result available for ANTARES (ICRC 2017)
22



Relating Diffuse and Point Source fluxes roint-source equivalent
flux if the diffuse

astrophysical flux came

=== Pre-trial (Disc. Potential) = =« ANTARES (Sensitivity) from:

= + Pre-trial (Sensitivity) Upper Limits (90%)
=== Post-trial Upper Limit (90%) #% Hotspots

one point in the

—10
10 | | sky
7 I ]
x 11 ; :
710 : :
= : :
- ; :
2 | -
E, : 3 .
. 1n-12 : : M, — 100 points in the
RSq|Y 10 B 2 LT B _"' ,..ﬂyl—g sky P
~ - A ar T T® .
_ ' - j -
10-13 . : , 1000 points in the
—1.0 —0.5 0.0 0.5 1.0 sky
sin 0
ApJ 835 (2017) 2, 151 =>Can construct lower limits on Population studies with

sgurce density of classes of sources. = Stacking Searches
Disfavor classes of sources. 23



What fraction of the cosmic neutrino flux comes
from the Milky Way*?

Galactic contribution?

| IIIIIII| Ly

|

-80 .
100 150 200 250 300
RA[7]
. Gamma ray skymap of FERMI satellite
Answer: < 16%

data in equatorial coordinates:

Compared to best fit spectrum in
this energy range ( E-2° flux)

arXiv:1707.0341

3 S
Flux [a.u.]

—
<
e

—
<
©



What fraction of the cosmic neutrino flux comes
from classes of extragalactic sources?

Gamma Ray Bursts Active Galaxies - Blazars

AGN with supermassive
black hole, with Jet
* pointing at us.

| Oh

-~
________

-45° =

s Equatorial

Fermi reports that ~85% of the gamma rays from
the “diffuse” gamma ray flux originate from such
blazars.

[llustration credit: NASA/CXC/M .Weiss

807 GRB’s monitored for neutrino
emission at TeV to PeV energy
range IceCube’s

e (0] 27
(S ass l ti:ns' eg assume energy spectrum, apply,

Ref: arxiv: 1702.06868 Ref: - Astrophys. J 835, 45 (2017)
- ICRC 2017, Huber for IceCube C.



Astrophysical neutrino spectrum —
with AGN Blazar and GRB limits

Fluxes and Limits
[~~~ Prompt Upper Limit(v, + v,) [1.04x ERS]
_ .. Conventional (v, + U,) (zenith-averaged)
10—6 i [1.07x Honda2006)
t = GRB Internal Shock Fireball Model 90% Upper Limit
- Blazar Equal Weights y=2.13 90% Upper Limit

- L —— EHE Differential Flux 90% Upper Limit

1 | *.. Yoshida (IceCube C), ICRC 2017;

| .

—_ N

'-cm 10 7 - 2

I [

w0n
~

£

O -8 e

g 10

()
O
—

o

+ -

s 107°%
© _

Fermi Blazars?
No correlation seen.
Upper limits.

10712

v I

Fit Astrophysical Fluxes
(on ton of atmosnheric)

e Contained vertex (HESE) *

B v, Best Fit

pon Contained vertex (HESE)
- best fit*

*IceCube Preliminary _,

p
P
.4 [\ﬁ
-
E
3
p
4
4

))'

10° 105 108

107

108

Neutrino Energy [GeV]

1.) GRB: arXiv:1702.06868 (lceCube C.)
2.) Blazars: See: M. Huber, IceCube C. at ICRC 2017; Astrophys.J. 835 (2017) no.1, 45

10°




Flavor ratio

The flavor ratio at Earth is related to I/,u
the flavor ratio at astrophysical source,
after oscillations en route to Earth.

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

For a detailed flavor ratio discussion,
see arXiv: 1502.03376

pion & muon

<«—  decay
(1:2:0)

neutron
decay
(1:0:0)

" ecee 00 00

Double cascade signature: VT Ve
Tau decay length: ~50m*(E/PeV)

Tau ID above ~100 TeV, better above 1 PeV


http://arxiv.org/abs/1502.03376

Tau neutrino search — flavor ratios

—— HESE with ternary PID | © Ve ViV at source

=== |ceCube APJ 2015 1.0 = 010

e 120
A 100

lceCube

Preliminary

v \§ © N3 N4

Fraction of v.

Usner et al. (IceCube Coll.), ICRC 2017

e Tau neutrinos seen: 0
« Expected: ~2.83 events

« Compatible with statistical
fluctuation (9%).

fv, = 0517035

fv, = 0.4970 73

fv. = 0.007g 70
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Example event:


https://gcn.gsfc.nasa.gov/other/icecube_161210.gcn3

Growing multimessenger program, including alerts.

X-ray (Swift)

&

Optical Telescopes
(iPTF, MASTER,
Tarot, Pan-STARRS,

&
o

: . \ adio Telescopes
Cherenkov ’ (MWA)
Telescopes \\ ‘

(MAGIC, Verita N
HESS) \§

lceCube

[llustration: A. Franckoviak



Neutrino oscillation analysis with
lceCube-DeepCore

energies

Oscillation Probabilities

Cascade-like

| . ] 2500 B best fit - no osc. f data
30 40 50 )
Neutrino Energy (GeV) £ 2000 -t
& o
X » *s - .
£ 1000 T ® -
41599 events - o vy _t;" .
in 3 years of data ) || - LR -
= *  JeeCube Preliminary
- i - (). . By
Rangg of baselines ¥ 13 :
- Effective volume: ~5 — 10 Mt S 10 . - oo
. . < 08
2 "
depending on analysis E - 1 5 -

loglO(Lnn-/Enro [klll/(;l’VI)



Neutrino oscillation analysis with
lceCube-DeepCore

peepCore °
IceCube DeepCore: 3 years .ﬁx "
T T db 9P °
3.6} — 1C2017[NO) SK1V 2015 [NOJ | ® %fa x
MINOS w/atm [NO]  =:+ NOwvA 2017 [NO] . X o
3.4} -= T2K 2017 [NO] - 1C 2015 [NO] °
Gen2 Phase 1
3.2
2o K1 SO SR L
S 2.8}
.«.é_‘g 2.6 \" ’
ﬂ .! l'. e P -
2.4f ST TPAPIIE L ot
y \
2.2 NG N s e s e da e wvas s nBLAY
2.0 IceCube Preliminary 90% CL contours
0.3 0.4 0.5 0.6 0.7
. 92 JPAM de André, J Highnight, IPA 2017
sin? (0)

Best fit: Am3, = 2.3113:11 x 1073 eV?, sin® 83 = 0.517397

DeYoung, Rencontre de Vietnam, 2017


http://events.icecube.wisc.edu/contributionDisplay.py?contribId=53&sessionId=5&confId=82

Outlook, Future strategies

The cosmic neutrino flux is real, seen in several channels, and it is
large.

Some constraints are substantial.

Increase multi-messenger strategies with other telescopes, including
transient sources:

—> single events can serve as alerts

Experimental upgrade: IceCube-Gen2



IceCube-Gen2

The next Generation IceCube: A wide band neutrino observatory (MeV - EeV) using several detection
technologies — optical, radio, and surface veto.

Multi-component observatory:
¢ |ceCube-Gen2 High-Energy Array
¢ Surface air shower detector

¢ Sub-surface radio detector

¢ | ow energy core (~PINGU like)

Artist conception
Here: 120 strings at 300 m spacing



2000

1000

-1000

-2000

Geometry

-2000

-1000

0 1000

[m]

Increase energy threshold
allows larger string spacing

Surface Area: ~6.5km? (0.9)
Instrumented depth: 1.26 km
(1.0)

Instrumented Volume: 8 km?3
Order of magnitude increase

of contained event rate at high
energies.



Connecting HE neutrinos to UHE cosmic rays

I | | I I | I 1

| I I

] ¢ Diffuse v (Fermi LAT) lceCube (ApJ 2015)
10~ 3 ¢ Cosmicrays (Auger) & |ceCube-Gen2 (15 year
- B Cosmic rays (TA) projection)

10—6 »

B ‘e >
i MR
_7 ‘.o ..o (bq, 6%,\ >
10 3 !. N @ o

E*x ® [GeVstsr ™ em™?

108 3
Whe same power level for
—9 Photons, neutrinos and cosmic
10 E rays.
1 0— 10 »

| | | | | | | |

Rt iy

| |

10° 10' 10% 102 10* 10° 10° 107 108
E [GeV]

109 101() 1011




Connecting HE neutrinos to UHE cosmic rays

| | | I | I 1 1 | I I
. ¢ Diffuse v (Fermi LAT) lceCube (ApJ 2015)
~ M07"F % Cosmicrays (Auger) @ icecube-Gen2 (15year 3
¢ B Cosmic rays (TA) projection)
E 6 i How a flux woul
3 10~° 3 with Gen-2 opticgl.
— Radio componenf to aim
ls_« [ . ,{p‘-b % Sensitivity below]
2 q0TL g O
o : % e
~ ( .
C 10°%E <
O . t | :
S 9| I
x 107°F N .
o™ C \ I - S S - EPJ ]
= I IceCube-Gen2
10710k OPTICAL OPTICAL & a
- RADIO detection 3
i ] | | I ] ] ] ] ] | | i
10° 10! 102 10%® 10* 10° 10° 107 10%® 10° 10'° 10'!

E [GeV]



Discovery potential for point sources

——. - 50 discovery potential
-/"‘—\\\\\\ ===+ (without surface veto)
— ~
a—la 10—11 - \\\\
% - \\}\ el \'\\“mt/ j
(Tj ....... \\ \C7_£\:\?—E”/__._//\
- “ee, \r_-— T _——otentd
O 10-12 N Tgiscove?
> 10 N A
Q J
=
2
$ 1013
L Veto coverage
full  partial Earth blocks muons
| 1 |
—-1.0 —-0.5 0.0 0.5 1.0

Declination (sind)



Point source sensitivity example: Mrk421

Mrk 421 is an active galaxy,
Known gamma ray emitter
Distance: 122 Mpc

t

(y, LAT + MAGIC)

E? dN , /dE [GeV cm 2s1]
)
| L l]l”l
° l

o
[
|
=
x
N
o

. -
- -
Seam-

rrrrmm

MAGIC (50h)
107 = .‘
- IceCube-Gen2 (10y, = 40°);
— LAT (10y)
10-10 EEEETTIT TR I B AR Ll LT BN BT AT
1 10 107 10° 10°* 10° 10° 107 10°

Energy [GeV]



Sensor design R&D for improved performance

mDOM D-Eqgg WOM

small PMT

adiabatic
light guide

coated cylinder

{<&— pressure housing

36 30 1

e Directional information @ Directional information e more sensitive
 More sensitive area per ® More sensitive area per  area per $
module module e Small diameter
e Smaller geometry e | ower noise rate

wavelength shifter

LOM

—_

13

e Small diameter

¢ Directional info.

¢ More area per
module



lceCube-Gen2 Phase 1

o’ oo o@

lceCube  DeepCore  Phase 1

@
l" . .
PY o
| . . . .
. . . o ®
°® O
\ o
®
L ]
L ]
100m

Science goals:

» v, disappearance
* Vrappearance

* Precise calibration of IceCube optical properties and
DOM response

1000m
1
&
- 1
:
17m ¥
7 ‘f
m ¢ '])
p
24m
* b¢
T
l,f)

1450m  2100m  2140m
2450m 2450m 2440m
Instrumented Depth

41



Phase 1 science: precision v, disappearance

3.5

| (107%eV?)

2
32

|Am.
b
=)

2.0t

&
=)

core o
IceCube DGenZ Phasel 3 years DeP™ o
| 1 M x x
- - IceCube 2017 Super—K 2015 Ee L
MINOS w/atm NOvA 2017 EaC
T2K 2017 Gen2-Phasel (3 yr proj.) o ° °
[T2K 2016 assumed] Gen2 Phase 1,
» ’-¢-------- .~~~
>
’ ) |
¢’ [
' ’
)
o ’ »
* e = . .t -- - -
90% CL contours [NO] IceCube Preliminary
0.35 0.40 0.45 0.50 0.55 0.60 0.65
sin” (623) JPAM de André, J Highnight, IPA 2017

Precision significantly improved over DeepCore



http://events.icecube.wisc.edu/contributionDisplay.py?contribId=53&sessionId=5&confId=82

Phase 1 science: precision v, disappearance

lceCube [Gen2 Phasel 3 years

Gen2 Phase 1,

- IceCube 2017 ~ Super—K 2015
3.5 - MINOS w/atm NOvA 2017
T2K 2017 Gen2-Phasel (3 yr proj.) o
[NOvA 2017 assumed]
2 3.0f
‘.'"l.‘c
-’
4 2.5 sermmmmTT T
— '0 .
’ I
' ’
) ’
~~ . Ty e mim . ' "bo -
2.0 90% CL contours [NO] IceCube Preliminary

0.35 0.40 0.45 0.50 0.55 0.60 0.65

.2
S11 (923) JPAM de André, ) Highnight, IPA 2017

Precision significantly improved over DeepCore



http://events.icecube.wisc.edu/contributionDisplay.py?contribId=53&sessionId=5&confId=82
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Phase 1: enhancing lceCube high-energy science

New calibration devices inside on angular reco. systematlcs I|m|ted
! i I ™1
IceCube enhance HE science - - Expected (Stat Only)
ereconstructions o @¢ Observed (sys. + stat.)
. L o
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o .
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Prototype calibration device being deployed ¢ ihd e . ®
at Lake Baikal s br o .
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10° 10° 10*
Deposited energy [TeV]

See ICRCNU143

Improved calibration boosts the entire IceCube data set (> 10 yrs)



* lceCube has discovered astrophysical neutrinos

« Starting to quantify their properties
— Spectral indices, Flavor composition
— Constraints on possible source classes (Galactic plane, GRB, AGN blazars).

* Physics with atmospheric neutrinos
e Continue to reduce systematic errors, increase efficiencies and reconstruction.

* |ceCube-Gen2 will take us from discovery to precision science.
— Phasel as first step towards that

IceCube continues running with >99% uptime.

4 -
.| N
d. » 4 £

i

World’ e 008

Right now: T(South Pole) = T(Guangzhou) - 100°C



2. Azimuthal variation in of scattering

Less scattering in direction of ice flow:
- up to ~10% /100m variation in amplitude

Understanding the ice

Relative amplitude, 125m from muons

1. Vertical structure of ice parameters

SPICE MIE NEW: SPICE LEA (this work)

--------- Absorption -

-150 -100 -50 O 50 100 150
Azimuth [°]

3. Ice layers are tilted — not planar

- Depth:2310m
1400 1600 1800 2000 2200 2400 | T"t"92-'2'm-~~§»4,”.,_,____'

Data/nondirectional MC

Absorption lengt

40 {7

Scattering (eff.): 20— 50 m
Absorption: 100 — 200 m

Measurement of South Pole ice transparency with the IceCube LED calibration

system,

Aartsen et al., (IceCube Coll.), NIMA55353
http://arxiv.org/abs/1301.5361




Atmospheric Oscillations with DeepCore

Number of Even

Ratio to Best Fit

Cascade-like
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41,599 events from 2012-14 data sets, x%/n.d.f. =117 /119

» Full analysis is L x Ey, x particle type, projected onto (L/E,) for illustration

 Shaded range shows uncertainty in prediction at best fit (mostly atm. p)




2.6 PeV deposited energy
8.7 PeV neutrino energy (median)

Astrophys.J. 833 (2016) no.1, 3
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