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Astrophysical neutrinos observed: What are the sources?

ICECUBE PRELIMINARY

'{539‘56%

12,415 52 29

0 TS=2log(L/LO) 13.1

Consistent with an isotropic diffuse flux (>100 sources)

Event flavor consistent with standard neutrino oscillations

Point source: No (p-value 0.44 cascades / 0.58 all)
Galactic plane: No (p-value 0.025; 7.5° band)
Follow up by multiple instruments (e.g. VERITAS, HAWC): No obvious counterpart
GRBs (prompt < 0.5%, +20h <12% ): No

Blazars < 20%

Star Burst galaxies disfavored by Fermi
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Cosmic ray — y-ray — neutrino connection

Cosmic particle Cosmic ray — matter / photon interaction:
accelerator:

Star burst galaxies, 4 +
AGNs, SNRs, etc .. p—l—’}/—>A NI

p+p— Art +Br~ +Cr’ + X
" Photon field or matter

Iy Near/at the accelerator
Iy Collision results in photons & neutrinos
I
1\
I Z + +
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1 \ 2:1:0 | 0:1:0
7 \ : :
4 Cosmic ray sources produce neutrinos and y-rays
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y-rays may also have leptonic origin.
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High-energy neutrinos
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Eur. Phys. J. C75 (2015) 3, 116
® |C-59 atm. Unfolding

Honda 2006 conv. atm. v,

------ Enberg prompt atm. v
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Tracks — Traditional v astronomy

Detection methods Earth as a filter

~2Tsr.v, mostly.

u dominated \1:

e
@
Starting Events ¢ Cascades
Veto and energy proxy Event reconstruction
4 gt sr. All flavor. Shower-rich. 4 1t sr. All flavor. Shower-rich.

* High-Energy Starting Event
* Medium-Energy Starting Event
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High- Energy Starting Events: spectrum

— 4.0 . —

'_l;_‘ . |eoe leferentlal Spectrum (best f|t charm component floats to zero)

@ 3 5p - - Differential Spectrum (fit with charm fixed at IC59 90% C.L.) |

i ; . IceCube Preliminary

‘Ta 30'!_°_I --------------------------------- e ~~d-year-update ]

S 25 ' | | |

w

2 2.0
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= 1.5

5 1.0

X

2 0.5

c:da One flavor
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Neutrino Energy [GeV]

“4-year” 2015 ICRC proceedings. arXiv:1510:05223

«“ ”
SOft . Y~-2.6 “3-year” PRL 113 (2014) 101101
“2-year” Science 342 (2013) 6161



Through-going tracks: spectrum

= 10™

T t ! ! M | ! ! ""“E
B : One flavor -+ Prompt atmospheric v, +v, (1XERS) |3
T 10-5 ________ B Conv. atmospheric v, +, (best-fit) |
o : ' I Astrophysical v, +v, (best-fit)
s 6 .
S T o EFPRREERESS B VP Sp——— Pe——
=
P
SR
1O oo soaes e s e Mg Feders Sk Hal BeSel S0l Ha: ¢
= - Waxman-Bahcallg x %
o Q- - - - """ - e S e ——————w e
i 10 ¢ : - PR ATt = SPeCtrti |
I'G*A : : '
ES 10-9 May 2009 - May 2015 ; N\
" e i - r e e IR S SR RS SR IR R S S S SR MW SR SR SRS =
~ s - lceCube PreTllmmary : :

10°

6-year tracks: 2015 ICRC proceedings.
arXiv:1510:05223
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Highest energy neutrino in 6 years (v, search)
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Spectral index: Evidence for 2 components / populations?

B e AR Y
[ — ICtracks(6yr) ' 5 |
7 3.0F ;

—1

T‘ _ ; z z
¥ 250 \C combined e /e /

’. OE — EIC cascades :
' L IC tracks (2yr):

o' ol ST IceCubePreliminary.
9.4 1.6 1.8 20 22 24 26 28 3.0

Update on 2015 ICRC proceedings fya,stro
arXiv:1510:05223
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Compatibility with neutrino oscillations
Variable veto starting events study (>35 TeV)

% 100 ¥

1.00 ' 90 ¢

: ke

O Canonical beam dump : 480 F
. 170 T
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PRL 114 (2015) 171102
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Gamma ray counterparts

s sr)

E2¢ |GeV an?

107

hadronic ¥-ray emission normalized to best-fit neutrino flux

10'6' Bechtol et a. arXiv:1511:00688

— v (perflavor)
— totaly

- - dimay

== cascade y

HH IGRB (Fermi)

HH
H

10_35

lIoeCube combimed |

. combined fit range
102 0.1 i 0 107 i ik
E [TeV]

(TeV-cm ™t -s71)

dN
B2
dE

IceCube flux distributed
into 100 sources

10°1 ]

- Crab PRELIMINARY
10" = ICGCube, N, = 100
10‘12:— ‘

i HAWC [ —

—2VL Limits t

10°*Hf10M 28 highest anepr Y S0Urces

: €nergy track direct;

- ons
10—14 1 1 IllIllI 1 1 I]ll[Il 1 1 IllIlII 1 1 IllIlI[

1072 107" 1 10 10?

Energy (TeV)

“Too many” neutrinos to match Fermi —in particular SFGs
No evidence for steady gamma-ray TeV counterparts.
Sources opaque to CR/y? Many sources? Very distant sources?
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Outlook: IceCube-Gen2

Artist conception
Here: 120 strings at 300 m spacing

I. Taboada | Georgia Tech | ICNFP '15

12



Sweden
Stockholms universitet
Uppsala universitet

Deutsches "n-swld\mtmn f
Frieﬁlchﬂmnder-Univenk&t

Clark Atlanta University & NI T
i, E S R
& .

Georgia Institute of Ted‘blogy Erlangen-Niirnberg
Lawrence Berkele'yﬂupnﬂ Laby Humboldt-Universitit zu Berlin
Mlchtgan State Unlversity J Ruhr-Universitit Bochum

Ohio State Unnqﬂ% - N | RWTH Aachen

Technische Universitit Miinchen

Pennsylvania State University

South Dakota School of Mines & Techno “ T : ™ Technische Universitit Dortmund
Southern University and A&M College | ~ = / Universitit Mainz

Stony Brook University £ Université Libre \  Universitit Wuppertal
University of Alabama U"Vﬂ's'té e NO'B 9

University of Alaska Anchorage " l"""’e""te't G 5 20 T
University of California, Berkeley Vrije Universiteit niversité enéve, Switzer
University of California, Irvine ity of Adelaide, Australia .
University of Delaware

University of K:

U:Nmmm of Man,,-::nd = v ¥ "¥ University of Canterbury, New Zealand
University of Wisconsin=-Madison =

University of Wisconsin-River FaTls Ny
Yale University

44 |nst|tut|ons/ 12 countrles/ 310 authors "t

‘.__ = —_ -~ ————

—r

Funding Agencies

Fonds de la Recherche Scientifique (FRS-FNRS) Decutsches Elektronen-Synchrotron (DESY) University of Wisconsin Alumni Research
Fonds Wetenschappelijk Onderzoek-Viaanderen 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)

I. Taboada | Georgia Tech 13



Conclusion

lceCube has observed a non-terrestrial neutrino flux in the
~15 TeV to ~8 PeV energy range.

The sources of these neutrinos are not known.
Flux is consistent with isotropy and standard oscillations.
Evidence for 2 source populations?

Are the sources opaque? How many sources are there?
How far away?
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Neutrino Oscillations & IceCube

Astrophysical beam dump

T =t V(D)

pt et + (V) + Ve (Pe)
Results in a 1:2:0 flavor flux ratio (at the source)
With muon cooling (e.g. Synchrotron) 0:1:0
Ve source (neutron decay): 1:0:0

After oscillations this results in:
1:1:1 (no muon cooling)
0.2:0.4:0.4 (with cooling)
0.5:0.2:0.3 (v, source)

No distinction between v and v in IceCube



Neutrinos and electromagnetic radiation

Gamma Rays

Fermi LAT
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1 103 108 109 1012 1015
(eV) (keV) (MeV) (GeV) (TeVv) (PeV)
Energy
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IceCube

IceCube Lab

81 Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

X_-,—‘.— : IceTop

50m

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

DeepCore

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

Eiffel Tower
324 m

2450 m
2820 m
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HESE: deposited energy vs. declination

Southern Sky (downgoing) Northern Sky (upgoing)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (#/K) 5
Background Uncertainties

Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
Bkg.+Signal Best-Fit Astrophysical (fixed slope E2)
Data

B

1 . :
10° b5 A IceCube Preliminary

Events per 1347 Days with deposited E > 60 TeV

-1.0 —-0.5 0.0 0.5 1.0
sin{Declination)
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Events per 1347 Days

HESE method

Charge Threshold

1 1
Bkg. Atmospheric Muon Flux (Tagged Data)
Bkg. Atmospheric Neutrinos (n/K)
Bkg. Uncertainties (All Atm. Neutrinos)
Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~%%)
Bkg.+Signal Best-Fit Astrophysical (fixed slope E2)
All Events (Trigger Level)

U

°
°
O
o
~r

| o

10* 10°
Total Collected PMT Charge (Photoelectrons)

54 events between 60 TeV and
2.1 PeV.

39 cascades

13 tracks

2 “background”

Background Expectation:
atm u:

12.6 £ 5.1 (from data)
atm v (xt, K + prompt):

9.0+8.0_2-2
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HESE: Visible energy, direction & event type

o T Showss e -
Tracks —>¢—
60 |3 o A
—~ HH IceCube Preliminary
)]
() 40 | + )_}_‘ a3 “4-year” update -
()
2 +
ko, 20 - B »#" _
c 0F *{* _
5 1
© -20 )_I_‘ -
c
.
e '
0 - ! + 3
ol % t
i . |"§" . L B ]
10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
13 track-like events 39 cascade-like events
0.4 —1.5° ang. resolution 10-25° ang. resolution

Muon takes some energy away 15% visible energy resolution



Tracks: ”65tandard” neutrino astronomy
10é""!'"'!""!"""""" ]

: : : : Assuming best-fit power law:
5 L ) : B Unfolding (stat. error) ]
L e s Sl nmns "1 Unfolding (incl. best-fit uncert.) [
: Bl Astrophysical v, +7, ;

104 _ ________ _________ : B Conv. atmospheric v, +7, _

Combined v, +,

Cumulative event count

May 2009 I\/Iay 2015
IceCube Prellmmary

30 35 40 45 50 55 60 65 70 75
logIO( I//Gev)

Use Earth as a filter for muons — northern hemisphere only
Sensitive to muon neutrinos
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