%'EEB”BE i

Latest results from
lceCube on
neutrino properties and flux types

Jan Auffenberg

Bundesministerium
% fiir Bildung ﬁHELMHOLTZ

und Forschung | GEMEINSCHAFT F
Allianz fur Astroteilchenphysik D

Deutsche
Forschungsgemeinschaft

Moriond 2016 Jan Auffenberg % ‘ R%&E%



Content & cecuse

* Introduction
* Astrophysical Neutrino Flux
* Astrophysical Sources

* Atmospheric Neutrino Flux and Neutrino

Oscillation
e Dark Matter WIMPs

* Summary

Dr. Jan Auffenberg \% [T — ‘ RWVAEA&EIW



Introduction & cecuse

S

‘ RWTHAACHEN
UNIVERSITY

Dr. Jan Auffenbe rg 1Il. Physikalisches

Institut




Introduction & cecuse

Gamma-ray sources:
* not necessarily hadronic
* gammas potentially get

absorbed
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Introduction & cecuse

Cosmic-Rays: Unknown origin as they get bent in magnetic fields
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Gamma-ray sources: ~ N

* not necessarily hadronic

* gammas potentially get
absorbed

Neutrinos don’t get bent or absorbed but hard to detect
* Good candidate for cosmic ray source search
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Introduction & cecuse

Gamma-ray sources:

* not necessarily hadronic

* gammas potentially get
absorbed

Neutrinos don’t get bent or absorbed but hard to detect
* Good candidate for cosmic ray source search

Neutrinos point back to their sources !
As an important part of multi-messenger astro-physics
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The IceCube neutrino observatory &cecuse
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IceCube Lab

T S WY T S 81 Stations
S e — 2 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
/ 5160 optical sensors

DeepCore
8 strings-spacing optimized for lower energies
/ 480 optical sensors

Eiffel Tower
324 m

Bedrock
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The IceCube neutrino observatory &cecuse

IceCube Lab

T S WY T S 81 Stations
S e — 2 optical sensors

50 m

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

1450m |

DeepCore
8 strings-sr)acing optimized for lower energies
/ 480 optical sensors

Eiffel Tower
324 m

HV

2450 m

2820 m

Digitization

e 10’ PMT

IceCube et al. Nucl. Inst. Meth. A 618 (2010) 139-152
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The IceCube neutrino observatory &cecuse

IceCube Lab
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86 strings including 8 DeepCore strings
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Digitization
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IceCube et al. Nucl. Inst. Meth. A 618 (2010) 139-152
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The IceCube neutrino observatory &cecuse

IceCube Lab

g | gl oY i 81 Stations
___________ e = = =~ — 324 optical sensors

50 m

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

1450m |

DeepCore
8 strings-sr)acing optimized for lower energies
/ 480 optical sensors
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i:} Digitization
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The IceCube neutrino observatory &cecuse

IceCube Lab
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/ 480 optical sensors
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The IceCube neutrino observatory &cecuse

50 m

1450 m

2450 m

IceTo
81 Stations

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-sr)acing optimized for lower energies
/ 480 optical sensors

2820 m

Eiffel Tower
324 m

Digitization

10" PMT

HV

IceCube et al. Nucl. Inst. Meth. A 618 (2010) 139-152
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The IceCube neutrino observatory &cecuse
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lceCube today @ cecuee

- Wooden lid
E Wooden structure
~ 5 58 cm
Q , Se—— ~—F— Perlite
IceCube Lab e AAN A0
= S IceTo 2 '& 5l (\ ) . [ DOMs
e -t = WY S = 81 Stations 6
som —— T e S S — N optical sensors ° 4
'''' - £ -— Tank
3 —— Ice
IceCube Array Diffusely reflective liner
86 strings including 8 DeepCore strings " (Tyvek/Zirconium)
5160 optical sensors
1 - Insulation foam
\ 182cm
1450 m
DeepCore oo
e 8 strings-spaci timized for lower energies
H i i | / 480 optical sensors. ’
‘ [ } ’ Eiffel Tower
l t'l! 324m
2450 m | HV
2820 m
> % Digitization

EEE—— R
10" PMT

IceCube et al. Nucl. Inst. Meth. A 618 (2010) 139-152

Dr. Jan Auffenberg \% [T — ngglw



Neutrino Signatures  @c=cuse
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Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino
so called “shower”

RWTHAACHEN

Dr. Jan Auffenbe rg I Physikalisches UNIVERSITY



Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino
so called “shower”

V,+N = e+ X

v.+N—=v +X
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Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino
so called “shower”

V,+N = e+ X

v.+N—=v +X

* Good Energy resolution

RWTHAACHEN
Dr. Jan Auffenberg L. Pysialisches ’ UNIVERSITY



Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino
so called “shower”

* Good Energy resolution
e angular resolution
around 5°-10°
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Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino CC Muon Neutrino

so called “shower” so called “track”

V,+N = e+ X

v.+N—>v +X e =

* Good Energy resolution
e angular resolution
around 5°-10°
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Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino CC Muon Neutrino

so called “shower” so called “track”

V,+N = e+ X

v.+N—=>v +X Uprr =2 2

* Good Energy resolution ¢ Energy resolution limited
e angular resolution
around 5°-10°
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Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino CC Muon Neutrino

so called “shower” so called “track”

V,+N = e+ X

v.+N—=>v +X Uprr =2 2

* Good Energy resolution ¢ Energy resolution limited
e angular resolution * sub degree pointing
around 5°-10°
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Neutrino Signatures  @c=cuse

Neutral Current /Electron
Neutrino CC Muon Neutrino CC Tau Neutrino
so called “shower” so called “track” so called “Double Bang”

V,+N = u+X

* Good Energy resolution e+ Energy resolution limited * Good Energy resolution
e angular resolution * sub degree pointing * Good angular resolution
around 5°-10°
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Neutrino Signatures  @c=cuse

Neutral Current /Electron .
Neutrino CC Muon Neutrino Cosmic-Ray background

so called “shower” so called “track”

e

S L

e

&5
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V,+N = u+X

* Good Energy resolution * Energy resolution limited * Energy resolution weak
* angular resolution * sub degree pointing * Good angular resolution
around 5°-10°
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Background for neutrinos @&cecuse

IceCube Zenith Angle Distribution at Trigger Level

10°H ++4+ IceCubeData | 1
10° H — Atmospheric Muons (GaisserH3a) [ .
104 | — Conventional Atms. Muon Neutrinos (Honda2006) |.............. i
—— Astrophysical Muon Neutrinos (IC59 Limit)

103 |
102
10!
10°
101
102
103
104
107
10°
107

10-8A,.Ai‘.Ai.A.i.A..
-1.0 -0.5 0.0 0.5 1.0

cos(Zenith)

Event Rate Per Bin / Hz

* |ceCube triggers at a rate of about 3 kHz
* Dominantly down-going muons produced in cosmic ray air showers
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Neutrino selection in IceCube @&==cuse

Up-going tracks Starting Events

K veto v

\l, wdominated M
e
<
[
\%, ‘t‘k
®

1\ v only

\ AT
{ e Selection of events with interaction
vertex in detector and no visible

entering particles
e Selection of events which have passed through Earth « Effective volume smaller than

’0
oV
Astrophysical
source

North Pole

e Effective volume larger than detector detector
* Sensitive to v, and Northern Hemisphere only e Sensitive to all flavors and full sky
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All-Flavor Neutrinos @ cecuee
Starting events using 4 years (all-sky)

Events per 1347 Days

‘ """ 3 Bkg. Atmospheric Neutrinos (/K)

T
[ Background Atmospheric Muon Flux

Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~%%%)
: = = Bkg.+Signal Best-Fit Astrophysical (fixed slope E %)
,,,,,,, ' T |e®e Data

- i lceCube Preliminary

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

_p'-val_u‘e: 58%

p-value: 44%

0 TS=2log(L/LO) 13.1

Analysis of starting events depositing > 60TeV using 4 years of data
Observation of 53(+1) events up to ~2PeV

Mostly v, charged current and neutral current interactions, mostly sensitive in the

southern sky

Clear excess over background (6.50), no clear clustering on the sky
Near future: real time selection of these starting events (~ hours)
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Diffuse Muon Neutrino Search @ icecuse

* Analysis of up-going track events (northern sky) using 6 years of data, v, charged
current only, >100 GeV

* Fit with an unbroken power law

Assuming best-fit power law:
+++ Unfolding Bl Conv. atmospheric v, +7,
B Astrophysical v, +7,

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv 1.0
103 F - g o TR Lo IceCube: Preliminary -
Results: - - g : ‘ |
. § E i 0.8
e Astrophys. norm @100 TeV: - L -
0.82 +0.3/-0.26 * 10'*GeV cm=? st srt = IS
* Spectral index: & [ g
3 i
Vaurro = 2.08 £0.13 -1 S T D S | | JoaT
- €a| [ neutrino energy pdf :
* Energy range. 107 -7 thighest-energy event) L R S 1o.2
220 TeV — 8.3 PeV 204 L — S —=to Ll S
4.0 4.5 5.0 55 6.0 6.5 7.0 7.5

log,o(median neutrino energy / GeV)

Atmospheric-only hypothesis excluded by 5.90
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Measured Astrophysical Neutrino Flux ~@icecuse

10—

- Pror'npt atmosphericL +v, (1XERS)

l‘r;J‘ I
T 107 _ .___......@........,,.—...C.o_n.v._atm_osph.er!c.vﬁk.fz/ .(bﬁst.ﬂ_t)..._;
o F . mmm Astrophysical v, +v, {(best-fit)
5 -6 : +++ HESE unfoldlng PoS(ICRC2015)1081
1070 freeeereeeeeeeen N R HNIOCING: FOSUEREEANIE, _
> - .
5] - ) . . ]
S, .1 5 5 5 ]
LO 7 o N ponnes s e ;
) . : : ; ]
© [ S~ ' . E
~ -8 T~ f e |
% 10 5 eSS —\|“
<l f : C
T o A IR N
~ s IceCube Prellmlnary i : §
10° 10° 10° 10° 10’
E,/GeV

* Best fit astrophysical neutrino flux (unbroken power law) and
conventional atmospheric neutrino flux predicted by Honda

* HESE unfolding including 4yr data in black crosses
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Summary of diffuse IceCube results ~ &1cecuse

_— 3-5 i ! ' ! ' l ' ! ! I ! ! '
[ — IC tracks (6yr) '
2 3.0F ,
» F — g|c HESE (4yr) :

)

-1

2.0: —_— EIC cascades
[ 1C tracks (2yr)

ool T lceCubePreliminary
'9.4 1l 1.8 20 22 24 26 28 3.0

fyastro

Slight trend:

* With the energy of the sensitive region shifting to higher
energies the fitted spectral index increases

* Might be a first hint for features in the astrophysical neutrino flux

| ] Most sensitive region
j/ at about > 5*10* GeV

2.5 :_";'”ﬁ'IC”c'dfhbl'h'e’dmﬁ """"" [ ' ‘ ] ~ Most sensitive region
' ' : at about > 10° GeV

: Most sensitive region
3" atabout > 2*10° GeV

RWTHAACHE
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Flavor Composition at Earth & 1c=cuse

Flavor composition at Earth useful to

constrain production mechanism at [.,: v, : v, at source o IceCube 0
the source 0:1:0 % Preliminary
o 1:2:0 1.00 |15

1:0:0
Muon-damped pion decay: -
allowed

Pion decay: allowed

@
&
Neutron decay: —
rejected at3.7 ¢ '00/ )
S
S
PoS(ICRC2015)1066 Ve

* Contribution of v_nearly unconstrained due to low
sensitivity of the v. measurements
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Searches for neutrino sources
. ] %IEEBUBE
Point source search using 7 years

fecCube Preliminary 117 - Analysis of track-like

events using 7 years
of IceCube data

Northern sky :

?.'.ri:; .....................

"‘—‘ 3.6
oonose s el m s ton M ® Northern sky: only v,
____________ _"‘ " ‘ 2.4 .
h A seuttien : ~* Southern sky: mostly
e W 54 Kbutalsov,
Equatorial .
0.0
p-value: 44% / p-value: 39%
06 ’[\“hem ll((((ul)-(-!:1(]1)11111::1(x}l ]Sm,ltlwr:nsln'(l ]‘40 )_73‘”) e
Gl iy e e [ BNE e e Nosignificant point source
- S found yet
2 39-‘:. 4
) e *.* No strong evidence for
e x correlations with the galactic plane
L o -
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Energy spectrum of atmospheric
g8Y 5P . P %IBEBUBE
muohn nheutrinos

10 : .
Unfolding Theory . .
. T+ 1C59 Conv.: SIBYLL-2.1 |+ Unfolding of muon neutrino
+ - 1c79 Conv.: QGSJET-II
—_ . -+ 1C86 || — Atmo.: SIBYLL-2.1 + ERS en_ergy Spec.trum >100GeV
e 0 — — Atmo.: QGSJET-II + ERS | using up-going track events
L Uncertainties Atmo.
8 10°f — Prompt: ERS - (northern sky) of 3 years of
> data
§ 107 — :
o[ oGl — 1 * Unfolded spectrum
o 8| cecLupe i . q
10° \\\ atmospheric muon neutrino
0 | | | . 1 predictions
100 10° 10* 10° 10°

E,[GeV]

 The over fluctuation at high energy is consistent with current
measurements of the astrophysical muon neutrino flux
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Neutrino Oscillation Measurement using aIEEBUBE
DeepCore

700} — MC best fit i
600f| == MC no oscil. ' ')
» 500}/ & & Data re g D

IceCube preliminary
T

*
* . 1.3}
¢ atmospheric

neutrinos “1af T

2ol T {Fﬁ #Hﬁ 4t {_f# #} +{.{+} ‘

10t 10 10°
North Pole Lyceo/ Breco (km/GeV)

* Disappearance analysis of ~10 GeV-100 GeV atmospheric v, with
4 years of data
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Neutrino Oscillation Measurement using aIEEBUBE

DeepCore

SK 1V (2015) [NH] |

38b| — IceCube 4 years [NH] ----
= MINOS w/atm [NH] 1IC2014 [NH]
3.6F| == T2K 2014 [NH]
c\/l-\ 3.4} 90% CL contours

* o
*" atmospheric
neutrinos

0. 3 0. 4 0.5
SiIlQ (023)

North Pole

Neutrino disappearance in the Energy range from about 10 GeV — 100 GeV observed
sin20,; =0.53+0.08/-0.13
Am,,2  =2.8+0.20/-0.16 * 103 eV?

Results from normal hierarchy:
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Search for sterile neutrinos @c=cuee

- o — = I I
[ e o Data (IC86) 1000 « « Data (IC86) ' ‘ '
[ L] MC no steriles |; [ MC no steriles
n 3 R i
%10 E - (% 800
c :
I < 600 7
<t
3 >
=~ ~
3 10% @ 400 -
o o
(<)) [¢]
> >
] /1 200 —
10k '
- [ceCube PRELIMINARY 3 0
o + P g 12 :
EI.O—‘—‘—-—-—-—‘—O—'—'—‘—FH—v—ﬁ. Y f é 1.0
0.5+ L. ) ) L B} 0.8 ! 1 1 | 1 ]
103 10?4 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2
reco
E;t.pro.ry/GeV 008011-3

* Disappearance search at higher energy range on top of standard oscillation
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Search for sterile neutrinos
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pulls per bin in the analysis space at the best-fit point. The stat-only p-value is 17%




Search for sterile neutrinos @c=cuee

! ' ' 'f : I.\' .' ',1,,,..,“ 1‘] IOOOF T I T T T

wn
> 10°% |
© C
o [
< [ i
<
™ L
~ 2
& 107 |
-—
o=
)
>
sa) - 4

10"

F [ceCube PRELIMIT

1.5
o |
.;CB: 1.0—2 . IceCube PRELIMINARY
m - IceCube (IC86) 90% CL | [N\

0.5- IceCube (IC86) 99% CL | ' & 4

’ L FE——— L Kopp et al. =

103 o JHEP 1305 (2013) 050 | ' 0.2
E 10 5 ‘ 1
n,pr 10— 10—

.2
sin” 20,

* No sterile neutrino signature found.
* Another 5 years of data will lead to even stronger results
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Dark Matter WIMPs @ 1cecuse

lceCube Collaboration 2016

— 107% ——————— -
= et Super-Kbb ~ vrims IceCube bb -
0t = skt = = et e e Analysis of arrival
- N e s —— PICO-0 (015) | directions of v, to look
. 5— WIMP annihilation in the sun ] for correlation with
10~ | arXiv:1601.00653 ] the expected
f ] signature of WIMP
107%7 annihilations in the
' sun

1075 :
: e Worlds best constraint

on spin-dependent
cross section above
100 GeV WIMP mass

10730 b TN

10—40

Dark matter-proton cross-section osp

) ] SE T
10° 107 10° 104
Dark matter mass m, (GeV)

Other neutrinos IceCube my detect from the sun: Solar neutrino flares, Gwenhaél de

Wasseige in the YSF Il today evening
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Dark Matter WIMPs $cecuee

_ [e--e IC22Halb "VERITAS Segl 95%C.L 1
g +--+ IC59 Dwarfs ~ -=-- MAGIC Segl 95%C.L. |1 | Ana|y5i5 of arrival
10_20 i —— :gg (l—sl?:lo ---- Fermi Dwarfs 95%C.L. _ direCﬁonS Of Vu tO IOOk
: : : for correlation with the
_ . expected signature of
0 WIMP annihilations in
- 1022 the Galactic halo, Galactic
& center or Dwarf galaxies
= | * lceCube is competitive at
O high WIMP masses
104 -
-.--""  natural scale ‘
10-26 Ll Ll Ll L
10 10° 10° 10* 10°
m, [GeV]
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A slide on IceCube extensions @ice=cuse

\

/“\\
L -

IceCube future plans:

* The low Energy extension PINGU in the core of Deep Core
to increase energy and directional resolution at low energies
* Extensions to increase sensitivity at high neutrino energies
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Summary %IEEBUBE

* |ceCube observed an astrophysical v flux with more than
50 in two different detection channels

 There are hints for features in the astrophysical flux
e Sources of this flux remain unknown

* (QObserved flavor ratio on Earth constrains neutrino
production mechanisms at sources

* |ceCube observed neutrino oscillations and produces
competitive results

* First sterile neutrino analyses of IceCube sets stringent
limits

e |ceCube provides complementary constrains for the
search of Dark Matter WIMPs

Dr. Jan Auffenberg \% [T — ‘ R%Eglw



Sweden

Stockholms universitet

Uppsala universitet
USA . Germany
Clark Atlanta University [ Deutsches Elektr nen-Synchrotron
Drexel Umversu;z 4 @?Frlednch-@gxand Universitit
Georgia Institute of Te & Erlangen-Niirnberg

Humboldt-Universitit zu Berlin
Ruhr-Universitit Bochum

RWTH Aachen

Technische Universitit Miinchen
Technische Universitit Dortmund
Universitit Mainz

— Universitit Wuppertal

Southern University and A&M College;
Stony Brook University

University of Alabama

University of Alaska Anchorage
University of California, Berkeley
University of California, Irvine
University of Delaware

University of Kansas g
University of Maryland = =~ _
University of Wisconsin-Ma e
University of Wlsconsm
Yale Umversuty

Vrije Universiteit B "~ Université de Geneve, Switzerland

sity of Adelaide, Australia N
3

I¥ University of Canterbury, New Zealand

Fonds de la Recherche Scientifique (FRS-FNRS) Deutsches Elektronen-Synchrotron (DESY) University of Wisconsin Alumni Research
Fonds Wetenschappelijk Onderzoek-Vlaanderen Japan Society for the Promotion of Science (JSPS)  Foundation (WARF)

(FWO-Vlaanderen) Knut and Alice Wallenberg Foundation US National Science Foundation (NSF)
Federal Ministry of Education & Research (BMBF) Swedish Polar Research Secretariat
German Research Foundation (DFG) The Swedish Research Council (VR)

Thank you for your attention!




Tau search in IceCube & cecuee
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CR Spectrum with IceCube and IceTop &c=cuse
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e Cosmic ray spectrum with IceTop and IceCube data show consistent results
* The spectrum shows clear features
* May be a hint for different source classes and/or composition
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CR Spectrum with IceCube and IceTop &c=cuse
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* Evidence for a heavier composition at higher energies
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Calibration with Cosmic Rays &rcecuss
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 Cosmic ray absorption by the moon and sun

* Width of deficit used to verify the uncertainty on the angular
resolution (better than 1°)

 Amplitude of sun shadow is expected to correlate to sun activity
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