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lceCube Neutrinos
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Motivation

@ Propagation of UHECRs, Gamma rays and Neutrinos.

cosmic rays +
neutrinos




@ PAO covers southern sky, —90° < Dec < 45°.

@ Telescope Array (TA), Utah. More than 500 scintillator detectors
covering 700 km? area. It covers Northen part of the sky with
declination, —10° < Dec < 90°.

@ Angular resolution for PAO above 10 EeV is 0.9°, while for TA it is
1.0-1.7°

@ PAO has detected 6 events above 100 EeV in 10 yrs while Telescope
array has detected 10 in 5 yrs of its operation, and in total 33 public
events by other past experiments.

4/29



Experiment Reference | Energy (EeV) Dec (%)

" Haveraly Park 100 101 Tl
Haverah Park 10 116
Haverah Park 10 126
Hawverah Park 10 159
Haverah Park 11 123 (2) A.Aab et al.,
Haverah Park 11 115 H
Yakutsk 10 110 [Plerre Auger
AGASA 12 101 Collaboration]
AGASA 12 213 .
AGASA 12 106 arXiv: 1411.6111
AGASA 12 144 :
AGASA 12 105 (3) R. U. Abbasi et
AGASA 12 150 al., [Telescope Array
AGASA 12 120 )
AGASA 12 104 5 Collaboration] APJ
Volcano Ranch 10 135 306.7T
Fly's eye 10 320 85.2 .5 790r 2014
Pierre Auger 2] 108.2 45.6
Pierre Auger 2 127.1 102.8 (10) M Nagano and
Pierre Auger 2 111.8 352.6 A.A Watson, Rev.
Pierre Aupger 2 118.3 ART.T
Pierre Auger 2 1001 150.1 Mod. Phys 2000
Pierre Aupger 2 118.3 340.6
Telescope Array =3 -4 285.74 (11) M AVe et a/"
Telescope 3 .3 285.46 PRL 85 2000
Telescope 5 3 0 15 T
Telescope Array 3 2 E 3 (12) M. Takeda et
Telescope 3 3 5
Telescope 3 2 al., APJ 522, 1999
Telescope 3 248
Telescope 3 35.5
Telescope 3 101.0
Telescope Array 3 1068




33 UHECRs > 100 EeV and Neutrinos

* Neutrino Shower
® Neutrino Tracks
* Yakustak

¥ Volcano Ranch

* Haverah Park

* AGASA

O Fly's Eye

* PAO

*TA




Statistical method for analyzing correlation

A. Virmani et al., Astropart. Phys. 17, 2002

% = (sin @ cos ¢, sin Asin ¢, cos H) ",

where ¢ = RA and 6 = /2 — Dec.
Angle between neutrino and UHECR vectors (R,cutrinos XUHECR )

174 s
7y = Ccos (Xneutrino : XUHECR)7

For each neutrino direction X; and UHECR direction X; pair as
ox; = min;(v5/077),

which is minimized for all j.

The distribution with observed data giving a number of “hits” or Nyjtg
with 6x? < 1 therefore forms a basis to claim correlation.

Statistical significance of correlation in real data or p-value can be calculated,
using frequentists’ approach, by counting the number of times we get N or
more with §x? < 1 in simulated events divided by the number of realizations.
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Energy calibrated Analysis of correlation.
A. Aab et. al., APJ 794, 2014
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Astrophysical source search



Astrophysical source search

@ Sources correlated with neutrinos and UHECRs simultaneously.

o Galactic and extragalactic magnetic field can deflect UHECRs to at
least 3°

@ Source search within a comoving volume with its radius set by the
GZK effect (limiting sources within redshift z = 0.06)
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Astrophysical source search

Sources correlated with neutrinos and UHECRs simultaneously.
Galactic and extragalactic magnetic field can deflect UHECRs to at
least 3°

Source search within a comoving volume with its radius set by the
GZK effect (limiting sources within redshift z = 0.06)

Swift-BAT 70 month X-ray source catalog

the catalog includes 1210 objects of which 503 objects are within
redshift < 0.06. Out of these 503 X-ray selected objects at least 18

are simultaneously correlated with the neutrino events and UHECRs
above 100 EeV

Extragalactic radio sources with flux density nearly 1 Jy at 5 MHz
from Kuhr Catalog. 61 Sources within redshift 0.06. Only 3 sources
correlated.
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Neutrino

Event 4 UHECR Swift X-ray Source Catalog 24|
RA Dec Experiment Name z
1 456 1.7 PAG NGC 1142 0.0289
NGC 1194 0.0136
MOG <00-08-042  0.0238
NGC 1068 0.0038
11 150.1 PAO  2MASX J10084862-0954510  0.0573
17 2415 AGASA  2MASX 116311554 77 0.0590 24\ W.H
29, 34 TA SX 119471938+ 4449425 0.0539 [ ] e
ABELL 2319 0.0557 Baumgartner et.,
Cramms A (L0561 ) al., arXiv:1212.3336
21 3526 202 PAG PKS 2331-240  0.0477 Sv2
2,24,25 2945 —5.8 AGASA  2MASX J19373299-0613046  0.0103 Syl.5
34 3406 12 PAO MOG +D1-57-016  0.0250 Syl.8
MCG +02-57-002  0.0290 Syl5
UGC 12237 0.0283 Sy2 [25]/_/_ Kuhr et., a/’
340.0 123 AGASA VGO 7AT9 0.0079  Sy2/Liner
AMASX I 5 0.0457 Syl A& A SUPPI- Ser
7469 0.0163 Sy1.2 45, 1981.
352.6  —20.2 Haverah Park 7679 0.0171 Sy2
Nentrino UHECR Kiihr Radio Source Catalog [25]
Event #
RA Dec  Experiment Name 2
1 -1.7 PAO NGC 1068 0.0038
21 ;208 PAO PKS 2331-240  0.0477
34 3406 12 PAG NGC 7385 0.0255




Neutrino luminosity

Neutrino power-law flux,

E, "
FalBe) = Are (100TV) |

Normalization factor from the number of neutrino events, N, for all 3
flavors, «

1 N,
== - —
3T Y e 4B Acta(E) (0w

where T is the time period of IceCube.
Neutrino luminosity for the particular source with luminosity distance d;

Vo

EV2(1+Z)
L, =4rd} ) / dE, E,Jy o(E,).
a E,,1(1+Z)
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UHECRs luminosity

UHECR power-law flux,

Eer

—43
— . E,, > 28.8 EeV,
Eev> ; Eey > 28.8 EeV

-/uhecr(Ecr) = Auhecr (

Normalization factor from the number of UHECR events, Nypecrs

Nuhccr
Zw(d) Eer2 Eee \ 437
=0 Jey dEer (5%)
Here = is the total integrated exposure, Q is the solid angle of the
detector and w(d) is the relative exposure for particular declination angle

d.
Extrapolating cosmic-ray flux to energy 500 TeV,

Ler(L+2) (1 = 2)(EdnaEina)" 2 o (9B
47TdE Em—2 _ E/;-;—2 cr dECr :

cr2 crl

Auhecr =

Jcr ( Ecr) -

E! ., =500 TeV and E/, = 180 EeV with o E/ "
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Source name

Ly (10% erg/s)

L, (104 erg/s)

(10" erg/s)

JLi (10" erg/s) k=21 =23 k=21 =23
NGC 1142 1.58/0.012(74 Glz) 0.95 10 0.7 5.4
NGC 1194 0.12/0.00012(1.4 GHz) 02 02 0.04 0.2
MCG —00-09-42  0.17/0.0043(1.4 GHz) 064 071 0.3 2.1
NGC 1068 0.031/0.0034(31.4 GHz) 016 0.017 0001 0.007
2MASX J10084862-0054510  1.04/0.0028(1.4 GHz) 39 432 14 578
2MASX J16311554-2352577  0.79/0.0048(1.4 GHz) L1 46 1600 22000
2MASK J19471938+ 4449425 1.66,/0.0045(1.4 GHz) 68 TH 211 26000
ABELL 2319 1.78/0.0046(1.4 GHz) 37 41 270 3500
Cygous A 11.2/314(14.7 Glx) 37 41 290 3700
PKS 2331-240  (.81/1.32(31.4 GHz) 26 29 9.5 102
2MASX J19373299-0613046  0.055/0.0012(1.4 Glx) 0.24  0.26 1.3 T3
MCG 57-016  0.23/0.0026(1.4 GHz) 0.71  0.78 0.5 3.6
MCG 02-57-002  0.25/0.00084(1.4 GHz) 0.95 1.1 L0 75
UGC 12237 0.23/0.0011(1.4 GHz) 091 L 0.9 6.6
NGC 7479 0.020/0.04(22 GHz) 007 0.08 0.3 14
2MASX J23272105+ 1524375 0.51,/0.24(1.4 GHa) 24 27 280 2000
NGC 7469 0.4/0.0056(365 MIz) 0.3 0.3 2.2 14
NGC 7679 0.1/0.00033(1.4 GHz)
NGC 1068 0.031/0.0034(31.4 GHz) 06 0017 0.001 007
PKS 2331-240  0.81/1.32(31.4 GHz) 26 2.9 9.5 102
NGC 7385 07 08 0.5 410







1773 3Lac sources (M. Ackermann et., al, arXiv: 150106054), 687 Swift
BAT X-ray sources, TeV/Cat sources
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Neutrino and source correlation
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Summary



@ We have investigated whether the arrival directions of cosmic
neutrinos, detected by IceCube, with energy ~ 30 TeV-2 PeV are
correlated with the arrival directions of UHECRs with energy 2 100
EeV.

@ We found that IceCube cosmic neutrinos are correlated with
UHECRs with energy > 100 EeV with significance at 90% CL.

@ We have searched for astrophysical sources in the Swift-BAT X-ray
catalog, the Kiihr radio source catalog and Fermi-LAT 1LAC AGN
catalog within 3° error circles of the > 100 EeV UHECRs which are
correlated with cosmic neutrino events.

@ Galaxy cluster ABELL 2319, NGC 7385 and radio galaxy Cygnus A
are the promising candidates of neutrinos as well as UHECRs, others
are mostly radio-quite AGNs.

@ A correlation of lceCube neutrino events with different source
catalogs has been started.
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Thank you



Synchrotron loss of pion/muon energy

e The charged pion and muon, lose energy due to synchrotron radiation.
* Synchrotron loss time of pion in magnetic field energy density (Ug)
in CM frame,
3m? 3
foyn = Tormie UG
* pion lifetime for decay,
Tr 2.6 x 1078 &/ /(mec?) s
e Comparing two, the break energy in neutrino spectrum due to
synchrotron loss of muon energy,

(as pion loss is 10 times of muon loss due to synchrotron radiation).
€5, = 2.56 x 10% %5V * L 4 Mo ty,—3GeV
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The break energy in neutrino spectrum due to synchrotron loss of muon
energy, (as pion loss is 10 times of muon loss due to synchrotron
radiation).

€5, = 2.56 x 10% %5V * L 4 Moty —3GeV
e Synchrotron loss time of pion in magnetic field energy density (Ug) in
CM frame,
3m‘7‘rc3
4ormieUg"
e pion lifetime for decay,
Tr 2.6 x 1078 &/ /(mec?) s

tsyn -

N
N

~



* Neutrino Sho

® Neutrino Tra
* Yakustak

¥ Volcano Ranc
* Haverah Parl
* AGASA

O Fly's Eye

* PAO

*TA

23/29






IRV R IEIL
o117 i i 0
EV) 1uG )\ 00Npe) |10 e

25/29



= 0493 (E, /TeV)"? - 2.227]
0466 (E, /TeV)"? - 3.393

0504 (E, /TeV)™ - 3.020]




neutrino effective area [m’]

Area x v flux x 4m x livetime = event rate
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Heve = the total integpated exposure, as wentioned n et 31 01 the solid angleofthe -
tectorand.a{ i the elaiveexpostreforpaticla deinaon angle . For efenence, v use
fr PAO, Zpy = 06,000 ket yrs and Opyg = 15 2 for TA, 2y =3,6%0 i yr st
and (g = 087 st 3} or AGASA, Zggn = 1000 o yr st and Qygpgy = 030 s
13 We do not use the Haverah Park event that is corrlated with a neutrino event. We
calonate (3] fom el {3 but adapt it for iferent experiments by wsing ther respective
aeogtaphical locations and zenith angle vanges. For the lower and upper lmits of integpation
in By, [49), e use By = 80 BV and By = 180 B, allowing o 207 weertainy for the
100 eV’ threshold enengy used to search corvelation and 150 BeV maxinim enengy found for
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