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Multi-messenger astronomy
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UHECR data set

PIERRE
 Period: 01/01/2004 to  Period: 11/05/2008 to
31/03/2014. 01/05/2014.
« 231 events above 52 EeV. « 87 events above 57 EeV.
*0 1 = 80° .0 =55°
« Angular resolution: 0.9° « Angular resolution: 1.5°
Data will be given to the working 72 events are public
group soon. (arXiv:1404.5890) + 1 year of

data that will be provided to
the working group.

UHECR 2014 3/17



Neutrino data sets

IcCECUBE

» 3-year HESE Cascades: 28 events (IC79+IC86-I+1C86-II)
» Golden sample of tracks: 3 of the HESE tracks plus 9 events
with EOlep > 100 TeV from diffuse up-going analysis (IC79+1C86-I).

i
0 TS=2log(L/LO) 11.2917
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Neutrino data sets

IcCECUBE

 Point source sample: 4-year (IC40+IC59+IC79+1C86-I)
sample of clean, through-going muons that could be
associated with charged-current muon neutrino interactions

(394,000 events).
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Analyses to be performed

1) Crosscorrelation method using the 3-year HESE sample
(IC79+1C86-1+1C86-Il) + high energy up-going tracks
(IC79+IC86-I).

2) Stacking method using the 3-year HESE sample
(IC79+IC86-1+IC86-II) + high energy up-going tracks
(IC79+1C86-I).

3) Stacking method using the 4-year IceCube point source
sample (IC40+IC59+IC79+IC86-I).
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Crosscorrelation function

Compute the number of UHECR-neutrino pairs as a function

of the angular separation in the data (np(a)).

Note: the crosscorrelation method does not rely on any
assumption about the magnetic deflections.
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Crosscorrelation function
Sensitivity and discovery potential

1) Neutrino positions fixed. Unknown source 1)
positions: Gaussian smearing to the HESE 1" Unknown source

positions with o, = 1%, 10” for tracks and v
cascades respectively.

2) n__. CR source events from these new 2)
source positions choosing randomly one of Oc. Source CRs
them each time (weighted by the exposure of OUI:“’O |
Auger or TA) and adding a Gaussian o & .
smearing with G=(G2exp +o° )" where %
G ™ 0.9°or 1.5°, G, 0= 1°:3%:6° 100 EeV/Ei.
3) Add 303 - n___ randomly distributed arrival 5) PP
directions of CRs weighted by the exposures of O O
Auger and TA. S CRe

\Y © O
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Crosscorrelation function
Sensitivity and discovery potential
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e Preliminary
OMD Golden tracks HESE Cascades
Sensit. 30 Disc. Pot. Sensit. 30 Disc. Pot.
1° 100 EeV /E; 3.7 7.9 17.9 40.2
3° 100 EeV /E; 59 13.4 19.5 44 3
6° 100 EeV /E; 04 21.4 - -
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Stacking method

Sourcel Source?2 Source 3
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The discovery potential improves as
more sources are stacked.

Total Flux for Discovery

The “sources” are:
Analysis 2): the locations of neutrinos
Analysis 3): the locations of UHECRSs

--------- Flux per Source for Discovery

E2 dN/dE [107" TeV cmi® 57|
|
|

Number of Sources Stacked
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Stacking with HESE and high energy tracks

Unbinned Maximum Likelihood

One fit parameter: the number of signal events n___

NAuger N
In [ = Z In (nSCR SAuger tot = Nscr - B Aug&) n
Niot Niot Ry S Background

i—0 * ~ a PDF:
Signal PDF: the N ¥ geometric
magnetic L Y S A "  exposure
deflection plus ™ Z In Nscp STA Neot — nSCR/B_TA g
the v spatial PDFs Nt N,
have to be =0 0 o
accounted for: Niot = Nauger + N1a

N
1 . i j A PDF for a single CR and a single v:
— UJ (5 S ra,, 5/, UMD " "takes into account the v map and the
NV =0 magnetic deflection

The test statistic 15=-2In r should follow a y* of 1 dof.
(nSCR 0)
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Stacking with HESE and high energy tracks
Spatial PDFs: example for Auger
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Stacking with HESE and high energy tracks
Sensitivity and discovery potential
Preliminary

aTMD All events

Sensit. 30 Disc. Pot. 5o Disc. Pot.
1° 100 EeV/E; - - -
3° 100 EeV/E; - 33.3 63.8

6° 100 EeV /E; - 40.1 84.2
OMD Golden tracks HESE Cascades

Sensit. 30 DP 50 DP Sensit. 30 DP 50 DP
1° 100 EeV/E; - - - - - -
3° 100 EeV/E; - 5.1 14.2 - 89.5  132.6
6° 100 EeV/E; - - - - 99.2 150
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Stacking with the neutrino PS sample
Likelihood PS method

Maximize: y (the neutrino spectral index)
and n_ (number of signal events)

Ny
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Stacking with the neutrino PS sample

We assume a spatial extension of:

o_ =D 100 EeV/E ___ with D=1°,3°6°
TR p.:.;::;mr For calculating the discovery
UHECR !;# potentials we inject neutrinos
e from a point source displaced

‘/D"sm from the UHECR by the

median deflection.

“Too many” UHECRs => the
fraction of the sky covered is

. . .f/ ./‘\ ';/"_ _-\\*. L
such that it becomes a diffuse | #° [ &) (&
_/ \_/ \_/

analysis => Introduce a cut in
the minimum UHECR energy,
which is the optimal?
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Stacking with the neutrino PS sample

UHECR Stacking Optimization Tests - F€liminary

—— north - —e— 1 degree at 100EeV
——south -~ 3 degree at 100EeV
— al |Sky N eacectEe $ 8

Different energy
thresholds
according to the 3
different assumed
magnetic
deflections.

16

16

Discovery Potential Flux Per Source (GeV*-1cm”-2s”-1)

|
60 70 80 90 100 110 120 130
Cutoff Threshold Energy(EeV)

We will separate the analysis in two: one for the Northern
hemisphere and one for the Southern hemisphere.
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Conclusions

e PIERRE
IcECUBE éggggﬂ%

* First joint analysis between IceCube, Auger and TA.

» Sensitivity and discovery potentials are being computed for
the chosen analyses.

« Stay tuned for the upcoming unblinding and results!
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Back up slides
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The IceCube Neutrino Telescope

* 1 km’ volume

« 86 strings

« 5160 DOMSs

17 m PMT-PMT
spacing per string
e 125 m string
spacing

« Completed in
Dec. 2010
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Detection Method " ;

Neutrinos are detected by
looking for Cherenkov
radiation from secondary
particles (muons, particle

showers).
CC Muon Neutrino Neutral [:urre:_lt /Electron
Neutrino
| i . £ L
‘. lH, :
3t !l ' |
e g
Ui kN —p 4 X Ve + N2+ X VT+N—>T+X
vy + N — v+ X
track (data) cascade (data) R T e T e e

(simulation)
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HESE search

« Same dataset (“2 years” = 662 days).
- Contaiment at HE: (Q_ > 6000 p.e.)

/VETO Vp o
« Use atmospheric muon veto. Ny o4
« Background: |_- . ‘
*Atmospheric muons (mostly sneaking \° .
through the main dust layer): 6 + 3.4 per =
2 years (estimated from data using a | o 'J_ Lo

tagging region).
*Atmospheric neutrinos: 4.6 + 3.7 — 1.2
events in 2 years (large uncertainties at

high energies).




HESE search

28 observed events!

Background: 10.6"°_,

Significance:
3.3c for 26 events,

combining with 2.8c from PeV i
neutrinos:

4.1c for 28 events.

6

Science 342, 1242856 (2013)
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HESE search

Update: one more year of data
37 events observed in 3 years

Background:
6.6 7 atm. neutrinos
8.4 + 4.2 atm. muons S —
or e St
60 I IceCube Preliminary |
Preliminary significance (full  § «t H}% 1 i
likelihood fit of all § 2o t
components): g T%ﬁ%}% :
S.7c Zi 40 | f %r% 3 +
w.r.t reference background i + T -
-80 . o @ , | , -

102 10°
Deposited EM-Equivalent Energy in Detector (TeV)

PRL 113, 101101 (2014)



HESE search

Energy spectrum:

— . " — T
I Background Atmospheric Muon Flux

102 e I | Bkg.Atmospheric MNeutrinos («/K)

*s Data

Background Stat. and Syst, Uncertainties
—  Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg, Best-Fit Astrophysical F~* Spectrum

’_I.
o
[
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Events per 988 Days
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o
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102

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

e Harder than any
expected atmospheric
background.

e Compatible with
benchmark E™
astrophysical model.
 Potential cutoff at about
few PeV

* Best fit: (0.95 + 0.3)10°
E“GeVcm? s sr'per
flavor.



HESE search

Declination distribution:

[Southern Sky (downgoing]] ‘ Northern Sky (upgoing)]

: I Background Atmospheric Muon Flux
102 — I Bkg. Atmospheric Neutrinos (#/K)

777 Background Stat, and Syst, Uncertainties Eve nts from

= Atmospheric Neutrinos (90% CL Charm Limit)

—— Signal+Bkg. Best-Fit Astrophysical £ ? Spectrum Northern

»® s Data 1 .
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S 10 SR o | absorbed in Earth.
o0 i 1 ]
0 _
[ I T (] []
g 71 = | | Compatible with
2 10° 7/ ' '
3 » isotropic flux.
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HESE search

ICECUBE PRELIMINARY _ T T ICECUBE PRELIMINARY ___——

Equatorial Galactic

]
0 TS=2log(L/LO) 11.2017 0 TS=2log(L/LO) 11.2917

No significant clustering observed in position or time.
(cluster close to the GC has a P-value of 7%)



Cascade reconstruction

Best cascade fit Reversed orientation |- <= Exp. data
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HESE zenith distribution
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HESE zenith distribution
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HESE zenith distribution
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HESE effective area

Glashow resonance:
6.? PeV
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HESE effective volume
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HESE

Atmospheric muon background
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HESE

» atmospheric muons

Passing Rate

» estimated from data (tag events
on outer layer)

Neutring Energy (GeV)

0.4 0.6
Cos(Zenith Angle)

"

; L%
(6 £ 3.4 u's) 53 .

» atmospheric neutrinos f; = i
» reject events with accompanied : s
muons for = 60 TeV (self-veto) = N

T S e
Cos{Zenith Angle)
[4 6 +3.7 12 U’S) Plots courtesy of K. Jero [LW-Madison)
(P. Desiati)



HESE

Down-going self-veto
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HESE
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Diffuse muon neutrinos

lceCube Preliminary

|C79+1C86-I data, only considering up-going events
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Evidence for a cosmic neutrino flux found at levels
of around 10° E* GeV cm™ s™ sr’ per flavor with a
significance of 3.9c over atmospheric expectation.

E*¢(E)= (0.96 + 0.35) 10° GeV cm™® s sr”



Diffuse muon neutrinos

Neutrmo Effectwe Area
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Event collection

Strings Year L1 rate number of v
IC22 2007 500 H=z —20 / day
2008 1100 Hz —40 7 daw

2008 1700 Hz —70 7 daw

2010 2000 Hz =100 /day
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