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Cosmic Ray/Gamma—ray/NeutriMnection

The lceCube Cﬂ
Search for DifWEmis’
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THE CR-v-y CONNECTION

Grigorov
Akeno

MSU
KASCADE
Tibet
KASCADE-Grande
lceTop73
HiRes1&2
TA2013
Auger2013
Model H4a
CREAM all particle

all-particle

Fixed target

A TEVATRON

ll l LHC

10° 10* 10° 10°
Eiot (GeV / particle)




Cosmic Messengers

AGN., SNRs, GRBs... ® GAMMA-RAYS

black hole They point to the sources but they get
absorbed and have multiple emission
mechanisms

@NEUTRINOS

They are neutral and weak V-..
particles: point to the source
carrying information from the
deepest parts.

@ COSMIC RAYS

Deflected by magnetic fields _
(E < 1019 eV) air shower

P




Atmospheric neutrinos at Earth

@ CONVENTIONAL NEUTRINOS
- Pions and kaons. ® COSMIC RAYS
- 2-body decay .
- mostly v, ¢ ~E2
- E< 100 TeV
- ~E37

@ PROMPT NEUTRINOS
- D+ mesons
- 3-body decays
- equal vy, and ve
- E~ 100 TeV
- ~E27




Astrophysical Neutrinos at Earth

@ ASTROPHYSICAL NEUTRINOS

- Many different models.

- Long base line oscillations transforms the
Vu:Ve Ve ratio from 1:2:0 into 1:1:1.

- E> 100 TeV

B d) ~E~2 Vu

The key features to
discriminate against
background are directionality
and energy




Detection Principle

Paris, 2013
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lceCube Observatory

2835 m above sea level

lceCube Lab

%
IcFGCuBF

lceTop
~ - —__— 80 Stations, each with
- 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

lceCube Arra

/86 strings includ>i’ng 6 DeepCore strings
gl 60 sensors on each string

5160 optical sensors

AMANDA Array

T —" Precursor to IceCilbe

DeepCore

6 strings—sensor spacing optimized

for lower energies

Eiffel Tower
324 m

onstruc
o lceCub

BRESCS.
2004-5)

(2008-9)
(2009-10)
) (2010-11)

ompletion with 86 strings
in December 2010

lceCube 86- (201 1-12)




In-lce Signatures

VM -
- Ve, VTt avor neutral current
Fully active calorimeter: High energy
Good angular resolution: Neutrino resolution

Astronomy

Vertex can outside the detector:
Increased effective volume!

Angular reconstruction above ~50 TeV
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Search for Diffuse Neutrino Emission

Sources may be numerous and
faint: hard to resolve individually

Up-going muon neutrino diffuse analysis.
[t rejects down-going atmospheric muons

M | h v A | h v veyrveryyl
Conventional atmospheric m—
Promgt atmospheric m—
E“ astrophysical e——
Sum of predictions
Experimental data e

3.90 X 1 - Atmospheric neutrinos as

- TR expected

- "*_—_,_ | | - Astrophysical component
L 108 E2GeVecm2ssr!

- Prompt emission: 0.45 X
ERS

IceCube Preliminary

10° 10* 10° 10°
Muon Energy Proxy (GeV)




Active Veto Technigue

Reject events with light
deposition in veto layer
and high charge in the
fiducial volume.

1. Atmospheric muons
rejected

2. Atmospheric neutrinos

rejected
(due to accompanying muon)

. .

- 3. High energy
astrophysical neutrinos Fiducial volume
accepted veto layer

‘a 2014 - Juan A. Aguilar - Université Libre de Bruxelles



High Energy Starting Events: 3 YEARS
31 EVENTS

9 track-like events
| W=le
Muon takes energy away

BNV E = |.| PeV

28 cascade-like events
W =] 0° — 450

Declination (degrees)

5% energy resolution

Showers

sor ¥ R AT
10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
T

Estimated background:

6.67>7_| ¢ atm. neutrinos
84+4.2 atm.muons 9. J O tul ikelinood fit o al components (36 + 1 events y

Paris, 2013 Juan A. Aguilar - Université de Genéve d
e

4.8“ combining with 2.80 from GZK results (35 + 2 events)



Energy and Zenith Distribution

Southern Sky (downgoing) Northern Sky (upgoing)

Background Atmospheric Muon Flux
Bkg. Atmospheric Neutrinos (7/K)

] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum |1

eoe Data

................................. IceCubePreIiminary-

—i

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

1 Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit) ]
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum ||
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. 10° | . —0.5 0.0 0.5
Deposited EM-Equivalent Energy in Detector (TeV) sin(Declination)

Harder than any expected atmospheric background. Best fit (per flavor):
E?d =0.95 £ 0.3 X 108 (E/100TeV)"? GeV cm™ s sr!




Improving the veto technique to lower energies

® [hicker veto at lower energies.
® [hreshold down to | TeV
o |[C/9/86-1 (641 days)

® 388 events (283 shower; 105
track, 927 neutrino)

Conventional v [0 Penetrating p Astrophysical v

102

Southern sky s Northern sk
02 S COS Orec < 10 —10 S COS Urec < 02

10! I .
T

[
o
)

[a—
o
e

LB |

10()

—
o
o

|

Events in 641 days

T rrrem

RNt 11 111 10—1 [ Rt 11 111 i

l
103 10* 10° 106 107 103 10* 10° 106 107
Deposited energy [GeV] Deposited energy [GeV]




Best kit parameters

® Best astrophysical fit:
2 X 1013 (E/10° GeV) 2% GeV! cm™ s sr!

® | imit on the prompt component [.52 X ERS

® itted parameters are correlated and depend on the
assumption of the astrophysical model.

Test statistic: —2

=
©
P
<
N
=
=
—
()
=
=
.2
0
B
2.
O
—
<+~
0w
-

2 2 2. 4 2.6 2.8
Astrophysical power law index

IceCube Collaboration (2014) arXiv:1410.1749
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Through-going vV, point-source searches

Few but bright sources that could be
resolved individually

- Background is atmospheric muons and
neutrinos.

- Usudlly track-like events (muon neutrinos) are
used for better pointing,

declination

Atm. muons Atm. neutrinos

e i T “‘ = =

' Juan A, Aguilar - Uniﬂ}(e—rsi{é I;ibré- de Bi
. o s |



Point Source Search Skymap

4 YEARS standard through-event sample.
Total events: 394,000 (|/8k upgoing + 216k downgoing)
Livetime: 1371 days

logIO(p) = 5.318
ra.: 29°25 -
- |o:10°55

. |Post-trial: 22.6%

J
Of
£
i
e |
=
i{
ol
S
,1

 ldoglop) = 5.167 |
- |\ra: 347°95

8:-57°75

Post-trial: 44.0%

Atm. muons

A. Aguilar - Universite



MESE point-source analysis

Combining through going-muons and starting tracks in the Southern Sky.
400,000 through going events + 549 downgoing starting tracks
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MESE point-source analysis

Combining through going-muons and starting tracks in the Southern Sky.
400,000 through going events + 549 downgoing starting tracks

|
Of
£
S|
H
=

:.f
Nl
S

Atm. muons

. 4 -yr Pomt Source Events ]

+* ,|e®e 3-yr MESE Events

log|0(p) = 4.02

~|ra.: 301. |5°
O:-34.15° ]

Post-trial: 93%

301 362 5
RA (%)




MESE results

e All consistent with background but one interesting event is part of the cluster.

Southern Sky (6 <—5°) Hottest Spot

200 300 301 302 303 304 305
RA (%)

298

297

® Starting event, deep in detector.
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2.80

lly reconstructed event with high probability of

® Rate expected, if atmospheric ~0.0022 in 3 yrs

lona

t
astrophysical origin.

Irec

~ Juan A Aguilar - Université L
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What about the HESE sample!
No significant clustering observed 3 years

shower events
p-value: 7%

all events
p-value: 84% 28

(all p-values are post-trial)

0 TS=2log(L/LO) 11.2917




Does it correlate with the Galactic Plane!

Fixed width: = 2.5°
p-value: 24%

Best fitted width: = 7.5°
p-value: 2.8%

Galactic

TS=2log(L/LO) 11.2917




Does 1t correlate with the Galactic Plane?

Fixed width: = 2.5°
p-value: 24%

Some very large
energy events have large
latitude

Best fitted width: = 7.5°
p-value: 2.8% /s

x
g1.|-1,9| ——

B
TS=2log(L/LO) 11.2917

Galactic




What about Iits origin?

® bvents at large galactic latitude and the absence of
significant clusters suggests an extra-galactic origin.

® The soft spectral index and the disfavored E suggests a

calactic origin (see for instance Murase et al. arXiv:1306.3417).




What about Iits origin?

® bvents at large galactic latitude and the absence of
significant clusters suggests an extra-galactic origin.

® The soft spectral index and the disfavored E suggests a
calactic origin (see for instance Murase et al. arXiv:1306.3417).

We need more data! Let's build a bigger detector!

' Juan A. Aguilar - Université Libre de B




THE FUTURE: ICECUBE-GEN2

PINGU High Energy Extension

Further in-fill of deep core. Extension of lceCube array
Lower the energy threshold few GeV Look for high-energy events
Oscillations and Neutrino Mass Hierarchy GZK and astrophysical neutrinos

}'f _

/_///:‘(:-_ '-: 5 :'._ -:‘.--: = L ES . e

—

Sensitivity [o]

L1 | L 1
2025

I Date Icecu
k strings 240m'Spe

1 1 l 1 1
2020

arXiv:1412.5106

Juan A. Aguilar - Université de Genéve

JUSEE



No evidence yet of neutrino point and extended sources...

...but observation of a diffuse high-energy component
beyond the atmospheric spectrum.

ceCube has paved the road for neutrino astrophysics.

Vore data will resolve the origin of these neutrinos.

IceCube-Gen2 will enlarge the energy range and widen the
physics goals.

Paris, 2013 Juan A. Aguilar - Université de Geneve @



Backup

Paris, 2013 Juan A. Aguilar - Université de Geneve Q



OBSERVABLE UNIVERSE

The neutrino horizon is comparable to the
observable universe! 2

Some reference values: 1Mpc = 3.26 Mly = 3.1 102* cm
Galactic Centre 8 kpc —~ 5 . _ — —
Local group (Andromeda M31) 0.7256 Mpc 8 | | | | | :
Markarian 421 ~136 Mpc = b -
Universe ¢/Ho = 13.7 billion yrs 8 | !
(e.g. z=1 ~ 6.6 Gpc) 8 40 ]
S I Infra Red -
Proton horizon (GZK cut-off): j" 2_ _
pYa7k —+ AT = TR Is -
1 1 :— —:
L’Y =y O s ™ 10~ 28cm2Zx400cm 3 10 MpC 0: ]
s -
2

—— Photons
DV1.95K — 7= 0 | | | | |
3 I I I I I I I I
2 X7 12 15 18 21 il
Eves = A2 x4 102’-(1"‘ )cv Log(E / eV)
2m,, My,
1 1

= ~6G
o xn 5x10'em* x112cm™ Ut

res

T. J. Weiler, Phys. Rev. Lett. 49, 234 (1982)



Stacking Searches

10 |

Source | Source 2 Source 3

H - -STACKNG

10-10

10"

10'12

E2dN/dE (TeVcm 2% s

10-13

2

—a

*F. Halzen, A. Kappes and A. O’Murchadha (Phys. Rev. D78:063004, 2008)

— . == Upper Limit (90 % C.L.)
. ‘ Milagro 6 (Halzen at al.ﬂ — Sensitivity (90 % C.L.)

= Total predicted fluxes .

Discovery Potential (5 o)
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p-value: 1.99% ‘

LoglO( Ev [Gev]) J

Juan A. Aguilar - Université de Genéy

7 posteriori in C40.

volved ﬂ”mr-ﬂuctuation Ia
|IC59 and 2 B C /9,

3 7 5 6 7 p-value in [C86+IC79+I1C59: 1.99%

I 0.0.
o

ith supernova
ilagro
s from Halzen et




Blazar

l_ Best-fit power law

|_:E| WB bound
-

P

1

Star-
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Global fit, energy (60 TeV — 3 PeV) vs angle,
best fit flux: E2® = 108 GeV cm=2 s-1 sr -1 (per flavour)

5.7 sigma rejection of atmospheric-only hypothesis
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global fit, energy (60 TeV — 3 PeV) vs angle,
float astrophysical spectral index:
best fit spectral index = -2.3 +/-0.3
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Diffuse flux summary
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