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IceCube Neutrinos

Icecube results 2010-2013.

Total 37 events detected, 28
cascades, 9 tracks of which 1
coincident muon event.

Over background expectation
15.0+7.2

�4.5 of which atmospheric
muons 8.4± 4.2 and atmospheric
neutrinos 6.65.9�1.6.

Rejecting only background origin
with 5.7� level.

Best fit flux E 2� = (0.95± 0.3)⇥
10�8[GeVcm�2s�1sr�1] with hard
cuto↵ at 2 PeV or a softer spectra
with spectral index � = 2.3± 0.3.

M.G. Aartsen et.al., PRL 113, 2014
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Motivation

Propagation of UHECRs, Gamma rays and Neutrinos.
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PAO covers southern sky, �90�  Dec  45�.

Telescope Array (TA), Utah. More than 500 scintillator detectors
covering 700 km2 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.
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(2) A.Aab et al.,
[Pierre Auger
Collaboration]
arXiv: 1411.6111
(3) R. U. Abbasi et
al., [Telescope Array
Collaboration] APJ
790, 2014
(10) M Nagano and
A.A Watson, Rev.
Mod. Phys. 2000
(11) M. Ave et al.,
PRL 85 2000
(12) M. Takeda et
al., APJ 522, 1999
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33 UHECRs > 100 EeV and Neutrinos
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Statistical method for analyzing correlation

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

x̂ = (sin ✓ cos�, sin ✓ sin�, cos ✓)T ,

where � = RA and ✓ = ⇡/2� Dec .
Angle between neutrino and UHECR vectors (x̂neutrino, x̂UHECR)

� = cos�1(x̂neutrino · x̂UHECR),

For each neutrino direction x̂i and UHECR direction x̂j pair as

��2

i = minj(�
2

ij/��
2

i ),

which is minimized for all j .
The distribution with observed data giving a number of “hits” or Nhits

with ��2  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 Nhits or

more with ��2  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
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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 e↵ect (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.

12 / 29



iitblogo

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 e↵ect (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.

12 / 29



iitblogo

[24]W.H.
Baumgartner et.,
al., arXiv:1212.3336

[25]H. Kuhr et., al,
A & A Suppl. Ser
45, 1981.
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Neutrino luminosity

Neutrino power-law flux,

J⌫↵(E⌫) = A⌫↵

✓
E⌫

100 TeV

◆�

.

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

A⌫↵ =
1

3

N⌫

T
P

↵

R E⌫2

E⌫1

dE⌫ Ae↵,↵(E⌫)
�

E⌫
100 TeV

�� ,

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

L⌫ = 4⇡d2

L

X

↵

Z E⌫2

(1+z)

E⌫1

(1+z)

dE⌫ E⌫J⌫,↵(E⌫).
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UHECRs luminosity

UHECR power-law flux,

Juhecr(Ecr) = Auhecr

✓
Ecr

EeV

◆�4.3

; Ecr � 28.8 EeV,

Normalization factor from the number of UHECR events, NUHECRs

Auhecr =
Nuhecr

⌅!(�)
⌦

R Ecr2

Ecr1
dEcr

�
Ecr
EeV

��4.3 .

Here ⌅ is the total integrated exposure, ⌦ is the solid angle of the
detector and !(�) is the relative exposure for particular declination angle
�.
Extrapolating cosmic-ray flux to energy 500 TeV,

Jcr(Ecr) =
Lcr(1 + z)

4⇡d2

L

(� 2)(E 0
cr1E

0
cr2)

�2

E 0�2

cr2 � E 0�2

cr1

E 0�
cr

✓
dE 0

cr

dEcr

◆
.

E 0
cr1 = 500 TeV and E 0

cr2 = 180 EeV with / E 0�
cr

15 / 29



iitblogo

16 / 29



iitblogo

17 / 29



iitblogo

1773 3Lac sources (M. Ackermann et., al, arXiv: 150106054), 687 Swift
BAT X-ray sources, TeVCat sources
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Neutrino and source correlation
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Summary
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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 & 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 Kühr 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 IceCube neutrino events with di↵erent source
catalogs has been started.

21 / 29



iitblogo

Thank you
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Synchrotron loss of pion/muon energy

• The charged pion and muon, lose energy due to synchrotron radiation.
⇤ Synchrotron loss time of pion in magnetic field energy density (UB)

in CM frame,

tsyn = 3m4

⇡c
3

4�Tm2

e"⇡U
0
B
.

⇤ pion lifetime for decay,
⌧⇡ ⇡ 2.6⇥ 10�8 "0⇡/(m⇡c

2) s
• 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).

✏s⌫,µ = 2.56⇥ 106✏1/2e ✏�1/2
B L

�1/2
�,51 �4

300

tv ,�3

GeV
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Cont...

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).

✏s⌫,µ = 2.56⇥ 106✏1/2e ✏�1/2
B L

�1/2
�,51 �4

300

tv ,�3

GeV
• Synchrotron loss time of pion in magnetic field energy density (UB) in
CM frame,

tsyn = 3m4

⇡c
3

4�Tm2

e"⇡UB
.

• pion lifetime for decay,
⌧⇡ ⇡ 2.6⇥ 10�8 "0⇡/(m⇡c

2) s
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