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In this talk

= \Why astronomy with neutrinos?

= The South Pole Neutrino Observatory IceCube
= High-energy cosmic neutrinos
= BL Lac scenario

= |ceCube-Gen?2 ... no time for that

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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The idea

K. Greisen,“Cosmic ray showers,” Ann. Rev. Nucl. Part. Sci. 10 (1960) 63—108.
F. Reines, “Neutrino interactions,” Ann. Rev. Nucl. Part. Sci. 10 (1960) 1-26.
M.A. Markov,“On high energy neutrino physics,” Proc. Int. Conference on High Energy Physics at Rochester (1960) 578-581.

1960, Greisen, Reines and Markov: use large volume of clear water to
detect cosmic neutrinos

Reines: interest in the possibility of detecting cosmic neutrinos ,,stems
from the weak interaction of neutrinos with matter, which means that they

pbropagate essentially unchanged in direction and energy from their point of
origin [..] and so carry information which may be unique in character.”

Greisen: use a large volume of water in a mine

Markov: use the deep ocean or water in a lake to study atmospheric
neutrinos.

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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The physics scenario
Pp Oor p-gamma
connection with cosmic-rays

modified from http://www.astro.wisc.edu/~gvance/index.html

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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http://www.astro.wisc.edu/~gvance/index.html

Neutral Current/

CCMuon Neutrino by o ctron Neutrino

. o,’
Hil
iy fild
Up+ N —=p+X Ve+ N —e +X
Vx T N _) Vx__X
track (data) cascade (data)
factor of = 2 energy resolution = +15% deposited energy resolution
< 1° angular resolution at high = 10° angular resolution (in IceCube)
energies (at energies 2 100 TeV)

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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lceCube @ South Pole

F. Halzen and J. G. Learned, “High-energy neutrino detection in deep polar ice,” Proc. 5th Int.
Syhmp. on Very High Energy Cosmic-Ray Interactions, Lodz, Poland (1988) .

IceCube Lab

- AMANDA (2000-2006) B T iceTop

- - - = £ 81 Stations, each with
50 m e - /

2 lceTop Cherenkov detector tanks

- lceCube (completed in Bt 2 optica sensas per tark

324 opftical sensors

2 0 I O IceCube Array
86 strings including 8 DeepCore strings

60 optical sensors on each string

* ({3 ° I 5160 optical sensors
I ) e ) I C eTO P’ I n ) I C e ) Dece:\pber 2010: Project completed, 86 strings
DeepCore

Amanda Il Array

(precurser to lceCube)

Extension at lower A IER T oeeocore

8 strings-spacing optimized for lower energies

energies (~100 GeV - T i - ——

Eiffel Tower
324 m

~10 GeV): DeepCore

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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IceCube: constructed in 7 seasons
lceCube-1/lceCube-9

lceCube-22

lceCube-40

lceCube-59

lceCube-79

lceCube-86 (1st year), IceCube-86 (2nd year)

lceCube Array
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Containment strategy

Cascade-like
favored




Atmospheric Neutrgnos VETO

E*®, [GeVZcm “sr's

']

—
w
1

u

[S. Schénert, T. K. Gaisser, E. R.,
O. Schulz, PRD 79 (2009), 10.1103]

[T. K. Gaisser, K. Jero, A. Karle, and
J. van Santen,Phys. Rev. D90 no. 2, & |Prompt vy and v
(2014) 023009, arXiv:1405.0525] ‘ 5
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HE Cosmic Neutrinos from lceCube: 4 years

Best fit assuming E-2 (not a very good fit anymore):
0.84 £ 0.3 108 E2 GeV cm=2 s1 sr-1, Best fit spectral index: E-2-58

> 5 SIGMA

0 Background Atmospheric Muon Flux

2 Bkg. Atmospheric Neutrinos (=/K)
Background Uncertainties

w— Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~**)

Southern Sky (downgoing) [Northcrn Sky (upgoing)

B Background Atmospheric Muon Flux
B Bkg. Atmospheric Neutrinos (=/X)
Background Uncertainties
- Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope £%)
Bkg.+Signal Best-Fit Astrophysical (fixed slope E *)
evs Data

«  Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)

IceCube Preliminary

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

[The IceCube Collaboration, 2014, PRL]
[The IceCube Collaboration, 2013, Science]

-0.5 0.0 0.5
sin(Declination)
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Spectral fit, starting event analysis

]
-
o

ee e Differential Spectrum (best-fit, charm component floats to zero)
Differential Spectrum (fit with charm fixed at IC59 90% C.L.)

w
5}

IceCube Preliminary

B R NN W
o U O U O

Spectral fit,
through-going event analysis

O
%)

E?dN,/dE, [107®*GeVem 2s 1 sr™!

O
o

Neutrino Energy [GeV]

Assuming best-fit power law:
Unfolding (stat. error)
Unfolding (incl. best-fit uncert.)

Astrophysical v, +v,
Conv. atmospheric v, +v,

Combined v, +v,

event count

Cumulative

S 40 45 50 55
[The IceCube Collaboration, 2015, PRL] log,o(E, /GeV)



eutrinos:
at th@ horizon

"‘ ..J i 'y """'

how to resolve the diffuse background?

Sources remain unidentified ... for the moment

Picture from Stephan Richter, South Pole WO, 15.09.2015

|18



[ceCube Preliminanr

Likelihood search based on:
- Full pdf of the track events
- Energy weight
- Time optimized

Likelihood search based on:

- Full pdf of the starting cascades
- No energy weight

- Time optimized

S. Coehder

l

al ICRC'15

S et

ICECUBE PRELIMINARY

no significant cluster

diffuse regime ' -width +/-2.5 dﬁegrees,
p-value = 24%

+

Galactic

TS=2log(L/LO) 11.2917

[The IceCube Collaboration, 2014,

Physical Review Letters (arXiv:1405.5303)]



Containment strategy:

exterision to lower energy
~__ llceCubs; Phys: Rev. D 91,

—06 —-04 -0.2 0.0 0.2
x [km]




[IlceCube, Phys. Rev. D 91, 022001]

B 1.01 x atmospheric n/K v
B + 1.47 X penetrating pu

— 9 4
) o 2.49
100 TeV

X110~ 183 GeV—"1em—2sr—1s—1

ICECUBE PRELIMINARY

Southern sky
—1.0 < sind < —0.2

)
-3
p—
L
e
o~
—
—
» -~
R—
—
—
- —
-—
—
~—
-

'
-

-
]

106 107

Northern sky
—0.2 <sind < 1.0

Events in 641 days

104 10° 10

Deposited energy [GeV]
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My favourite scenario No.l|

B 1.01 x atmospheric n/K v
B + 1.47 X penetrating u

—) 4C
4) ‘ g ['1‘ - 1)
100 TeV

2 < v 9
18 GeV—"1lem—2sr—1s!

ICECUBE PRELIMINARY

Southern sky
—1.0 < sind < —0.2

2

Events in 641 days

106 107

Northern sky
—0.2 <sind < 1.0

7
N

3
p—
-
—_—
~
-
—_—
e~
N’
—
—
. —
N
-
—
—
T
'
.

-
£a

104 10° 106

Deposited energy [GeV]

[IceCube, Phys. Rev. D 91, 022001]
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My favourite scenario No.2

assuming gamma-neutrino connection

[P. Padovani and E.R., MNRAS 2014]
how many can be “connected”?

w | -
[ P

| o

S
A

™~ -

A

3

» i

" !
- -

| 4 '

| Ey

L +

4

vf, [erg em™ s7']

e 1ES 1312-423 . r o MKN 421
4 Centaurus A [ ' o MKN 421 de—absorbed

a S4 0917+44
Cutl wen )

0.0001 0.001 0.01 0.1 1
E [TeV]

No plausible counterparts Two plausible counterparts
k



What about models?

M. Petropoulou, S. Dimitrakoudis, P. Padovani, A. Mastichiadis, E. R., MNRAS 2015

leptonic + pe p-syn NED archival
leptonic + px - all processes radio
leptonic + p-syn : ROSAT
leptonic @tV 1FGL 52008—2009;

pe v, 2FGL (2008-2010)
pt IC neutrino 22 2FGL_Ic (2008-2010)

loge (eV)
-2 4 6 12 14 16

log vL,, (erg/sec)

NA
=
g
£
2
L

>
L
)

(o)
o
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Diffuse neutrino background from BL Lacs

P. Padovani, M. Petropoulou, P. Giommi, E. R.
arXiv:1506.09135, accepted for publication in MNRAS

good explanation at high
energy but need of
something else for lower

energy

E. Resconi - XLV International Symg

E®* dN/dE [GeV em™ s} sr
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IceCube data and lo upper limits
IceCube 30 upper limils

Auger 90% C.L. upper limits

ARA sensitivity (3 yrs)




ATel #7856 o

We observed a muon neutrino event with an !m
energy of multiple PeV originating from a PR
neutrino interaction in the vicinity of the

IceCube detector. IceCube is a cubic- MuEX: 1.35 a.u. Millipede Total Energy Loss: 2.53 PeV
kilometer neutrino detector installed in the Truncated Energy: 4.45 PeV Zenith (deg): 101.199, Azimuth(deg): 312.86
ice at the geographic South Pole mostly
sensitive to neutrinos in the TeV-PeV energy
range. The event is the highest-energy event
in a search for a diffuse flux of astrophysical
muon neutrinos using IceCube data recorded
between May 2009 and May 2015. It was
detected on June 11th 2014 (56819.204437

M

$
I E R B A

MID) and deposited a total energy of 2.6 +/- .« 3 f. )

0.3 PeV within the instrumented volume of A ‘f :3 /
IceCube, which 1s also a lower bound on the ¢ :f

muon and neutrino energy. The reconstructed 3 ¢ ¢ 3

direction of the event (J2000.0) is R.A..:
110.34 deg and Decl.: 11.48 deg. For
simulated events with the same topology,
99% of them are reconstructed better than 1
deg. The directional reconstruction
uncertainty is smaller than 1 deg. The
probability of this event being of atmospheric
origin is less than 0.01%.

B e
LR ] » ™
.
.
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ble scenario

|

—

Neutrino point source + diffuse + dark matter (?)

lceCube is “just” at the sensitivity level of a new landscape

To resolve the neutrino background we need
IceCube-Gen2

Picture from Stephan Richter, South Pole WO, 15.09.2015
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Picture from Erik Beiser, South Pole WO, 06.10.2015

The galley prepared for Oktoberfest.
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Track-like events identified via
down-ward rejection strategy

Conventional atmospheric m—
Promgt atmospheric ——
astrophysical W—
Sum of predictions
Experimentaldata e

| signal spectrum: E =
----- ®----- 1 source, upper limit (90% CL)
2 sources, upper limit (90% CL)
----- - 4 sources, upper limit (90% CL)
Milagro flux, MGRO J2019+37
Milagro flux, MGRO J2031+41

10°

T 1T

=
'
—
—

3.9 sigma

““LHL_

I'H_'

I T TTTTI

—

<
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N

IceCube Preliminary

107 T’RELIMIARY e Ux10°

0 0.05 0.1 0.15 0.2 0.25 0.3

10° 104 10° , 5 P
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[Chris Weaver for IceCube, APS 2014] [Anna Berhard for IceCube, TevPa, 2014]

point source searches are less sensitivity
with respect to diffuse

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015

29



What about the PeV event from the
Galactic Center?

[P. Padovani and E.R., MNRAS 2014]
v [Hz]
10™ Antares 6 years upper limit
| | | ) [The Antares Coll., ArXiv:1402.6182]

lceCube 4 years upper limit
[The IceCube Coll., ArXiv:1406.6757]

st

e VERA J1823-3454

4 (Galactic Centre

0.0001 0.001

grrmiultiparticle Dynamics - 2015
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About MKN 421

[Ke Fang et al., arXiv:1404.6237]

Telescope Array 5-year events
&
lceCube 2 years

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015

Astroparticle Physics 2014, Amsterdam Elisa Resconi
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Atmospheric Neutrinos VETO

[S. Schénert, T. K. Gaisser, E. R., O. Schulz, PRD 79 (2009), 10.1103]

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015

Astroparticle Physics 2014, Amsterdam Elisa Resconi
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What about the PeV event from the

how many can be “connected™? hybrid-SELC

Galactic Center?

[P. Padovani and E.R., MNRAS 2014]

IceCube ID  Counterpart(s) Class

9

10
14
17
19
20
22
27
33

MKN 421 BL Lac (HSP)
1ES 1011+496 BL Lac (HSP)
H 2356—309 BL Lac (HSP)
HESS J1809—193 PWN

PG 15534113 BL Lac (HSP)
1RXS J054357.3—553206 BL Lac (HSP)

1H 1914—-194 BL Lac (HSP)
PMN JO816—1311 BL Lac (HSP)
MGRO J1908+06 PWN

(

(
SUMSS J014347—584550  BL Lac (HSP)

(

(

Catalogue(s)

TeVCat/WHSP
TeVCat/WHSP
TeVCat/WHSP
TeVCat
TeVCat/WHSP
WHSP

WHSP

WHSP

WHSP

TeVCat

but 1FHL not included due to a too large gap

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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IF not strong neutrino point
sources

diffuse
astrophysical
background

decaying dark
matter

[V. Barger and W.Y. Keung, arXiv:1305.6907]

[I. Tamborra et al., arXiv:1404.1189] [A. Esmaili and P.D. Serpico, arXiv:1308.1105]

[A. Taylor et al., PhRvD, 89, 2014, 103003]

E. Resconi - XLV International Symposium on Multiparticle Dynamics - 2015
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