Charm Decay in Slow-Jet Supernovae as the
Origin of the IceCube Ultra-High Energy
Neutrino Events
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photomeson (t_ ), proton-proton (t ), Inverse

P 7) PP

Compton scattering (t,;=3m*c3/(40,m%E" U")), and
synchrotron radiation due to the magnetic field in the jet
(t,,,=6mm*pcY/ (o cm?E" B™?)) .

Enberg, Reno and Sarcevic, Phys. Rev. D79, 053006 (2009)




Enberg,Reno and Sarcevic, Phys. Rev. D79 (2009)




Neutrino Flux From Slow-Jet Core Collapse Supernovae

Slow jet Supernova

—
-

-
S
N

-—
C
w

)
N
=
o
>
[0)
Q
-
8-
N
-
LLl

10°
E, (GeV)

Enberg, Reno and Sarcevic, Phys. Rev. D79, 053006 (2009)




Neutrino Flux with Energy-Dependent
Z-moments
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IceCube Exclusion Region
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The shock acceleration time for a proton

Proton Hadronic Cooling Channels: Photomeson
and proton-proton interactions serve as a cooling
mechanism for the shock accelerated protons.




Electrons and protons are accelerated to high
energies in the internal shocks, via the Fermi

mechanism. Electrons cool down rapidly by
synchrotron radiation in the presence of the

magnetic field.




Proton Hadronic Cooling Channels

The average cross sections are o,,=5x10-?8cm?

and 0,,=5x10-%6cm? respectively.

The corresponding optical depths are:
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Depending on the optical depth, in some
astrophysical sources Eho‘rons may be
thermalized - this is the case for SJS

Source I'; nl [em™?] : A, : n!, [em™]

P

SJS 3 3.6 x 1049




e Shock accelerated protons in the jet can produce non-
thermal neutrinos by photomeson (py) interactions with
thermal synchrotron photons and/or by proton-proton (pp)
interactions with colcfpr'o‘rons present in the shock region.
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The pp interactions also produce charged pions , kaons , D
mesons . The energy of the shock accelerated protons in the
jet is eﬁpec‘red to be distributed as ~ 1/E? following the
standard shock acceleration models. Charged mesons,
produced by pp and py interactions, are expected to follow
the proton spectrum with ~ 20% of the proton energy for
each pion or kaon .




High-energy pions, kaons, D-mesons and muons
produced by py and pp interactions do not all
decay to neutrinos as electromagnetic
(synchrotron radiation and IC scattering) and
hadronic (7p and Kp interactions) cooling
mechanisms reduce their energy.

Muons are severely suppressed b

eloctromagnetic energy losses and do not
contribute much to high-energy neutrino
production.




S(k— j) is the regeneration function for

k=p,7F,KF,DF DO,

o (Ey) dn(k — j; By, Ej)
e (Ey) dE;

dn(k— j;El\,,Ej)/dEj Is the meson (7F, K, DF,

D?) production or decay distribution :

dn(k — j; By, E;) 1 do(kp — jY, Ey, Ej)

alb J . Ok A ( L k ) db j

dEAﬁ:




,_/”d (B, X) NeU(E) dn(kp — jY; B, E)
B (B, X) Xed(E") dE

e For proton flux the propagation over distance X in the co-
moving jet frame is given by

<d¢ﬂ> — ¢N , Zhad ¢N ¢N
cool

dX Ngad T T Sbed 5T

e The Z-moment is defmed by

ZNM — / d:EEZC
d.’,UE

where dn/dx; is the energy distribution of the meson M
produced by N (or from M decay).

e Meson flux is determined by solving the evolution equation:
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* To evaluate hadronic interaction lengths, we use energy
dependent hadronic cross sections.

* The scattering length for inverse Compton scattering is
L'=3m*,c*/(4%m*E’ U".) . This effective scattering
length is rescaled by (my/m )* for mesons .

* The threshold energy for delta production in p-gamma
interactions, for E=5keV,is E' ;=2 10° GeV . For

p-gamma scattering, the averaged reaction rate is

c n.(E"~)
< : > = dEt v g /d a2 ’
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where n(E) is the photon number density, we include
resonance plus continuum multiparticle production
contributions. Photon distribution is thermal




