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• km^3 Experiments (IceCube, KM3NeT)

• Discovery of PeV neutrino events at IceCube

Outline

• Astrophysical sources for PeV neutrinos, Gamma Ray 
Bursts 

• A gamma-ray signal that can(or can not) be seen at 
neutrinos (Fermi Bubbles)

• TeV neutrinos from the Gamma-ray bubbles / DM 
annihilation

• Conclusions
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CC/NC interactions in the detector 

MC 

2 events / 672.7 days - background (atm.  + conventional atm. ) expectation 0.14 events  
preliminary p-value: 0.0094 (2.36

From Ayalshihara’s talk at Neutrino 2012 conf. Kyoto (June 8) 

Detection of 2 ~PeV neutrino events
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Energy of approximately 1-2 PeV. Both showers are fully contained within the 
volume of the detector. No indications of any instrumental problems, or of any 
connection with atmospheric muons.
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FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%,−26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.
The atmospheric muon and neutrino background

events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.
After unblinding the 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-
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FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background
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Monte Carlo simulations. The two events are found near
the NPE threshold of the analysis. These two events are
consistent with a previous upper limit by IceCube [12] on
an unbroken E−2 flux (Fig. 5, histogram with downward
arrows), while a flux corresponding to this upper limit
predicts about 10 events above the NPE cut.
For the dedicated reconstruction of the two events,

a maximum-likelihood fit is utilized. The likelihood is
the product of the Poisson probabilities to observe the
recorded number of photo-electrons in a given time in-
terval and DOM for a cascade hypothesis which depends
on the interaction vertex, deposited energy and direc-
tion. Here, the time of the first hit mainly determines
the vertex position and the recorded NPE plays a dom-
inant role in estimating the deposited energy. The hit
information used in the reconstruction is extracted from
an unfolding procedure of the waveforms. The open cir-
cles in Fig. 1 indicate the strings closest to the recon-
structed vertex positions. The reconstructed deposited
energies of the two cascades are 1.04PeV and 1.14PeV,
respectively, with a combined statistical and systematic
uncertainty of ±15% each. The errors on the deposited
energies are obtained by simulating cascade events in the
vicinity of the reconstructed energies and vertices. The
study is specifically performed on each event and the
larger of the two event uncertainties is cited for both
events. Thus, the error associated with the two events
is different from errors for other cascade events observed
in IceCube [23]. Since there is no absolute energy stan-
dard with adequate precision at these energies, the en-
ergy scale is derived from simulations based on measured
ice properties and PMT efficiencies which are assured by
measurements of atmospheric muons. The main sources
of the systematic uncertainty on the reconstructed en-
ergies are the absolute DOM sensitivity and the optical
properties of the ice [24]. The effect of the latter is esti-
mated to be +9% and −5% and is obtained by varying
the scattering and absorption coefficients for the photon
propagation by 10%. The reconstruction algorithm in-
cludes variations of the scattering and absorption coeffi-
cients with depth (ice layers) [25]. The effect of a possible
azimuthal anisotropy of the ice parameters and a tilt of
the ice layers on the reconstructed energies is estimated
to be ±5%. The uncertainty on the absolute DOM sensi-
tivity is ±10% which scales linearly with the uncertainty
on the reconstructed deposited energy. The suppression
of bremsstrahlung and pair production due to the LPM
effect [26] is negligible in this energy range. The proper-
ties of the two observed events are summarized in Tab. I.
The reconstructed energy corresponds to the energy of

the incoming neutrino if the observed cascade is the result
of a CC interaction of electron or anti-electron neutrino
in deep-inelastic scattering, as in this case the total neu-
trino energy is deposited near the interaction vertex [27].
On the other hand, NC interactions of neutrinos of any
flavor or interactions of electron anti-neutrinos via the

events “Bert” “Ernie”
date (GMT) August 8, 2011 January 3, 2012

NPE 7.0× 104 9.6× 104

number of recorded DOMs 312 354
reconstructed deposited

energy (PeV) 1.04± 0.16 1.14 ± 0.17
reconstructed z vertex (m) 122± 5 25± 5

TABLE I. List of characteristics of the two observed events.
The vertex z positions are with respect to the center of the
IceCube detector at a depth of 1948m.

Glashow resonance at 6.3 PeV [14] with outgoing lep-
tons induce cascades which carry only a fraction of the
neutrino energy. However, given the reconstructed ener-
gies, the observed cascades are unlikely to originate from
the Glashow resonance as only about 10% of these in-
teractions will deposit 1.2PeV or less in the detector in
cascade-like signatures.

The two PeV neutrino events observed in two years
of data taken with the IceCube neutrino telescope may
be a first hint of an astrophysical high-energy neutrino
flux. However, given the yet rather moderate signifi-
cance of 2.8σ with respect to the expected atmospheric
background and the large uncertainties on its prompt
component, a firm astrophysical interpretation requires
more data in combination with analyses in other detec-
tion channels and energy ranges.
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FIG. 1. Surface view of the full IceCube (IC86) detector lay-
out. Filled marks represent the x-y positions of the IceCube
strings. Red marks in the central region are the DeepCore
strings. Squares represent the strings that did not exist in
the IC79 configuration. Open circles are the positions of the
closest strings to the observed two cascade events. Stars are
the reconstructed vertex positions of the two cascade events.

of 5,160 optical sensors (digital optical modules, DOMs)
on 86 strings at depths between 1,450m and 2,450m
that instrument a volume of 1 km3 of ice. Eight out of
the 86 strings belong to the DeepCore sub-array [2], a
more densely instrumented volume in the bottom cen-
ter of the detector. Each DOM consists of a 10” photo-
multiplier tube (PMT) that is protected from the high
pressure of the ice by a glass sphere that also contains
electronics to amplify and digitize the pulses [3] from the
PMTs [4]. Events are recorded as a series of pulses (wave-
form) in each DOM where one can distinguish between
two basic neutrino event signatures: a track-like light
pattern in the detector originating from neutrino-induced
muons (tracks) and a spherical light pattern produced by
hadronic or electromagnetic particle showers (cascades).
If not explicitly mentioned, we do not distinguish be-
tween neutrinos and anti-neutrinos here.
The analysis selects neutrino candidates calorimetri-

cally using the total number of observed photo-electrons
in each event (NPE) as a proxy of the deposited en-
ergy [5], thus retaining both bright tracks and cascades.
Background events for this analysis are induced by muons
and neutrinos generated in interactions of cosmic-rays in
the atmosphere. Because of their steeply falling energy
spectra, little background is expected in the signal re-
gion above 1PeV. The zenith angle distribution of at-
mospheric muons peaks in the downward-going direction
and sharply decreases towards the horizon with a cut-off
at a zenith angle θ of cos θ ≈ 0.15 due to absorption in
the Earth, while the atmospheric neutrino distributions
have a weaker zenith-angle dependence. In addition to a
global lower cut on NPE, the analysis rejects downward-
going atmospheric muons by employing event reconstruc-

tions based on a track hypothesis in combination with a
higher NPE cut in the downward-going region. All re-
maining events above the combined NPE threshold are
considered to be signal candidates independent of their
topological properties.
Data were collected between May 2010 and May 2012,

an effective livetime of 615.9 days excluding 54.2 days
used for the optimization of the analysis. From May
2010 to May 2011, DOMs on 79 strings (IC79) were oper-
ational. This IC79 run period was immediately followed
by the first year of data taking with the full 86-string
(IC86) detector that lasted until May 2012. The layout
of the IC86 configuration is shown in Fig. 1. Events are
triggered when eight or more DOMs record signals in lo-
cal coincidences. Such a coincidence occurs when a near-
est or next-to-nearest DOM on the same string triggers
within ±1 µs [3].
The collected data are filtered at the South Pole with a

condition NPE ≥ 1000, and then sent to a northern com-
puter farm via satellite. In order to avoid biases, only
about 10% of the data was used to develop the event se-
lection. Photo-electron arrival times are extracted from
each waveform and stored as “hits”. To remove random
coincident noise hits, a two-staged hit cleaning based
on the spatial distance and the time interval between
hits is applied. Data from the DeepCore strings is dis-
carded to maintain uniformity across the detector vol-
ume. To reject dominant downward-going atmospheric
muon background, only events with at least 300 hits and
NPE ≥ 3200 are retained and their directions are recon-
structed with a track hypothesis. For the IC79 sample, a
log-likelihood (LLH) fit of a muon-track hypothesis based
on probability distributions of the photon arrival times
at each DOM is performed [9]. A loose cut on a fit qual-
ity parameter is applied to filter out events which con-
tain muons from independent air showers. For the IC86
sample, a robust regression technique [10, 11] is utilized
to remove hits that have a timing significantly different
from what is expected from the bulk of the photon signal
from a muon track. Afterwards, the particle directions
are reconstructed using the LineFit algorithm [5]. These
algorithms are designed to reconstruct muon track events
with a zenith angle resolution of 1◦ or better. For cas-
cade events which resemble point-like light sources, the
reconstruction behavior is quite different, and the track
reconstruction finds nearly arbitrary zenith angles. How-
ever, there is a tendency toward upward-going and hori-
zontal directions for the LLH fit and LineFit respectively.
Since for these directions the NPE cut is lower than for
downward-going events (see Fig. 2 and Eq. 1), such events
can be retained in the final sample even if they would be
rejected on account of their true direction.
The final-level selection criteria are based on Monte

Carlo simulations of background and signal events. They
are determined by optimizing the NPE-threshold values
for each of the IC79 and IC86 samples to discover a sig-
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• up-going events: traveling through the Earth.

• down-going events below 10 TeV are dominated by the 
atmospherically produced neutrinos (CR cascades in the 
atmosphere). Spectrum is well understood and measured (power-
law spectrum with an index of approximately 3.7).

• For neutrino energies above PeV Earth is opaque (typical mean 
free path of ~100 km).

• For shower events as are the 2 PeV neutrino events in IceCube 
directionality information is poor.

• PeV neutrino events must be either down-going or near the 
horizontal direction. 

• Hadronic showers can be generated through the neutral current 
interactions of all neutrino flavors, with a typical shower energy 
that is about a quarter of that possessed by the initial neutrino.

A few facts on high energy neutrinos
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The IceCube collaboration expects 0.14 background events 
(including those from conventional atmospheric neutrinos and from 
misidentified atmospheric muons) over the time period covered by 
their analysis. The observation of two events with an expected 
background of 0.14 constitutes a P-value of 0.0094, corresponding 
to a significance of 2.36 sigma (2.8 sigma).

• Charged-current interactions of electron neutrinos and anti-
neutrinos produce a superposition of electromagnetic and 
hadronic showers which collectively contain the entire energy of 
the incoming neutrino.

• Difficult to distinguish at those energies.
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Astrophysical Production of PeV neutrinos

PeV-scale astrophysical neutrinos can be produced through three primary 
processes:

• proton photon collisions with energetic photons, generating charged 
pions (photo-meson production), which yield neutrinos in their decays. 
In order to exceed the threshold for pion production, we have to 
consider circumstances in which the target radiation is fairly energetic 
(10's of eV or above).

• p-p (or p-n in nuclei) collisions between CR p’s and gas. This mechanism 
is dominant at lower neutrino energies. In sources of UHE protons (that 
can yield PeV neutrinos), the number density of energetic photon 
targets is typically much larger than that of nucleon targets.

• PeV electron anti-neutrinos from decays of ultra high-energy 
neutrons. A small fraction of a neutron's energy goes into its neutrino 
decay product. Neutron decay anti-neutrinos can not be produced in 
sufficient numbers to account for the two IceCube events.
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• We expect cosmic ray collisions with energetic photons to be the 
dominant mechanism behind IceCube's two reported events 
(assuming they are astrophysical in nature)

• Each of the three production mechanisms demands very high-
energy cosmic rays. This provides us with a direct connection 
between the observation of high-energy neutrinos and the 
observed cosmic ray spectrum.

The energy density of neutrinos produced through the photo-meson 
interactions of these protons can be directly tied to the injection rate 
of cosmic rays (Waxman-Bahcall):

2

We consider other possible sources such as active galactic

nuclei in Sec. IV, but find these scenarios less compelling

unless the objects in question are surrounded by signifi-

cant densities of high energy (x-ray) radiation. We also

present arguments for why these neutrinos are unlikely

to be produced in the propagation of cosmic rays (cos-

mogenic neutrinos) or result from the decays of ultra-

high energy neutrons. In Sec. V, we make predictions

for future observations at IceCube and, in Sec. VI, we

summarize our results and conclusions.

II. THE ASTROPHYSICAL PRODUCTION OF
PEV NEUTRINOS

PeV-scale astrophysical neutrinos can be produced

through three primary processes. Firstly, proton colli-

sions with energetic photons can generate charged pions

(photo-meson production), which yield neutrinos in their

decays. To exceed the threshold for pion production,

however, one must consider circumstances in which the

target radiation is fairly energetic (10’s of eV or above).

Secondly, collisions between energetic protons (or neu-

trons) and gas can easily exceed the threshold for pion

production. In sources of protons with enough energy

to yield PeV neutrinos, however, the number density of

sufficiently energetic photon targets present will almost

certainly be much larger than that of nucleons. Thus

we only expect pp collisions to dominate neutrino pro-

duction in sources of lower energy neutrinos. And lastly,

PeV electron anti-neutrinos can result from the decays of

ultra high-energy neutrons. As only a small fraction of

a neutron’s energy goes into its neutrino decay product,

however, neutron decay anti-neutrinos are not predicted

to be produced in sufficient numbers to account for the

two events recently reported by the IceCube collabora-

tion (see, for example, Refs. [2, 3]).

With these considerations in mind, we expect cosmic

ray collisions with energetic photons to be the dominant

mechanism behind IceCube’s two reported events (as-

suming they are in fact astrophysical and not terrestrial

in nature). And while one could also contemplate more

exotic sources, such as the decays of ultra-heavy parti-

cles, we confine ourselves to conventional astrophysical

scenarios in this paper.

Each of the three production mechanisms described

above involve very high-energy cosmic rays, providing

us with a direct connection between the observation of

high-energy neutrinos and the observed cosmic ray spec-

trum [4]. More specifically, one can place an upper bound

on the diffuse neutrino flux that results from cosmo-

logically distributed, optically-thin cosmic ray acceler-

ators. This argument, originally presented by Waxman

and Bahcall in connection with cosmic rays of the highest

energies [5], begins with the (cosmologically) local energy

injection rate of ultra high-energy (10
19−10

21
eV) cosmic

rays:
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where an injected energy spectrum ∝E−2
has been

assumed. The energy density of neutrinos produced

through the photo-meson interactions of these protons

can be directly tied to the injection rate of cosmic rays:
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where tH is the Hubble time and �π is the fraction of the

energy which is injected in protons lost to photo-meson

interactions. The factor of 3/8 comes from the fact that,

near the threshold for pion production, roughly half the

pions produced in photo-meson interactions are neutral

and do not generate neutrinos, and three quarters of the

energy of charged pion decays (π+ → µ+νµ → e+νeνµν̄µ)
go into neutrinos.

Taken together, the neutrino flux connected to the ob-

served cosmic ray spectrum is given by:

[E2
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≈ 2.3× 10
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where the parameter ξZ accounts for the effects of red-

shift dependent source evolution. Waxman and Bahcall

originally presented this argument as an upper bound,

derived for the case of �π = 1 (representing the maximum

flux from a class of optically thin sources).
1
At produc-

tion, the neutrino flux from positively charged pion de-

cays consists of equal fractions of νe, νµ and ν̄µ. After

oscillations are taken in account, however, the muon neu-

trinos and anti-neutrinos become a roughly equal mixture

of muon and tau flavors.

It should be noted that if we drop the assumption

that the cosmic ray injection spectrum is of the form,

dNCR/dECR ∝ E−2

CR
, we could potentially increase the

flux of 1-10 PeV cosmic neutrinos, although not by more

than a factor of about two [6]. More significantly, if the

sources of the ultra high-energy cosmic rays are not opti-

cally thin to photo-meson production, as assumed in the

derivation of the Waxman-Bahcall bound, then the ob-

served cosmic ray spectrum could be made up of only the

tail of the distribution of accelerated cosmic rays which

escape from their sources. In such a case, much or even

most of the energy that goes into accelerating ultra high-

energy cosmic rays could be lost to the source environ-

ment, reabsorbing most would-be cosmic rays before they

1 This result was derived specifically for photo-meson interactions
and would be increased by a factor of 4/3 if pp interactions had
instead been assumed.

Taking into account the information from the UHECR spectrum one 
gets an upper limit for the neutrino flux:
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oscillations are taken in account, however, the muon neu-

trinos and anti-neutrinos become a roughly equal mixture

of muon and tau flavors.

It should be noted that if we drop the assumption

that the cosmic ray injection spectrum is of the form,

dNCR/dECR ∝ E−2

CR
, we could potentially increase the

flux of 1-10 PeV cosmic neutrinos, although not by more

than a factor of about two [6]. More significantly, if the

sources of the ultra high-energy cosmic rays are not opti-

cally thin to photo-meson production, as assumed in the

derivation of the Waxman-Bahcall bound, then the ob-

served cosmic ray spectrum could be made up of only the

tail of the distribution of accelerated cosmic rays which

escape from their sources. In such a case, much or even

most of the energy that goes into accelerating ultra high-

energy cosmic rays could be lost to the source environ-

ment, reabsorbing most would-be cosmic rays before they

1 This result was derived specifically for photo-meson interactions
and would be increased by a factor of 4/3 if pp interactions had
instead been assumed.
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derived for the case of �π = 1 (representing the maximum

flux from a class of optically thin sources).
1
At produc-

tion, the neutrino flux from positively charged pion de-

cays consists of equal fractions of νe, νµ and ν̄µ. After
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trinos and anti-neutrinos become a roughly equal mixture
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It should be noted that if we drop the assumption

that the cosmic ray injection spectrum is of the form,
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, we could potentially increase the

flux of 1-10 PeV cosmic neutrinos, although not by more

than a factor of about two [6]. More significantly, if the

sources of the ultra high-energy cosmic rays are not opti-

cally thin to photo-meson production, as assumed in the

derivation of the Waxman-Bahcall bound, then the ob-

served cosmic ray spectrum could be made up of only the

tail of the distribution of accelerated cosmic rays which

escape from their sources. In such a case, much or even

most of the energy that goes into accelerating ultra high-

energy cosmic rays could be lost to the source environ-

ment, reabsorbing most would-be cosmic rays before they

1 This result was derived specifically for photo-meson interactions
and would be increased by a factor of 4/3 if pp interactions had
instead been assumed.
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At production we have no tau 
neutrinos, taking into account 
oscillations, we have roughly equal 
mixture of muon and tau flavors.
We must also take into account 
neutrino absorption in the Earth.
About half of neutrinos with an 
inclined trajectory of 10 degrees 
below the horizon will undergo 
one or more interactions in the 
Earth. 

The two reported shower events are entirely contained within the 
volume of the experiment, IceCube should be capable of detecting 
partially contained showers as well. For fully included events the 
effective volume is ~0.1 km^3. IceCube should observe ~13 shower 
events per year.

Absorption of downward-going neutrinos in the PeV energy range is 
negligible.
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Gamma-Ray Bursts as PeV neutrino sources

Intense flashes of gamma-rays associated with supernovae 
explosions. Jet is along our line of sight.
GRBs constitute one of the most promising sources of high 
and ultra-high energy cosmic rays. May be capable of 
accelerating protons to energies as high as 10^20 eV.
Contain high densities of gamma-rays, enabling for the 
efficient production of neutrinos via the photo-meson 
interactions with high energy ps. 

GRBs exhibit a broken power-law spectrum of the form:
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show the less stringent upper bound derived in the case
of optically thick sources [6]. The fact that the neutrino
flux required to explain IceCube’s two PeV showers lies
not far below the Waxman-Bahcall bound implies that a
significant fraction (>∼10%) of energy injected into ∼1017

eV cosmic rays must be transferred into pions. We also
note that IceCube’s current (90% CL) upper limit on the
diffuse neutrino flux in this energy range is 2.7 × 10−8

GeV cm−2 s−1 sr−1, assuming an E−2 spectrum between
3.5×104 and 7×106 GeV [12], which is very close to the
flux required to account for the two reported events.

In the following section, we move away from these gen-
eral arguments, and consider gamma-ray bursts as a spe-
cific class of sources that is particularly well suited to
produce the required flux of neutrinos in the PeV energy
range.

III. PEV NEUTRINOS FROM GAMMA-RAY

BURSTS

Gamma-ray busts (GRBs) constitute one of the most
promising sources of high and ultra-high energy cosmic
rays, and may be capable of accelerating protons to ener-
gies as high as ∼1020 eV [13]. Furthermore, as their name
implies, gamma-ray burst fireballs contain high densities
of gamma-rays, enabling for the efficient production of
neutrinos via the photo-meson interactions of high en-
ergy protons [14, 15].

More specifically, typical GRBs exhibit a broken
power-law spectrum of the form: dNγ/dEγ ∝ E−2

γ for
Eγ >∼ 0.1 − 1 MeV and dNγ/dEγ ∝ E−1

γ at lower ener-
gies [16]. Furthermore, the radiation pressure resulting
from the very high optical depth of GRB fireballs leads to
their ultra-relativistic expansion, accelerating the plasma
to Lorentz factors on the order of Γ ∼ 102−103. In order
for proton-photon collisions in this environment to ex-
ceed the threshold for pion production, the proton must
have an energy (in the observer’s frame) that meets the
following condition [17, 18]:

Ep >∼ 40PeV

�
Γ

300

�2 �0.3MeV

Eγ

��
1

1 + z

�2

, (5)

where z is the redshift of the burst. For any falling spec-
trum of high-energy protons, such interactions will pre-
dominantly take place near this threshold. After taking
into account that only about 20% of the proton’s energy
goes into the charged pion produced in such an interac-
tion, and that each neutrino carries away only about a
quarter of the charged pion’s energy, this leads to the
production of neutrinos of characteristic energy:

Eν ∼ 2PeV

�
Γ

300

�2 �0.3MeV

Eγ

��
1

1 + z

�2

. (6)

Thus for protons interacting with photons near the ob-
served spectral break, the resulting neutrinos will have

energies near that of the two events reported by IceCube.
The neutrino flux at energies below this value will be
suppressed by the lack of sufficiently high energy target
photons in the fireball. For this reason, the PeV energy
scale is where one roughly expects to observe the first
GRB neutrinos.
The overall normalization of the diffuse neutrino flux

from all GRBs depends on how much of the bursts’ in-
ternal energy goes into accelerating protons to energies
of ∼1016 eV and above. It has been appreciated for
some time that if the majority of the highest energy
cosmic rays originate from GRBs, then one should also
expect an observable diffuse flux of high energy neutri-
nos [17, 18]. In our calculations, we adopt a ratio of ten
between the energy that goes into accelerated protons
and electrons [19, 20], and also assume that 10% of the
energy in accelerated protons goes into neutrinos, corre-
sponding to �π ≈ 0.2. The actual value of �π could easily
be larger or smaller than this value by a factor of several,
and likely varies significantly from burst-to-burst [18].
Most observed GRBs exhibit maximum isotropic lu-

minosities in the range of Lmax ∼ 1051 − 1053 erg/s.2

Such bursts are referred to in literature as high luminos-
ity GRBs and are further divided into short and long du-
ration bursts with timescales of 0.1-1 and 10-100 seconds,
respectively; with the majority of observed bursts being
of long duration [22–24]. In addition, a few low luminos-
ity GRBs with Lmax ∼ 1047 erg/s have been detected,
potentially representing another distinct GRB popula-
tion [25] (see also Ref. [26]). These low luminosity GRBs,
which are potentially much more numerous than their
high luminosity counterparts, generally exhibit smooth
light curves, wider emission cones and longer durations
(50-1000 s) [27, 28].
Both high and low luminosity GRB populations can be

described by a luminosity distribution parametrized as:

Φ(L) = Φ0

��
L

Lb

�α1

+

�
L

Lb

�α2
�−1

, (7)

where Φ0 normalizes the luminosity distribution to 1
(within 2 orders of magnitude above/below the luminos-
ity break Lb). At present, there is considerable varia-
tion in the values of these parameters as they appear in
the literature [25, 27, 29]. In our calculations, we adopt
ranges based on 2 years of Swift data as presented in

2
As the observed hard x-ray and γ-ray luminosity is synchrotron

emission from internal shocks in the relativistic fireball [21], this

emission will be relativistically beamed to within an opening an-

gle on the order of θ ∼ 1/Γ. In our calculations, we use the

isotropic equivalent luminosity related to the true luminosity by:

Liso = Ltrue/(1 − cos θ). This avoids overestimating the neu-

trino or photon fluxes. We also estimate the total isotropic en-

ergy emitted to be Eiso � Lmax
iso τdur, with τdur = 2 sec for high

luminosity GRBs and and τdur = 50 sec for the low luminosity

sample. Here, τdur represents duration between which 25% and

75% of the total energy has been emitted.
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show the less stringent upper bound derived in the case
of optically thick sources [6]. The fact that the neutrino
flux required to explain IceCube’s two PeV showers lies
not far below the Waxman-Bahcall bound implies that a
significant fraction (>∼10%) of energy injected into ∼1017

eV cosmic rays must be transferred into pions. We also
note that IceCube’s current (90% CL) upper limit on the
diffuse neutrino flux in this energy range is 2.7 × 10−8

GeV cm−2 s−1 sr−1, assuming an E−2 spectrum between
3.5×104 and 7×106 GeV [12], which is very close to the
flux required to account for the two reported events.

In the following section, we move away from these gen-
eral arguments, and consider gamma-ray bursts as a spe-
cific class of sources that is particularly well suited to
produce the required flux of neutrinos in the PeV energy
range.

III. PEV NEUTRINOS FROM GAMMA-RAY

BURSTS

Gamma-ray busts (GRBs) constitute one of the most
promising sources of high and ultra-high energy cosmic
rays, and may be capable of accelerating protons to ener-
gies as high as ∼1020 eV [13]. Furthermore, as their name
implies, gamma-ray burst fireballs contain high densities
of gamma-rays, enabling for the efficient production of
neutrinos via the photo-meson interactions of high en-
ergy protons [14, 15].

More specifically, typical GRBs exhibit a broken
power-law spectrum of the form: dNγ/dEγ ∝ E−2

γ for
Eγ >∼ 0.1 − 1 MeV and dNγ/dEγ ∝ E−1

γ at lower ener-
gies [16]. Furthermore, the radiation pressure resulting
from the very high optical depth of GRB fireballs leads to
their ultra-relativistic expansion, accelerating the plasma
to Lorentz factors on the order of Γ ∼ 102−103. In order
for proton-photon collisions in this environment to ex-
ceed the threshold for pion production, the proton must
have an energy (in the observer’s frame) that meets the
following condition [17, 18]:

Ep >∼ 40PeV
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where z is the redshift of the burst. For any falling spec-
trum of high-energy protons, such interactions will pre-
dominantly take place near this threshold. After taking
into account that only about 20% of the proton’s energy
goes into the charged pion produced in such an interac-
tion, and that each neutrino carries away only about a
quarter of the charged pion’s energy, this leads to the
production of neutrinos of characteristic energy:

Eν ∼ 2PeV
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Thus for protons interacting with photons near the ob-
served spectral break, the resulting neutrinos will have

energies near that of the two events reported by IceCube.
The neutrino flux at energies below this value will be
suppressed by the lack of sufficiently high energy target
photons in the fireball. For this reason, the PeV energy
scale is where one roughly expects to observe the first
GRB neutrinos.
The overall normalization of the diffuse neutrino flux

from all GRBs depends on how much of the bursts’ in-
ternal energy goes into accelerating protons to energies
of ∼1016 eV and above. It has been appreciated for
some time that if the majority of the highest energy
cosmic rays originate from GRBs, then one should also
expect an observable diffuse flux of high energy neutri-
nos [17, 18]. In our calculations, we adopt a ratio of ten
between the energy that goes into accelerated protons
and electrons [19, 20], and also assume that 10% of the
energy in accelerated protons goes into neutrinos, corre-
sponding to �π ≈ 0.2. The actual value of �π could easily
be larger or smaller than this value by a factor of several,
and likely varies significantly from burst-to-burst [18].
Most observed GRBs exhibit maximum isotropic lu-

minosities in the range of Lmax ∼ 1051 − 1053 erg/s.2

Such bursts are referred to in literature as high luminos-
ity GRBs and are further divided into short and long du-
ration bursts with timescales of 0.1-1 and 10-100 seconds,
respectively; with the majority of observed bursts being
of long duration [22–24]. In addition, a few low luminos-
ity GRBs with Lmax ∼ 1047 erg/s have been detected,
potentially representing another distinct GRB popula-
tion [25] (see also Ref. [26]). These low luminosity GRBs,
which are potentially much more numerous than their
high luminosity counterparts, generally exhibit smooth
light curves, wider emission cones and longer durations
(50-1000 s) [27, 28].
Both high and low luminosity GRB populations can be

described by a luminosity distribution parametrized as:
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where Φ0 normalizes the luminosity distribution to 1
(within 2 orders of magnitude above/below the luminos-
ity break Lb). At present, there is considerable varia-
tion in the values of these parameters as they appear in
the literature [25, 27, 29]. In our calculations, we adopt
ranges based on 2 years of Swift data as presented in
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As the observed hard x-ray and γ-ray luminosity is synchrotron

emission from internal shocks in the relativistic fireball [21], this

emission will be relativistically beamed to within an opening an-

gle on the order of θ ∼ 1/Γ. In our calculations, we use the

isotropic equivalent luminosity related to the true luminosity by:

Liso = Ltrue/(1 − cos θ). This avoids overestimating the neu-

trino or photon fluxes. We also estimate the total isotropic en-

ergy emitted to be Eiso � Lmax
iso τdur, with τdur = 2 sec for high
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sample. Here, τdur represents duration between which 25% and
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show the less stringent upper bound derived in the case
of optically thick sources [6]. The fact that the neutrino
flux required to explain IceCube’s two PeV showers lies
not far below the Waxman-Bahcall bound implies that a
significant fraction (>∼10%) of energy injected into ∼1017

eV cosmic rays must be transferred into pions. We also
note that IceCube’s current (90% CL) upper limit on the
diffuse neutrino flux in this energy range is 2.7 × 10−8

GeV cm−2 s−1 sr−1, assuming an E−2 spectrum between
3.5×104 and 7×106 GeV [12], which is very close to the
flux required to account for the two reported events.

In the following section, we move away from these gen-
eral arguments, and consider gamma-ray bursts as a spe-
cific class of sources that is particularly well suited to
produce the required flux of neutrinos in the PeV energy
range.

III. PEV NEUTRINOS FROM GAMMA-RAY

BURSTS

Gamma-ray busts (GRBs) constitute one of the most
promising sources of high and ultra-high energy cosmic
rays, and may be capable of accelerating protons to ener-
gies as high as ∼1020 eV [13]. Furthermore, as their name
implies, gamma-ray burst fireballs contain high densities
of gamma-rays, enabling for the efficient production of
neutrinos via the photo-meson interactions of high en-
ergy protons [14, 15].

More specifically, typical GRBs exhibit a broken
power-law spectrum of the form: dNγ/dEγ ∝ E−2

γ for
Eγ >∼ 0.1 − 1 MeV and dNγ/dEγ ∝ E−1

γ at lower ener-
gies [16]. Furthermore, the radiation pressure resulting
from the very high optical depth of GRB fireballs leads to
their ultra-relativistic expansion, accelerating the plasma
to Lorentz factors on the order of Γ ∼ 102−103. In order
for proton-photon collisions in this environment to ex-
ceed the threshold for pion production, the proton must
have an energy (in the observer’s frame) that meets the
following condition [17, 18]:

Ep >∼ 40PeV
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where z is the redshift of the burst. For any falling spec-
trum of high-energy protons, such interactions will pre-
dominantly take place near this threshold. After taking
into account that only about 20% of the proton’s energy
goes into the charged pion produced in such an interac-
tion, and that each neutrino carries away only about a
quarter of the charged pion’s energy, this leads to the
production of neutrinos of characteristic energy:

Eν ∼ 2PeV
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Thus for protons interacting with photons near the ob-
served spectral break, the resulting neutrinos will have

energies near that of the two events reported by IceCube.
The neutrino flux at energies below this value will be
suppressed by the lack of sufficiently high energy target
photons in the fireball. For this reason, the PeV energy
scale is where one roughly expects to observe the first
GRB neutrinos.
The overall normalization of the diffuse neutrino flux

from all GRBs depends on how much of the bursts’ in-
ternal energy goes into accelerating protons to energies
of ∼1016 eV and above. It has been appreciated for
some time that if the majority of the highest energy
cosmic rays originate from GRBs, then one should also
expect an observable diffuse flux of high energy neutri-
nos [17, 18]. In our calculations, we adopt a ratio of ten
between the energy that goes into accelerated protons
and electrons [19, 20], and also assume that 10% of the
energy in accelerated protons goes into neutrinos, corre-
sponding to �π ≈ 0.2. The actual value of �π could easily
be larger or smaller than this value by a factor of several,
and likely varies significantly from burst-to-burst [18].
Most observed GRBs exhibit maximum isotropic lu-

minosities in the range of Lmax ∼ 1051 − 1053 erg/s.2

Such bursts are referred to in literature as high luminos-
ity GRBs and are further divided into short and long du-
ration bursts with timescales of 0.1-1 and 10-100 seconds,
respectively; with the majority of observed bursts being
of long duration [22–24]. In addition, a few low luminos-
ity GRBs with Lmax ∼ 1047 erg/s have been detected,
potentially representing another distinct GRB popula-
tion [25] (see also Ref. [26]). These low luminosity GRBs,
which are potentially much more numerous than their
high luminosity counterparts, generally exhibit smooth
light curves, wider emission cones and longer durations
(50-1000 s) [27, 28].
Both high and low luminosity GRB populations can be

described by a luminosity distribution parametrized as:
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where Φ0 normalizes the luminosity distribution to 1
(within 2 orders of magnitude above/below the luminos-
ity break Lb). At present, there is considerable varia-
tion in the values of these parameters as they appear in
the literature [25, 27, 29]. In our calculations, we adopt
ranges based on 2 years of Swift data as presented in
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show the less stringent upper bound derived in the case
of optically thick sources [6]. The fact that the neutrino
flux required to explain IceCube’s two PeV showers lies
not far below the Waxman-Bahcall bound implies that a
significant fraction (>∼10%) of energy injected into ∼1017

eV cosmic rays must be transferred into pions. We also
note that IceCube’s current (90% CL) upper limit on the
diffuse neutrino flux in this energy range is 2.7 × 10−8

GeV cm−2 s−1 sr−1, assuming an E−2 spectrum between
3.5×104 and 7×106 GeV [12], which is very close to the
flux required to account for the two reported events.

In the following section, we move away from these gen-
eral arguments, and consider gamma-ray bursts as a spe-
cific class of sources that is particularly well suited to
produce the required flux of neutrinos in the PeV energy
range.

III. PEV NEUTRINOS FROM GAMMA-RAY

BURSTS

Gamma-ray busts (GRBs) constitute one of the most
promising sources of high and ultra-high energy cosmic
rays, and may be capable of accelerating protons to ener-
gies as high as ∼1020 eV [13]. Furthermore, as their name
implies, gamma-ray burst fireballs contain high densities
of gamma-rays, enabling for the efficient production of
neutrinos via the photo-meson interactions of high en-
ergy protons [14, 15].

More specifically, typical GRBs exhibit a broken
power-law spectrum of the form: dNγ/dEγ ∝ E−2

γ for
Eγ >∼ 0.1 − 1 MeV and dNγ/dEγ ∝ E−1

γ at lower ener-
gies [16]. Furthermore, the radiation pressure resulting
from the very high optical depth of GRB fireballs leads to
their ultra-relativistic expansion, accelerating the plasma
to Lorentz factors on the order of Γ ∼ 102−103. In order
for proton-photon collisions in this environment to ex-
ceed the threshold for pion production, the proton must
have an energy (in the observer’s frame) that meets the
following condition [17, 18]:
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where z is the redshift of the burst. For any falling spec-
trum of high-energy protons, such interactions will pre-
dominantly take place near this threshold. After taking
into account that only about 20% of the proton’s energy
goes into the charged pion produced in such an interac-
tion, and that each neutrino carries away only about a
quarter of the charged pion’s energy, this leads to the
production of neutrinos of characteristic energy:
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Thus for protons interacting with photons near the ob-
served spectral break, the resulting neutrinos will have

energies near that of the two events reported by IceCube.
The neutrino flux at energies below this value will be
suppressed by the lack of sufficiently high energy target
photons in the fireball. For this reason, the PeV energy
scale is where one roughly expects to observe the first
GRB neutrinos.
The overall normalization of the diffuse neutrino flux

from all GRBs depends on how much of the bursts’ in-
ternal energy goes into accelerating protons to energies
of ∼1016 eV and above. It has been appreciated for
some time that if the majority of the highest energy
cosmic rays originate from GRBs, then one should also
expect an observable diffuse flux of high energy neutri-
nos [17, 18]. In our calculations, we adopt a ratio of ten
between the energy that goes into accelerated protons
and electrons [19, 20], and also assume that 10% of the
energy in accelerated protons goes into neutrinos, corre-
sponding to �π ≈ 0.2. The actual value of �π could easily
be larger or smaller than this value by a factor of several,
and likely varies significantly from burst-to-burst [18].
Most observed GRBs exhibit maximum isotropic lu-

minosities in the range of Lmax ∼ 1051 − 1053 erg/s.2

Such bursts are referred to in literature as high luminos-
ity GRBs and are further divided into short and long du-
ration bursts with timescales of 0.1-1 and 10-100 seconds,
respectively; with the majority of observed bursts being
of long duration [22–24]. In addition, a few low luminos-
ity GRBs with Lmax ∼ 1047 erg/s have been detected,
potentially representing another distinct GRB popula-
tion [25] (see also Ref. [26]). These low luminosity GRBs,
which are potentially much more numerous than their
high luminosity counterparts, generally exhibit smooth
light curves, wider emission cones and longer durations
(50-1000 s) [27, 28].
Both high and low luminosity GRB populations can be

described by a luminosity distribution parametrized as:
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where Φ0 normalizes the luminosity distribution to 1
(within 2 orders of magnitude above/below the luminos-
ity break Lb). At present, there is considerable varia-
tion in the values of these parameters as they appear in
the literature [25, 27, 29]. In our calculations, we adopt
ranges based on 2 years of Swift data as presented in
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As the observed hard x-ray and γ-ray luminosity is synchrotron

emission from internal shocks in the relativistic fireball [21], this

emission will be relativistically beamed to within an opening an-

gle on the order of θ ∼ 1/Γ. In our calculations, we use the

isotropic equivalent luminosity related to the true luminosity by:

Liso = Ltrue/(1 − cos θ). This avoids overestimating the neu-

trino or photon fluxes. We also estimate the total isotropic en-

ergy emitted to be Eiso � Lmax
iso τdur, with τdur = 2 sec for high

luminosity GRBs and and τdur = 50 sec for the low luminosity

sample. Here, τdur represents duration between which 25% and

75% of the total energy has been emitted.
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show the less stringent upper bound derived in the case
of optically thick sources [6]. The fact that the neutrino
flux required to explain IceCube’s two PeV showers lies
not far below the Waxman-Bahcall bound implies that a
significant fraction (>∼10%) of energy injected into ∼1017

eV cosmic rays must be transferred into pions. We also
note that IceCube’s current (90% CL) upper limit on the
diffuse neutrino flux in this energy range is 2.7 × 10−8

GeV cm−2 s−1 sr−1, assuming an E−2 spectrum between
3.5×104 and 7×106 GeV [12], which is very close to the
flux required to account for the two reported events.

In the following section, we move away from these gen-
eral arguments, and consider gamma-ray bursts as a spe-
cific class of sources that is particularly well suited to
produce the required flux of neutrinos in the PeV energy
range.

III. PEV NEUTRINOS FROM GAMMA-RAY

BURSTS

Gamma-ray busts (GRBs) constitute one of the most
promising sources of high and ultra-high energy cosmic
rays, and may be capable of accelerating protons to ener-
gies as high as ∼1020 eV [13]. Furthermore, as their name
implies, gamma-ray burst fireballs contain high densities
of gamma-rays, enabling for the efficient production of
neutrinos via the photo-meson interactions of high en-
ergy protons [14, 15].

More specifically, typical GRBs exhibit a broken
power-law spectrum of the form: dNγ/dEγ ∝ E−2

γ for
Eγ >∼ 0.1 − 1 MeV and dNγ/dEγ ∝ E−1

γ at lower ener-
gies [16]. Furthermore, the radiation pressure resulting
from the very high optical depth of GRB fireballs leads to
their ultra-relativistic expansion, accelerating the plasma
to Lorentz factors on the order of Γ ∼ 102−103. In order
for proton-photon collisions in this environment to ex-
ceed the threshold for pion production, the proton must
have an energy (in the observer’s frame) that meets the
following condition [17, 18]:
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where z is the redshift of the burst. For any falling spec-
trum of high-energy protons, such interactions will pre-
dominantly take place near this threshold. After taking
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Thus for protons interacting with photons near the ob-
served spectral break, the resulting neutrinos will have

energies near that of the two events reported by IceCube.
The neutrino flux at energies below this value will be
suppressed by the lack of sufficiently high energy target
photons in the fireball. For this reason, the PeV energy
scale is where one roughly expects to observe the first
GRB neutrinos.
The overall normalization of the diffuse neutrino flux

from all GRBs depends on how much of the bursts’ in-
ternal energy goes into accelerating protons to energies
of ∼1016 eV and above. It has been appreciated for
some time that if the majority of the highest energy
cosmic rays originate from GRBs, then one should also
expect an observable diffuse flux of high energy neutri-
nos [17, 18]. In our calculations, we adopt a ratio of ten
between the energy that goes into accelerated protons
and electrons [19, 20], and also assume that 10% of the
energy in accelerated protons goes into neutrinos, corre-
sponding to �π ≈ 0.2. The actual value of �π could easily
be larger or smaller than this value by a factor of several,
and likely varies significantly from burst-to-burst [18].
Most observed GRBs exhibit maximum isotropic lu-

minosities in the range of Lmax ∼ 1051 − 1053 erg/s.2

Such bursts are referred to in literature as high luminos-
ity GRBs and are further divided into short and long du-
ration bursts with timescales of 0.1-1 and 10-100 seconds,
respectively; with the majority of observed bursts being
of long duration [22–24]. In addition, a few low luminos-
ity GRBs with Lmax ∼ 1047 erg/s have been detected,
potentially representing another distinct GRB popula-
tion [25] (see also Ref. [26]). These low luminosity GRBs,
which are potentially much more numerous than their
high luminosity counterparts, generally exhibit smooth
light curves, wider emission cones and longer durations
(50-1000 s) [27, 28].
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described by a luminosity distribution parametrized as:

Φ(L) = Φ0

��
L

Lb

�α1

+

�
L

Lb

�α2
�−1

, (7)

where Φ0 normalizes the luminosity distribution to 1
(within 2 orders of magnitude above/below the luminos-
ity break Lb). At present, there is considerable varia-
tion in the values of these parameters as they appear in
the literature [25, 27, 29]. In our calculations, we adopt
ranges based on 2 years of Swift data as presented in

2
As the observed hard x-ray and γ-ray luminosity is synchrotron

emission from internal shocks in the relativistic fireball [21], this

emission will be relativistically beamed to within an opening an-

gle on the order of θ ∼ 1/Γ. In our calculations, we use the

isotropic equivalent luminosity related to the true luminosity by:

Liso = Ltrue/(1 − cos θ). This avoids overestimating the neu-

trino or photon fluxes. We also estimate the total isotropic en-

ergy emitted to be Eiso � Lmax
iso τdur, with τdur = 2 sec for high

luminosity GRBs and and τdur = 50 sec for the low luminosity

sample. Here, τdur represents duration between which 25% and

75% of the total energy has been emitted.

The resulting neutrinos will have energies near that of the two events 
reported by IceCube. The neutrino flux at energies below this value will 
be suppressed by the lack of sufficiently high energy target photons in 
the fireball. For this reason, the PeV energy scale is where one roughly 
expects to observe the first GRB neutrinos.

There are known distributions of GRBs

4

show the less stringent upper bound derived in the case
of optically thick sources [6]. The fact that the neutrino
flux required to explain IceCube’s two PeV showers lies
not far below the Waxman-Bahcall bound implies that a
significant fraction (>∼10%) of energy injected into ∼1017

eV cosmic rays must be transferred into pions. We also
note that IceCube’s current (90% CL) upper limit on the
diffuse neutrino flux in this energy range is 2.7 × 10−8

GeV cm−2 s−1 sr−1, assuming an E−2 spectrum between
3.5×104 and 7×106 GeV [12], which is very close to the
flux required to account for the two reported events.

In the following section, we move away from these gen-
eral arguments, and consider gamma-ray bursts as a spe-
cific class of sources that is particularly well suited to
produce the required flux of neutrinos in the PeV energy
range.

III. PEV NEUTRINOS FROM GAMMA-RAY

BURSTS

Gamma-ray busts (GRBs) constitute one of the most
promising sources of high and ultra-high energy cosmic
rays, and may be capable of accelerating protons to ener-
gies as high as ∼1020 eV [13]. Furthermore, as their name
implies, gamma-ray burst fireballs contain high densities
of gamma-rays, enabling for the efficient production of
neutrinos via the photo-meson interactions of high en-
ergy protons [14, 15].

More specifically, typical GRBs exhibit a broken
power-law spectrum of the form: dNγ/dEγ ∝ E−2

γ for
Eγ >∼ 0.1 − 1 MeV and dNγ/dEγ ∝ E−1

γ at lower ener-
gies [16]. Furthermore, the radiation pressure resulting
from the very high optical depth of GRB fireballs leads to
their ultra-relativistic expansion, accelerating the plasma
to Lorentz factors on the order of Γ ∼ 102−103. In order
for proton-photon collisions in this environment to ex-
ceed the threshold for pion production, the proton must
have an energy (in the observer’s frame) that meets the
following condition [17, 18]:

Ep >∼ 40PeV

�
Γ

300

�2 �0.3MeV

Eγ

��
1

1 + z

�2

, (5)

where z is the redshift of the burst. For any falling spec-
trum of high-energy protons, such interactions will pre-
dominantly take place near this threshold. After taking
into account that only about 20% of the proton’s energy
goes into the charged pion produced in such an interac-
tion, and that each neutrino carries away only about a
quarter of the charged pion’s energy, this leads to the
production of neutrinos of characteristic energy:

Eν ∼ 2PeV

�
Γ

300

�2 �0.3MeV

Eγ

��
1

1 + z

�2

. (6)

Thus for protons interacting with photons near the ob-
served spectral break, the resulting neutrinos will have

energies near that of the two events reported by IceCube.
The neutrino flux at energies below this value will be
suppressed by the lack of sufficiently high energy target
photons in the fireball. For this reason, the PeV energy
scale is where one roughly expects to observe the first
GRB neutrinos.
The overall normalization of the diffuse neutrino flux

from all GRBs depends on how much of the bursts’ in-
ternal energy goes into accelerating protons to energies
of ∼1016 eV and above. It has been appreciated for
some time that if the majority of the highest energy
cosmic rays originate from GRBs, then one should also
expect an observable diffuse flux of high energy neutri-
nos [17, 18]. In our calculations, we adopt a ratio of ten
between the energy that goes into accelerated protons
and electrons [19, 20], and also assume that 10% of the
energy in accelerated protons goes into neutrinos, corre-
sponding to �π ≈ 0.2. The actual value of �π could easily
be larger or smaller than this value by a factor of several,
and likely varies significantly from burst-to-burst [18].
Most observed GRBs exhibit maximum isotropic lu-

minosities in the range of Lmax ∼ 1051 − 1053 erg/s.2

Such bursts are referred to in literature as high luminos-
ity GRBs and are further divided into short and long du-
ration bursts with timescales of 0.1-1 and 10-100 seconds,
respectively; with the majority of observed bursts being
of long duration [22–24]. In addition, a few low luminos-
ity GRBs with Lmax ∼ 1047 erg/s have been detected,
potentially representing another distinct GRB popula-
tion [25] (see also Ref. [26]). These low luminosity GRBs,
which are potentially much more numerous than their
high luminosity counterparts, generally exhibit smooth
light curves, wider emission cones and longer durations
(50-1000 s) [27, 28].
Both high and low luminosity GRB populations can be

described by a luminosity distribution parametrized as:

Φ(L) = Φ0

��
L

Lb

�α1

+

�
L

Lb

�α2
�−1

, (7)

where Φ0 normalizes the luminosity distribution to 1
(within 2 orders of magnitude above/below the luminos-
ity break Lb). At present, there is considerable varia-
tion in the values of these parameters as they appear in
the literature [25, 27, 29]. In our calculations, we adopt
ranges based on 2 years of Swift data as presented in

2
As the observed hard x-ray and γ-ray luminosity is synchrotron

emission from internal shocks in the relativistic fireball [21], this

emission will be relativistically beamed to within an opening an-

gle on the order of θ ∼ 1/Γ. In our calculations, we use the

isotropic equivalent luminosity related to the true luminosity by:

Liso = Ltrue/(1 − cos θ). This avoids overestimating the neu-

trino or photon fluxes. We also estimate the total isotropic en-

ergy emitted to be Eiso � Lmax
iso τdur, with τdur = 2 sec for high

luminosity GRBs and and τdur = 50 sec for the low luminosity

sample. Here, τdur represents duration between which 25% and

75% of the total energy has been emitted.

5

Ref. [25]: Lb = (1.2± 0.6)× 10
52

erg/s, α1 = 0.65± 0.15,

α2 = 2.3 ± 0.3 for high luminosity GRBs and Lb =

(1.0± 0.3)× 10
47

erg/s, α1 = 0± 0.5, α2 = 3.5± 0.5 for

low luminosity GRBs. These parameters lead to mean

luminosities of L̄ = 3.7×10
51

to 3.8×10
52

erg/s for high

luminosity GRBs and L̄ = 3.5× 10
46

to 1.6× 10
47

erg/s

for low luminosity GRBs. Throughout the remainder of

this study, we will use as reference values L
HL

max = 1×10
51

erg/s and L
LL

max = 10
47

erg/s, but will also consider varia-

tions in order to test the assumptions of Ref. [27] and [25].

For the redshift distribution (co-moving rate density)

of GRBs, we adopt the star formation rate of Ref. [30]

(model “SF2”):

RGRB(z) = 23RGRB(0)
e
3.4z

e3.4z + 22
. (8)

High luminosity GRBs occur at a local rate on the order

of 1 Gpc
−3

yr
−1

[25, 31], while the rate of low luminosity

GRBs is considerably higher, with estimate ranging from

230 [32] to 5× 10
3
[33] Gpc

−3
yr

−1
. We take as reference

values R
HL

GRB(0) = 1.0 and R
LL

GRB(0) = 350 Gpc
−3

yr
−1

.

While it has been suggested [29] that the GRB rate red-

shift distribution does not follow the star formation rate,

but is instead suppressed at z > 3, this would not affect
the observed fluxes from high luminosity GRBs by more

than about a factor of 2 from our reference values for

high luminosity GRBs.

The diffuse flux of neutrinos or photons at the location

of the Earth from the population of all GRBs is given by:

dN
obs

dE
obs
ν,ν̄,ph

=

�
zmax

0
dz

�
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Lmin

dL Φ(L)
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1 + z
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(1 + z)2

× c

H0

�
ΩΛ + ΩM (1 + z)3

dN
obs

dEobs
, (9)

where

D(z) =

�
z

0

c

H0

dz
�

�
ΩΛ + ΩM (1 + z�)3

, (10)

and dN
obs

/dE
obs

refers to the observable neu-

trino/photon flux from an individual GRB located at

distance D(z):

dN
obs

dEobs
=

dN
inj

dEinj

1 + z

4πD(z)2
. (11)

We take as zmax = 9.4, which is the most distant GRB

that has been detected [34].

The spectrum of neutrinos (and anti-neutrinos) at in-

jection can be approximated by a doubly broken power-

law [35]:

dN
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dE
inj
ν

∝






�
Eν
E1

�−1
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

. (12)

The first of these spectral features (at Eν = E1) cor-

responds to the pion production threshold for scatter-

ing off photons at the observed break in the gamma-ray

spectrum of GRBs, while the higher energy break (at

Eν = E2) appears as a result of the synchrotron cool-

ing of muons and pions. The exact locations of these

breaks is different for typical high and low luminosity

GRBs due to differences in the strengths of the fireballs’

magnetic and radiation fields. In calculating the loca-

tion of the first break, we assume a gamma-ray spectrum

which breaks at 1 MeV or 0.1 MeV for high and low

luminosity GRBs, respectively.

In Fig. 2, we show the diffuse flux of neutrinos and anti-

neutrinos from GRBs for our default parameter choices,

and for some representative variations of these parame-

ters. The solid and dashed lines represent the predicted

flux for our default assumptions, from high and low lu-

minosity bursts, respectively. The dot-dashed line repre-

sents the contribution from high luminosity GRBs with

a redshift distribution which is suppressed above z = 3.

The dotted line shows the flux from high luminosity GRB

with alternative choices for the parameters leading to the

location of the spectral breaks. While these variations

are by no means exhaustive, they demonstrate that for a

fairly wide range of assumptions, GRBs are expected to

generate fluxes of PeV neutrinos that are similar to that

implied by IceCube’s two events (see the dotted line in

Fig. 1). In particular, for each of the four neutrino fluxes

shown in Fig. 2, one expects a rate of 4-7 showers with

energies above 1 PeV per cubic kilometer, per year. For

an estimate of ∼0.1 km
3
for the effective volume for fully

contained showers, this range of rates is within about

a factor of two of that required to account for the two

events reported by IceCube.

Among the various uncertainties that are involved in

the calculation of the neutrino flux from GRBs, a few

stand out as particularly important. First of these is the

fraction of the energy that goes into accelerating protons

to energies above 10
16

eV. In the case of the contribu-

tion from high luminosity GRBs, uncertainties in the lu-

minosity function are particularly significant. For low

luminosity GRBs, the local rate of such objects consti-

tutes a major uncertainty. At present, these uncertainties

can collectively impact expectations for the diffuse neu-

trino flux by as much as an order of magnitude and will

continue to do so until they are better observationally

constrained.

By restricting an analysis to events which correlate in

time and/or direction to known GRBs, it is possible to

conduct a nearly background free search for neutrinos

originating from GRBs. Recently, the IceCube collabo-

ration has applied such a strategy, and used the results

to derive a stringent upper limit on the flux of high en-

ergy neutrinos from observed GRBs [36]. Under standard

astrophysical assumptions, this limit implies that GRBs

cannot be the only sources of the highest energy (> 10
18

eV) cosmic rays (see also, Ref. [37]). The two events be-

ing considered in this paper, however, could still originate
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While it has been suggested [29] that the GRB rate red-

shift distribution does not follow the star formation rate,

but is instead suppressed at z > 3, this would not affect
the observed fluxes from high luminosity GRBs by more

than about a factor of 2 from our reference values for

high luminosity GRBs.

The diffuse flux of neutrinos or photons at the location

of the Earth from the population of all GRBs is given by:
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trino/photon flux from an individual GRB located at
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We take as zmax = 9.4, which is the most distant GRB

that has been detected [34].

The spectrum of neutrinos (and anti-neutrinos) at in-

jection can be approximated by a doubly broken power-

law [35]:
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The first of these spectral features (at Eν = E1) cor-

responds to the pion production threshold for scatter-

ing off photons at the observed break in the gamma-ray

spectrum of GRBs, while the higher energy break (at

Eν = E2) appears as a result of the synchrotron cool-

ing of muons and pions. The exact locations of these

breaks is different for typical high and low luminosity

GRBs due to differences in the strengths of the fireballs’

magnetic and radiation fields. In calculating the loca-

tion of the first break, we assume a gamma-ray spectrum

which breaks at 1 MeV or 0.1 MeV for high and low

luminosity GRBs, respectively.

In Fig. 2, we show the diffuse flux of neutrinos and anti-

neutrinos from GRBs for our default parameter choices,

and for some representative variations of these parame-

ters. The solid and dashed lines represent the predicted

flux for our default assumptions, from high and low lu-

minosity bursts, respectively. The dot-dashed line repre-

sents the contribution from high luminosity GRBs with

a redshift distribution which is suppressed above z = 3.

The dotted line shows the flux from high luminosity GRB

with alternative choices for the parameters leading to the

location of the spectral breaks. While these variations

are by no means exhaustive, they demonstrate that for a

fairly wide range of assumptions, GRBs are expected to

generate fluxes of PeV neutrinos that are similar to that

implied by IceCube’s two events (see the dotted line in

Fig. 1). In particular, for each of the four neutrino fluxes

shown in Fig. 2, one expects a rate of 4-7 showers with

energies above 1 PeV per cubic kilometer, per year. For

an estimate of ∼0.1 km
3
for the effective volume for fully

contained showers, this range of rates is within about

a factor of two of that required to account for the two

events reported by IceCube.

Among the various uncertainties that are involved in

the calculation of the neutrino flux from GRBs, a few

stand out as particularly important. First of these is the

fraction of the energy that goes into accelerating protons

to energies above 10
16

eV. In the case of the contribu-

tion from high luminosity GRBs, uncertainties in the lu-

minosity function are particularly significant. For low

luminosity GRBs, the local rate of such objects consti-

tutes a major uncertainty. At present, these uncertainties

can collectively impact expectations for the diffuse neu-

trino flux by as much as an order of magnitude and will

continue to do so until they are better observationally

constrained.

By restricting an analysis to events which correlate in

time and/or direction to known GRBs, it is possible to

conduct a nearly background free search for neutrinos

originating from GRBs. Recently, the IceCube collabo-

ration has applied such a strategy, and used the results

to derive a stringent upper limit on the flux of high en-

ergy neutrinos from observed GRBs [36]. Under standard

astrophysical assumptions, this limit implies that GRBs

cannot be the only sources of the highest energy (> 10
18

eV) cosmic rays (see also, Ref. [37]). The two events be-

ing considered in this paper, however, could still originate

(characteristic values for their luminosity distribution)

Saturday, April 27, 2013



The injection spectrum of neutrinos approximated as:

The diffuse neutrino flux at Earth is given by:

5

Ref. [25]: Lb = (1.2± 0.6)× 10
52

erg/s, α1 = 0.65± 0.15,

α2 = 2.3 ± 0.3 for high luminosity GRBs and Lb =

(1.0± 0.3)× 10
47

erg/s, α1 = 0± 0.5, α2 = 3.5± 0.5 for

low luminosity GRBs. These parameters lead to mean

luminosities of L̄ = 3.7×10
51

to 3.8×10
52

erg/s for high

luminosity GRBs and L̄ = 3.5× 10
46

to 1.6× 10
47

erg/s

for low luminosity GRBs. Throughout the remainder of

this study, we will use as reference values L
HL

max = 1×10
51

erg/s and L
LL

max = 10
47

erg/s, but will also consider varia-

tions in order to test the assumptions of Ref. [27] and [25].

For the redshift distribution (co-moving rate density)

of GRBs, we adopt the star formation rate of Ref. [30]

(model “SF2”):

RGRB(z) = 23RGRB(0)
e
3.4z

e3.4z + 22
. (8)

High luminosity GRBs occur at a local rate on the order

of 1 Gpc
−3

yr
−1

[25, 31], while the rate of low luminosity

GRBs is considerably higher, with estimate ranging from

230 [32] to 5× 10
3
[33] Gpc

−3
yr

−1
. We take as reference

values R
HL

GRB(0) = 1.0 and R
LL

GRB(0) = 350 Gpc
−3

yr
−1

.

While it has been suggested [29] that the GRB rate red-

shift distribution does not follow the star formation rate,

but is instead suppressed at z > 3, this would not affect
the observed fluxes from high luminosity GRBs by more

than about a factor of 2 from our reference values for

high luminosity GRBs.

The diffuse flux of neutrinos or photons at the location

of the Earth from the population of all GRBs is given by:

dN
obs

dE
obs
ν,ν̄,ph

=

�
zmax

0
dz

�
Lmax

Lmin

dL Φ(L)
RGRB(z)

1 + z

4πD(z)
2

(1 + z)2

× c

H0

�
ΩΛ + ΩM (1 + z)3

dN
obs

dEobs
, (9)

where

D(z) =

�
z

0

c

H0

dz
�

�
ΩΛ + ΩM (1 + z�)3

, (10)

and dN
obs

/dE
obs

refers to the observable neu-

trino/photon flux from an individual GRB located at

distance D(z):

dN
obs

dEobs
=

dN
inj

dEinj

1 + z

4πD(z)2
. (11)

We take as zmax = 9.4, which is the most distant GRB

that has been detected [34].

The spectrum of neutrinos (and anti-neutrinos) at in-

jection can be approximated by a doubly broken power-

law [35]:

dN
inj
ν

dE
inj
ν

∝






�
Eν
E1

�−1
for Eν ≤ E1

�
Eν
E1

�−2
for E1 ≤ Eν ≤ E2

�
E2
E1

�−2
×
�

Eν
E2

�−3
for Eν ≥ E2






. (12)

The first of these spectral features (at Eν = E1) cor-

responds to the pion production threshold for scatter-

ing off photons at the observed break in the gamma-ray

spectrum of GRBs, while the higher energy break (at
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magnetic and radiation fields. In calculating the loca-
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which breaks at 1 MeV or 0.1 MeV for high and low
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ters. The solid and dashed lines represent the predicted
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a redshift distribution which is suppressed above z = 3.

The dotted line shows the flux from high luminosity GRB
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generate fluxes of PeV neutrinos that are similar to that
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eV. In the case of the contribu-
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can collectively impact expectations for the diffuse neu-
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By restricting an analysis to events which correlate in

time and/or direction to known GRBs, it is possible to

conduct a nearly background free search for neutrinos
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ration has applied such a strategy, and used the results
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ing off photons at the observed break in the gamma-ray

spectrum of GRBs, while the higher energy break (at

Eν = E2) appears as a result of the synchrotron cool-

ing of muons and pions. The exact locations of these

breaks is different for typical high and low luminosity

GRBs due to differences in the strengths of the fireballs’

magnetic and radiation fields. In calculating the loca-

tion of the first break, we assume a gamma-ray spectrum

which breaks at 1 MeV or 0.1 MeV for high and low

luminosity GRBs, respectively.

In Fig. 2, we show the diffuse flux of neutrinos and anti-

neutrinos from GRBs for our default parameter choices,

and for some representative variations of these parame-

ters. The solid and dashed lines represent the predicted

flux for our default assumptions, from high and low lu-

minosity bursts, respectively. The dot-dashed line repre-

sents the contribution from high luminosity GRBs with

a redshift distribution which is suppressed above z = 3.

The dotted line shows the flux from high luminosity GRB

with alternative choices for the parameters leading to the

location of the spectral breaks. While these variations

are by no means exhaustive, they demonstrate that for a

fairly wide range of assumptions, GRBs are expected to

generate fluxes of PeV neutrinos that are similar to that

implied by IceCube’s two events (see the dotted line in

Fig. 1). In particular, for each of the four neutrino fluxes

shown in Fig. 2, one expects a rate of 4-7 showers with

energies above 1 PeV per cubic kilometer, per year. For

an estimate of ∼0.1 km
3
for the effective volume for fully

contained showers, this range of rates is within about

a factor of two of that required to account for the two

events reported by IceCube.

Among the various uncertainties that are involved in

the calculation of the neutrino flux from GRBs, a few

stand out as particularly important. First of these is the

fraction of the energy that goes into accelerating protons

to energies above 10
16

eV. In the case of the contribu-

tion from high luminosity GRBs, uncertainties in the lu-

minosity function are particularly significant. For low
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can collectively impact expectations for the diffuse neu-

trino flux by as much as an order of magnitude and will

continue to do so until they are better observationally
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By restricting an analysis to events which correlate in

time and/or direction to known GRBs, it is possible to

conduct a nearly background free search for neutrinos
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trino/photon flux from an individual GRB located at

distance D(z):
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We take as zmax = 9.4, which is the most distant GRB

that has been detected [34].

The spectrum of neutrinos (and anti-neutrinos) at in-

jection can be approximated by a doubly broken power-

law [35]:
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The first of these spectral features (at Eν = E1) cor-

responds to the pion production threshold for scatter-

ing off photons at the observed break in the gamma-ray

spectrum of GRBs, while the higher energy break (at

Eν = E2) appears as a result of the synchrotron cool-

ing of muons and pions. The exact locations of these

breaks is different for typical high and low luminosity

GRBs due to differences in the strengths of the fireballs’

magnetic and radiation fields. In calculating the loca-

tion of the first break, we assume a gamma-ray spectrum

which breaks at 1 MeV or 0.1 MeV for high and low

luminosity GRBs, respectively.

In Fig. 2, we show the diffuse flux of neutrinos and anti-

neutrinos from GRBs for our default parameter choices,

and for some representative variations of these parame-

ters. The solid and dashed lines represent the predicted

flux for our default assumptions, from high and low lu-

minosity bursts, respectively. The dot-dashed line repre-

sents the contribution from high luminosity GRBs with

a redshift distribution which is suppressed above z = 3.

The dotted line shows the flux from high luminosity GRB

with alternative choices for the parameters leading to the

location of the spectral breaks. While these variations

are by no means exhaustive, they demonstrate that for a

fairly wide range of assumptions, GRBs are expected to

generate fluxes of PeV neutrinos that are similar to that

implied by IceCube’s two events (see the dotted line in

Fig. 1). In particular, for each of the four neutrino fluxes

shown in Fig. 2, one expects a rate of 4-7 showers with

energies above 1 PeV per cubic kilometer, per year. For

an estimate of ∼0.1 km
3
for the effective volume for fully

contained showers, this range of rates is within about

a factor of two of that required to account for the two

events reported by IceCube.

Among the various uncertainties that are involved in

the calculation of the neutrino flux from GRBs, a few

stand out as particularly important. First of these is the

fraction of the energy that goes into accelerating protons

to energies above 10
16

eV. In the case of the contribu-

tion from high luminosity GRBs, uncertainties in the lu-

minosity function are particularly significant. For low

luminosity GRBs, the local rate of such objects consti-

tutes a major uncertainty. At present, these uncertainties

can collectively impact expectations for the diffuse neu-

trino flux by as much as an order of magnitude and will

continue to do so until they are better observationally

constrained.

By restricting an analysis to events which correlate in

time and/or direction to known GRBs, it is possible to

conduct a nearly background free search for neutrinos

originating from GRBs. Recently, the IceCube collabo-

ration has applied such a strategy, and used the results

to derive a stringent upper limit on the flux of high en-

ergy neutrinos from observed GRBs [36]. Under standard

astrophysical assumptions, this limit implies that GRBs

cannot be the only sources of the highest energy (> 10
18

eV) cosmic rays (see also, Ref. [37]). The two events be-

ing considered in this paper, however, could still originate
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ing off photons at the observed break in the gamma-ray

spectrum of GRBs, while the higher energy break (at

Eν = E2) appears as a result of the synchrotron cool-

ing of muons and pions. The exact locations of these

breaks is different for typical high and low luminosity

GRBs due to differences in the strengths of the fireballs’

magnetic and radiation fields. In calculating the loca-

tion of the first break, we assume a gamma-ray spectrum

which breaks at 1 MeV or 0.1 MeV for high and low

luminosity GRBs, respectively.

In Fig. 2, we show the diffuse flux of neutrinos and anti-

neutrinos from GRBs for our default parameter choices,

and for some representative variations of these parame-

ters. The solid and dashed lines represent the predicted

flux for our default assumptions, from high and low lu-

minosity bursts, respectively. The dot-dashed line repre-

sents the contribution from high luminosity GRBs with

a redshift distribution which is suppressed above z = 3.

The dotted line shows the flux from high luminosity GRB

with alternative choices for the parameters leading to the

location of the spectral breaks. While these variations

are by no means exhaustive, they demonstrate that for a

fairly wide range of assumptions, GRBs are expected to

generate fluxes of PeV neutrinos that are similar to that

implied by IceCube’s two events (see the dotted line in

Fig. 1). In particular, for each of the four neutrino fluxes

shown in Fig. 2, one expects a rate of 4-7 showers with

energies above 1 PeV per cubic kilometer, per year. For

an estimate of ∼0.1 km
3
for the effective volume for fully

contained showers, this range of rates is within about

a factor of two of that required to account for the two

events reported by IceCube.

Among the various uncertainties that are involved in

the calculation of the neutrino flux from GRBs, a few

stand out as particularly important. First of these is the

fraction of the energy that goes into accelerating protons

to energies above 10
16

eV. In the case of the contribu-

tion from high luminosity GRBs, uncertainties in the lu-

minosity function are particularly significant. For low

luminosity GRBs, the local rate of such objects consti-

tutes a major uncertainty. At present, these uncertainties

can collectively impact expectations for the diffuse neu-

trino flux by as much as an order of magnitude and will

continue to do so until they are better observationally

constrained.

By restricting an analysis to events which correlate in

time and/or direction to known GRBs, it is possible to

conduct a nearly background free search for neutrinos

originating from GRBs. Recently, the IceCube collabo-

ration has applied such a strategy, and used the results

to derive a stringent upper limit on the flux of high en-

ergy neutrinos from observed GRBs [36]. Under standard

astrophysical assumptions, this limit implies that GRBs

cannot be the only sources of the highest energy (> 10
18

eV) cosmic rays (see also, Ref. [37]). The two events be-

ing considered in this paper, however, could still originate
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A wide range of assumptions, GRBs 
are expected to generate fluxes of 
PeV neutrinos that are similar to that 
implied by IceCube's two events. We 
expect a rate of 4-7 showers with 
energies above 1 PeV per cubic 
kilometer, per year. For an estimate of 
~0.1 km^3 of the effective volume for 
fully contained showers this gives the 
observed rate (within a factor of 2).

By restricting an analysis to events which correlate in time and/
or direction to known GRBs, it is possible to conduct a nearly 
background free search for neutrinos originating from GRBs. 
Some of the non-fully contained events should correlate in time 
with known GRBs.
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Active Galactic Nuclei (AGN)

AGNs have a spectral break at 
UV ~10 eV. The neutrino 
spectrum peaks at EeV energies, 
much higher than that from 
GRBs. Yet, considerable degree of 
model dependence due to large 
uncertainties in the spectrum of 
the target radiation fields.

For the spectral shape of Protheroe, most showers initiated within 
IceCube's volume will be of energy 20 PeV or greater. If IceCube's 
existing data does not contain at least a few enormous (non-contained) 
showers of this energy, this AGN model will not be able to account 
for the two reported PeV events.  

Saturday, April 27, 2013



Alternative possibilities

• Starburst Galaxies: Galaxies undergoing periods of 
rapid star-formation. Significant fluxes of TeV 
neutrinos from pp collisions.

• Cosmogenic neutrinos: from 10^17 eV protons. The 
universe is transparent to 10^17 eV protons; thus 
cosmogenic neutrinos are unlikely to be the source of 
the two events reported by IceCube.

• Large scale intergalactic shock waves: Due to 
structure formation. May be capable of accelerating 
both electrons and protons to Lorentz factors as high 
as 10^7. Are constrained by gamma-ray observations 
above 50 GeV (unless only protons are accelerated). 
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Searching for multi-TeV neutrino galactic signal “inspired by gamma-rays” 

What is the Fermi (gamma-ray) bubbles/Fermi haze?

Since 2004 Finkbeiner has proposed the WMAP (microwave) haze, which suggests
the existence of a population of electrons with a spectrum harder than the SNe 
accelerated electrons, of roughly spherical shape and extending out to at lest 
2kpc (~10 kpc considering Fermi data). 

Such a population of hard electrons should also give an ICS signal as well 
which indeed we found. The Fermi haze could be the gamma-ray counterpart of 
the microwave haze...

We need to model the background.Background  gammas come from: 
decaying pi0s (and other mesons) produced at inelastic pp collisions, 
bremsstrahlung from the softer (SNe) electrons,
Inverse Compton scattering (ICS) i.e. up-scattering of CMB, IR and starlight 
photons from CR electrons to gamma-ray energies, 
point sources and isotropic gammas (ExtraGalactic Background and CRs that 
mimic gammas in the detector) 
For all these we use all-sky templates 
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The first Fermi haze template Dobler et al. ApJ 717,825,(2010)
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Spectra
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Fermi Bubbles (Su, Slatyer, Finkbeiner) (SFD+disk+uniform+bubbles) 
ApJ 724,1044 (2010)
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(Updated) Fermi haze (G. Dobler, IC, N.Weiner) ApJ 741,25 (2011)
We used the gamma-ray map from Fermi between 0.5-1 GeV as our background 
galactic template+uniform + haze(modeled by GALPROP  Dark Matter IC signal)

Saturday, April 27, 2013



Case of Dark Matter

The DM smooth halo has an approximately Spherical distribution, a possible 
candidate.

DM can explain the haze signal (WMAP + Fermi) based on solely energetic/
spectral arguments, for cases where DM annihilates predominantly to leptons 
at an enhanced rate.

 

 

0

1

in
te

ns
ity

 [a
rb

 u
ni

ts
]

Isotropic Spherical (E = 3 GeV)

180 90 0 -90 -180

 

-90

-45

0

45

90
 

 

0

1 intensity [arb units]

Isotropic Prolate (E = 3 GeV)

180 90 0 -90 -180
-90

-45

0

45

90

Too spherical Better but still the emission is too peaked 
towards the center 

Models that annihilate to a significant BR to taus or have large BRs to 
hadrons can not explain the angular morphology of the signal.
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Thus one can get:
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So with annihilating DM and specific assumptions on anisotropic and in-
homogeneous diffusion  we CAN fit the Fermi haze morphology spectrum 
and amplitude (ApJ 741,25 (2011))

Other explanations include: strong AGN activity may be in order(Guo & 
Mathews arXiv:1103.0055), strong Galactic wind (Crocker&Aharonian 
PRL 106:101102,2011), 2nd order Fermi acc. (Mertsch&Sarkar arXiv:
1104.3585 (PRL)).
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We can use TeV neutrinos to separate the DM from the 
galactic wind scenarios.
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Figure 3: The angular resolution as a function of the neutrino energy. The quality cuts ap-
plied to the reconstructed tracks are the same as those applied in evaluating the detector’s
flux sensitivity seen in Fig. 1.

In Fig. 2 the Neutrino effective area as a function of the neutrino energy
is shown for the triggered and reconstructed events. The event trigger used
in the present study is minimal and is based on five (or more) L1 hits on
different DOMs due to the signal from a neutrino interaction or atmospheric
muons. An L1 hit is defined as a local coincidence, within a time window of
10 ns, of two (or more) photons detected within the same optical module by
different PMTs.

The angular resolution, in reconstructing the neutrino direction, is shown
in Fig. 3 as a function of the neutrino energy.

The rate of background events due to atmospheric neutrinos and atmo-
spheric muons, remaining after the application of quality cuts to the re-
constructed tracks, is presented in Fig. 4. The number of reconstructed
upcoming atmospheric neutrinos per day is about 170, while the number of
reconstructed downcoming atmospheric muon events is about 20 million per
day.

Gamma Ray Bursts are also potential very high energy neutrino emitters
according to the fireball model [6]. High energy neutrinos from prompt emis-
sion consistent with the detected gamma rays are expected to arrive within
a short time window (2 − 1000 s)[7]. The narrow time window results in
reduced background noise and with the combination of an appropriate cut
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Figure 1: The KM3NeT flux sensitivity (triangles) and discovery flux (circles).
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Figure 2: The effective area of the neutrino telescope as a function of the neutrino energy,
for the triggered (dashed line) and the reconstructed (solid line) events. The quality
cuts applied to the reconstructed tracks are the same as those applied in evaluating the
detector’s flux sensitivity seen in Fig. 1.
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Fig. 4: Probability for a 3σ (dashed and solid lines) and 5σ
(dotted and dashed-dotted lines) discovery as a function
of the mean number of signal events for the case where
we use the number of hits information in the likelihood
(dashed and dotted lines) and for the case where we do
not use it (solid and dashed-dotted lines) for the full sky
search. In this case the signal was added at a declination
of -70◦.

probability for an event i to be reconstructed with Nhits

number of hits (this probability was not included in the
analysis with 2007 and 2008 data [9]).
In order to compute the test statistic the free parameters of
the likelihood are maximized. We have now to distinguish
between the two different analysis presented in this paper:
in the candidate list search only the µsig are fitted while
in the full sky search we have in addition the source
coordinates (δs,αs) to fit. In both cases the results of
the fit are the maximum likelihood value Lmax

s+b and the
estimates of the free parameters. The test statistic is then
defined as:

Q = Lmax
s+b − Lb (2)

where Lb is the likelihood computed for the background
only case. The higher Q the more the data are compatible
with signal.
Just using the number of hits information in the likelihood
let us to gain a 25% (22%) factor for the 3 (5) σ discovery
probability as shown in Figure 4 for the full sky search.

V. RESULTS

As mentioned above two different analyses have been
done. The first one is a full sky survey with no assump-
tions about the source position. In the second analysis, we
made a search for a signal excess in an a priori defined
spot in the sky corresponding to the position of some
interesting astrophysical objects.
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Fig. 5: Galactic skymap showing the 3058 data events. The
position of the most signal-like cluster is indicated by the
circle. The stars denote the position of the 51 candidate
sources.

A. Full sky search

In the full sky search, no significant clusters of neutrino
candidates were found. The most signal-like cluster is
located at αs, δs = (−46.5◦,−65.0◦). The fit assigns
5 events above the background. The value of the test
statistic for this cluster is 13.0 which yields to a p-value
of 2.6%. Figure 4 shows a sky map of the selected events
in galactic coordinates with the location of the most signal
like cluster.

B. Candidate list search

The results of the search in the direction of 51 pre-
defined candidate sources are shown in Table I. None
of the sources have a significant excess of events. The
most signal-like candidate source is HESS J1023-575
where the post-trial p-value is of 41%. Figure 6 shows
the 90% confidence level limits on φ using the Feldman-
Cousins prescription [10] and assuming an E−2 neutrino
spectrum for each of the source candidates as a function
of the source declination. The sensitivity of this analysis
is also presented, defined as the median expected limit
and resulting in a factor 2.7 better than the one obtained
with data collected during 2007 and 2008 only [9]. Limits
from other experiments are also shown. However, it should
be noted that for this spectrum, ANTARES detects most
events at energies around 10 TeV while the limits in the
Southern Hemisphere published by the IceCube Collabo-
ration [11] apply to the PeV region.

VI. CONCLUSIONS

A search of high energy cosmic neutrinos has been
performed. Data were taken during the first four years of
operation when ANTARES consists of 5 line for most of
the first year considered and 9, 10 and 12 for the rest. A

KM3NeT?

From HOURS simulation 
(special thanks to A. Tsirigotis)
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Fermi Bubbles, CR protons (hadronic case)

The CR protons responsible for the Bubbles that have a spectrum described 
by:

8

FIG. 7: νµ+νµ events with energy between 500 GeV and 1.5 TeV from DM annihilation of Mχ = 1.5 TeV χχ −→ µ+µ− Einasto
prolate profile. Top Left : With IceCube DeepCore in 3 yr, with “Online Filter” atmospheric background (22477 νµ+νµ events)
and contribution from DM (368 νµ + νµ events). Top Right : With KM3NeT in 3yr using HOURS reconstruction technique,
atmospheric background (138560 νµ+νµ events) and contribution from DM (6482 νµ+νµ events). As in Fig. 2 events numbers
refer to the entire sky and we use the same mask of | b |< 5◦. Bottom left and bottom right : Zooming in the 60◦ × 60◦ window
for the IceCube (left) and KM3NeT (right) maps of the top row. Even in IceCube some excess of events is expected to be seen
towards the GC. With KM3NeT sensitivity and angular resolution a clear signal from that model will be observed or strong
constraints will be placed.

can there be a signal that would be detected. Thus, the
neutrino searches for hadronic channels are deemed not
optimal given how strong constraints can be drawn from
the local p̄ flux and from γ-ray searches for these chan-
nels. For leptonic to mainly muons channels though, p̄
and γ-s provide weak constraints and neutrinos can pro-
vide a useful alternative search channel.

IV. HADRONIC SCENARIO: NEUTRINOS
FROM THE FERMI BUBBLES

As discussed in [11] a possible explanation of the Fermi
Bubbles signal [2] is that of copious and long time-scale
star formation in the galactic center giving CR protons
with energies up to the PeV scale. These CR protons
are transferred up to a distance of 10 kpc away from the
galactic disk due to strong winds [11]. In that scenario
the γ-rays composing the Fermi Bubbles will come from
the decay chains of boosted mesons produced in p-p col-
lisions. The same process will produce neutrinos with en-

ergies up to the cut-off energy of these hard CR protons.
Similarly these processes take place in the atmosphere
producing the equivalent background.
The CR protons entering the atmosphere have a signifi-

cantly softer spectrum (! 2.67 above 300 GeV) measured
most recently from [99, 100] [126], compared to those re-
sponsible for the Bubbles that have a spectrum described
by [11]:

dNp

dEp
dE = N0E

−2.1
p exp [−Ep/Ep0

] , (7)

with Ep0
the cut-off energy ∼ PeV. Thus we can expect

to see the neutrino component from the Bubbles at high
energies [13, 15, 101].
An other difference between the atmospheric neutrino

background and the possible neutrino signal from the
Fermi Bubbles, is that the CR protons entering the at-
mosphere due to column densities of matter ! kg cm−2,
produce extensive showers that can reach for the most
energetic protons up to 1010 particles at peak number
[102–104] while for the CR protons at the Bubbles region

The neutrinos coming from the Bubbles will have the same morphology as 
the gamma-rays, which is relatively flat in longitude and latitude with clear 
edges. The total energy stored in the CR protons in the Bubbles is estimated 
to be ~ 10^56 erg due to an estimated averaged 10^39erg/s of injected 
power to hard CR protons transferred from the GC via galactic winds in the 
Fermi Bubbles regions. This process is estimated to have been ongoing for a 
timescale of multi Gyrs.
The power to neutrinos is ~10^38 erg/s.
The distance of the Bubbles to us is ~8-10 kpc.
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indication of the Fermi Bubbles for the 
hadronic scenario. KM3NeT can have a 
clear observation of the morphology and 
provide an alternative estimation of the 
Bubbles energy (for the hadronic case). 
Alternatively, lack of detection of the 
Bubbles at ~100 TeV neutrinos will exclude 
the galactic winds (hadronic)model for the 
Bubbles. 
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Figure 4: Discovery fluxes as functions of the observation years for 5σ C.L., 50% prob-

ability and 3σ C.L., 50% probability, for the three neutrino spectra assumed. The bands

represent the variation due to the uncertainty on the normalisation factor of the conven-

tional Bartol neutrino flux. The long-dashed line indicates the predicted neutrino flux

estimated in Sec. 4.1.

this case the resulting live time required for discovery is 6 years, which is

well in the expected lifetime of the KM3NeT detector.

If no statistically significant excess of neutrino events will be found, up-

per limits can be set for specific neutrino emission models. In Fig. 5 the

average upper flux limits at 90% of C. L. (computed following the Feldman

and Cousins prescription [38]) are reported for the three neutrino spectra

investigated. If the observed gamma flux is of purely hadronic origin and the

source is fully transparent for gamma rays, the expected neutrino spectrum

20

Full-sky simulated above 100TeV 
(2.7x10^3 DM events) 5x10^2 atm. 
backg. events
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Dark Matter annihilation case

3

FIG. 1: 3 × 104 simulated ν events, from XDM to µ± scenario. Left :Prolate Einasto profile with homogeneous enhancement,
right : including a ∝ r1/4 in the annihilation cross-section. The latter case is less prolate in its morphology. We present the
neutrino maps in Mollweide projection using HEALPix [67].

by:[123]

dφ0
νi

dEνi

=

∫

dΩ

∫

l.o.s.
d"(θ)

ρ2DM 〈σv〉(", θ)

8πm2
χ

dNνi

dEνi

, (2)

where we have left 〈σv〉(", θ) to depend on the position in
the Galaxy for the most generic case. A boost factor is
absorbed in either ρ2DM or/and the 〈σv〉. The

dN
νi

dE
νi

is the

neutrino spectrum of the species νi. The multiplicity M i

of νis per annihilation event is absorbed in
dN

νi

dE
νi

giving:

∫ mχ

0

dNνi

dEνi

dE = M i. (3)

In this work we are going to discuss only the up-
ward going νµs flux. The Aeff of νe upward for both
the IceCube DeepCore (not optimally placed for the GC
searches) [44] and the KM3NeT [78], is smaller for νes
by at least a factor of 2 at all energies of interest. For
simplicity we are going to ignore their contribution.
The observed νµ flux at Earth after oscillations is given

by [47, 79, 80]:

φνµ #
1

2

(

φ0
νµ + φ0

ντ

)

+
1

8
s2 with

s2 = sin22Θ12

(

2φ0
νe − φ0

νµ − φ0
ντ

)

and (4)

sin22Θ12 = 0.86,

where φ0
νi is the flux at injection of flavor species νi.

For specific experiments one has to include the strong
dependence of the telescopes effective area with angle
and energy. Within an angle dΩ and an energy range E -
E+∆E the total number of upward going νµ+νµ events
is [124]:

Nνµ,νµ
(E, dΩ) =

∫ E′+∆E′

E′

dE′

∫

dΩ

∫

l.o.s.
d"(θ)

ρ2DM 〈σv〉

8πm2
χ

Aeffνµ,νµ
(E′, θ)

dNosc.
νµ,νµ

dE′
νµ,νµ

, (5)

where,

dNosc.
νµ,νµ

dE′
νµ,νµ

=
1

2

(

dNνµ,νµ

dE′
νµ,νµ

+
dNντ ,ντ

dE′
ντ ,ντ

)

(6)

+
1

8
0.86

(

2
dNνe,νe

dE′
νe,νe

−
dNνµ,νµ

dE′
νµ,νµ

−
dNντ ,ντ

dE′
ντ ,ντ

)

.

For the
dN

νi

dE
νi

originating from the 2.5 TeV XDM to

muons case, the injection spectra of νµ, νµ, νe, νe (there
are no ντ s) are practically identical to those of the in-
jected e± given in appendix A of [81]. Per annihilation
event there are 2 neutrinos (and 2 antineutrinos) for each
flavor.
Having excluded the | b |< 5◦ region, the basic re-

maining background is that of the atmospheric upward
neutrinos. The atmospheric background flux is isotropic
after averaging for the many different directions of the
neutrino telescopes axis within long timescales. For the
atmospheric νµ and νµ spectra and fluxes above 10 GeV
and up to 10 TeV we used the tables of Appendix B
of [82], extrapolating to higher energies with a spectral
power law of 3.7 for the differential spectrum [40].
In Fig. 2 we give in galactic coordinates 10 yr mock

maps for νµ + νµ upward events with energy between
360 and 2160 GeV. The energy range has been chosen to
optimize the detection of a DM signal for the specific 2.5
TeV XDM case.
The atmospheric background νµ + νµ events that are

shown in the top left of Fig. 2 are 152784; while the DM
events for the prolate Einasto are 424 and 332 for the
case of 〈σv〉 ∝ r1/4 for the entire sky. Those numbers
of DM events are smaller than the 1 σ deviation (for the
entire sky). Since the morphology of the DM signal is
much different than that of the atmospheric background,
one can expect to see a signal increase of events towards
the GC (see the bottom row of Fig. 2) where we show the
inner 60◦×60◦. Including the | b |< 5◦ mask for the TeV
sources (point and diffuse) for the galactic center and disk
most of this dim DM contribution is hidden. In fact since

The DM annihilation in the halo contribution is: 

The atmospheric background flux is isotropic after averaging for the many dif-
ferent directions of the neutrino telescopes axis within long timescales. While 
the morphology of the DM signal is much different than that of the atmospheric 
background,  one can expect to see a signal increase of events towards the GC.

Full-sky simulated between 0.4 TeV and 2.2 TeV (2.4x10^3 DM events) 
2.1x10^5 atm. background events
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spectra decreasing from high galactic lati-
tudes towards  the galactic disk (excluding 
the disk), will be an indication of a signal 
from DM annihilation in the main halo.

The IceCube DeepCore the sensitivity towards the GC is still too 
low and the angular resolution, too large ( >5 degrees) to provide a 
robust signal for that DM model.
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A more optimistic case for neutrino signal by DM annih.:
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at gamma-ray data)on the muon channel can 
not exclude such a signal.
Neutrinos can provide an alternative search 
channel for DM annihilating to muons with an 
enhanced cross-section.

Full-sky simulated between 0.5 TeV and 1.5 TeV (6.5x10^3 DM events) 
1.4x10^5 atm. background events
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Conclusions

• With the observation of two showers with energies at ~1 PeV at 
IceCube, we may be witnessing the first light in the field of 
high-energy neutrino astronomy.

• Photo-meson interactions of ~10-100 PeV protons to be the most 
promising possibility. Could be realized by a variety of 
astrophysical sources: GRBs, AGNs and starburst galaxies. 

• GRBs can naturally explain the two observed events. A neutrino 
flux comparable to that implied by the IceCube events is predi-
cted for a wide range of assumptions regarding the redshift 
distribution, luminosity function, and other physical characteri-
stics.

• AGN models peak at much lower energies. Neutrino spectra are 
predicted which peak at energies well above those of PeV 
energies. Searching for even higher energy showers in IceCube 
data set may be capable of excluding some AGN models.

Saturday, April 27, 2013



• The 2 fully contained shower events should be accompanied by 
tens of PeV muon tracks and partially contained showers.

• Need to further analyze the IceCude existing high energy data.

• IceCube can not observe any signal from DM annihilation at the 
TeV energies but could observe some ~100 TeV neutrino events 
towards the northern edge of the bubbles for the hadronic 
case (strong galactic winds).

• A KM3NeT-like experiment will be able to either exclude the 
hadronic scenario or confirm the bubbles morphology and 
measure the spectrum and injected energy.

• Leptonic DM annihilation can be probed by a KM3NeT like 
experiment at ~3 yrs of observations more efficiently than 
other indirect channels of search. Hadronic DM annihilation has 
been already better probed by CR observations.
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Thank you
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Additional slides
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SFD template used as a pi0 tracer may be the root of difference
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The X-shape could indicate an over-subtraction (of pi0 gamma-rays) in 
the SFD template scheme. The pi0 to dust column ratio is not always 
constant. At the high latitudes the signal is clear (some edge at high 
latitudes is confirmed with the latest data) BUT at lower latitudes the 
template selection is important.
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Bubbles or haze?
One needs to be very careful for small (but significant when discussing 
the interpretation) caveats from templates.
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The AMS-02 experiment on ISS

fraction is steadily increasing from 10 to !250 GeV, but, from 20 to 250 GeV, the slope decreases by

an order of magnitude. The positron fraction spectrum shows no fine structure, and the positron to

electron ratio shows no observable anisotropy. Together, these features show the existence of new

physical phenomena.

DOI: 10.1103/PhysRevLett.110.141102 PACS numbers: 96.50.sb, 14.60.Cd, 95.35.+d, 95.55.Vj

The Alpha Magnetic Spectrometer (AMS-02) is a gen-
eral purpose high-energy particle physics detector. It was
installed on the International Space Station (ISS) on
19 May 2011 to conduct a unique long duration mission
(!20 years) of fundamental physics research in space. The
first AMS results reported in this Letter are based on the
data collected during the initial 18 months of operations on
the ISS, from 19 May 2011 to 10 December 2012. This
constitutes 8% of the expected AMS data sample. The
positron fraction, that is, the ratio of the positron flux to
the combined flux of positrons and electrons, is presented
in this Letter in the energy range from 0.5 to 350 GeV. Over
the past two decades, there has been strong interest in the
cosmic ray positron fraction in both particle physics and
astrophysics [1]. The purpose of this Letter is to present the
accurate determination of this fraction as a function of
energy and direction (anisotropy).

AMS detector.—The layout of the AMS-02 detector [2]
is shown in Fig. 1. It consists of nine planes of precision
silicon tracker, a transition radiation detector (TRD), four
planes of time of flight counters (TOF), a permanent
magnet, an array of anticoincidence counters (ACC), sur-
rounding the inner tracker, a ring imaging Čerenkov de-
tector (RICH), and an electromagnetic calorimeter
(ECAL). The figure also shows a high-energy electron of
1.03 TeV recorded by AMS.

The AMS coordinate system is concentric with the
center of the magnet. The x axis is parallel to the main
component of the magnetic field, and the z axis points
vertically. The (y-z) plane is the bending plane. AMS is
mounted on the ISS with a 12" roll to port to avoid the ISS
solar panels being in the detector field of view; terms such
as ‘‘above,’’ ‘‘below,’’ and ‘‘downward-going’’ refer to the
AMS coordinate system.

The tracker accurately determines the trajectory and
absolute charge (Z) of cosmic rays by multiple measure-
ments of the coordinates and energy loss. It is composed of
192 ladders, each containing double-sided silicon sensors,
readout electronics, and mechanical support [3,4]. Three
planes of aluminum honeycomb with carbon fiber skins are
equipped with ladders on both sides of the plane. These
double planes are numbered 3–8; see Fig. 1. Another three
planes are equipped with one layer of silicon ladders. As
indicated in Fig. 1, plane 1 is located on top of the TRD,
plane 2 is above the magnet, and plane 9 is between the
RICH and the ECAL. Plane 9 covers the ECAL accep-
tance. Planes 2–8 constitute the inner tracker. Coordinate
resolution of each plane is measured to be better than

10 !m in the bending direction, and the charge resolution
is !Z ’ 0:06 at Z ¼ 1. The total lever arm of the tracker
from plane 1 to plane 9 is 3.0 m. Positions of the planes of
the inner tracker are held stable by a special carbon fiber
structure [5]. It is monitored by using 20 IR laser beams
which penetrate through all planes of the inner tracker and
provide micron-level accuracy position measurements.
The positions of planes 1 and 9 are aligned by using cosmic
ray protons such that they are stable to 3 !m (see Fig. 2).
The TRD is designed to use transition radiation to dis-

tinguish between e$ and protons, and dE=dx to indepen-
dently identify nuclei [6]. It consists of 5248 proportional
tubes of 6 mm diameter with a maximum length of 2 m
arranged side by side in 16-tube modules. The 328 modules

TRD

Tracker 

ECAL 

RICH

FIG. 1 (color). A 1.03 TeV electron event as measured by the
AMS detector on the ISS in the bending (y-z) plane. Tracker
planes 1–9 measure the particle charge and momentum. The
TRD identifies the particle as an electron. The TOF measures
the charge and ensures that the particle is downward-going. The
RICH independently measures the charge and velocity. The
ECAL measures the 3D shower profile, independently identifies
the particle as an electron, and measures its energy. An electron
is identified by (i) an electron signal in the TRD, (ii) an electron
signal in the ECAL, and (iii) the matching of the ECAL shower
energy and the momentum measured with the tracker and
magnet.

PRL 110, 141102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

141102-3

Lunched on May 16th, will collect data for 20 yrs.
Will measure all CR nuclei species up to Ni. 
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C117 

Figure 1). The average time resolution of each counter has 
been measured to be 160 picoseconds, and the overall beta 

em has been measured to be 

specifications. 
The Anti-Coincidence Counters (ACC) surround the 

AMS silicon tracker, just inside the inner cylinder of the 
vacuum case, to detect unwanted particles that enter or 
leave the tracker volume and induce signals close to the 
main particle track such that it could be incorrectly 
measured, for example confusing a nucleus trajectory with 
that of an anti-nucleus.  The ACC consists of sixteen 
curved scintillator panels of 1 m length, instrumented with 
wavelength shifting fibers to collect the light and guide it 
to a connector from where a clear fiber cable guides it to 
the photomultiplier sensors mounted on the conical flange 
of the vacuum case. 

2.3. Silicon Tracker and Permanent Magnet 

The tracker is composed of 192 ladders, the basic unit 
that contains the silicon sensors, readout electronics and 
mechanical support. Three planes of honeycomb with 
carbon fiber skin, equipped with silicon ladders on both 
sides, constitute the inner part of the silicon tracker. Other 
three planes equipped with only one layer of silicon 
ladders are located on top of TRD, on top of the 
Permanent Magnet and in between Ring Image Cherenkov 
detector and Electromagnetic Calorimeters as indicated in 
Figure 1. 

Each ladder has 100µm pitch silicon strips aligned with 
3µm accuracy that measure coordinates of charged 
particles two orthogonal projections. Accuracy of the 
measurement in the bending plane is 10µm. Overall there 
are close to 200000 readout channels. Signal amplitude 
provides a measurement of the particle charge independent 
of other sub-detectors as presented in Figure 2. 

 

 
Figure 2: Correlation between bending plane amplitudes 
(charge S) and non-bending plane amplitudes (charge K) 
as measured in the heavy ion beam of 158 GeV/n. 
 

 Permanent Magnet with the central field of 1.4kG 
provides a bending power sufficient to measure protons up 
to Maximal Detectable Rigidity of 2.14TV. For He nuclei 
the Maximal Detectable rigidity is 3.75TV 

2.4. Ring Imaging Cherenkov detector 

The Ring Imaging Cerenkov (RICH) detector is 
designed to separate charged isotopes in cosmic rays by 
measuring velocities of charged particles with a precision 
of one part in a thousand.  The detector consists of a dual 
dielectric radiator that induces the emission of a cone of 
light rays when traversed by charged particles with a 
velocity greater than that of the phase velocity of light in 
the material.  The emitted photons are detected by an array 
of photon sensors after an expansion distance of 45 cm  
The measurement of the opening angle of the cone of 
radiation provides a direct measurement of the velocity of 
the incoming charged particle ( =v/c).  By counting the 
number of emitted photons the charge (Z) of the particle 
can be determined (see Figure 3).  

The radiator material of the detector consists of 92 tiles 
of silica aerogel (refractive index n=1.05) of 2.5 cm 
thickness and 16 tiles of sodium fluoride (n=1.33) of 
0.5 cm thickness.  This allows detection of particles with 
velocities greater than 0.953c and 0.75c respectively.  The 
detection plane consists of 10,880 photon sensors with an 
effective spatial granularity of 8.5 x 8.5 mm2.  To reduce 
lateral losses the expansion volume is surrounded by a 
high reflectivity reflector with the shape of a truncated 
cone. 

 
Figure 3: Shown on top are snapshots of the rings 
produced by the different nuclei as seen by RICH. Bottom 
figure is a spectrum of charges observed in 158 GeV/n 
heavy ion beam. 

2.5. Electromagnetic Calorimeter 

The AMS-02 electromagnetic calorimeter (ECAL) 
consists of a lead scintillating fiber sandwich with an 
active area of 648x648 mm2 and a thickness of 166.5 mm.  
The calorimeter is composed of 9 superlayers, each 
18.5 mm thick and made of 11 grooved, 1 mm thick lead 
foils interleaved with 10 layers of 1 mm diameter 
scintillating fibers. In each superlayer, the fibers run in one 
direction only.  The 3-D imaging capability of the detector 

!" # $%& #'
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FIG. 2: As in Fig. 1, but for dark matter which annihilates into a pair of intermediate states, φ, which proceed to decay to
e+e− (first row), to µ+µ− (second row), to π+π− (third row), and to a 1:1:2 ratio of e+e−, µ+µ−, and π+π− (fourth row).
For annihilations to 2e+2e− and a mass of 400 GeV (1.2 TeV), we have used a thermally averaged annihilation cross section of
�σv� = 7.3× 10−25 cm3/s (6.2× 10−24 cm3/s). For annihilations to 2µ+2µ− and a mass of 800 GeV (2.5 TeV), we have used
a thermally averaged annihilation cross section of 3.4 × 10−24 cm3/s (2.6 × 10−23 cm3/s). For annihilations to 2π+2π− and
a mass of 1.0 TeV (3.0 TeV), we have used a thermally averaged annihilation cross section of 5.7 × 10−24 cm3/s (4.1 × 10−23

cm3/s). And for annihilations to a 1:1:2 ratio of e+e−, µ+µ−, and π+π− final states with a mass of 500 GeV (1.6 TeV), we
have used a thermally averaged annihilation cross section of 1.5× 10−24 cm3/s (1.3× 10−23 cm3/s).
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FIG. 3: The impact of the diffusion zone half-width, L, on the positron fraction in a representative DM model. In each case,
we have chosen the diffusion coefficient to fit the non-leptonic background cosmic ray measurements. The dotted, dashed,
dot-dashed, and solid lines correspond to L =1, 2, 4 and 8 kpc, respectively. The model used in this figure consists of a 1 TeV
dark matter particle that annihilates to a pair of intermediate states which each decay to π+π−, with a cross section given by
16, 9.8, 5.7 and 3.5×10−23cm3/s, for L =1, 2, 4 and 8 kpc, respectively.

III. PULSARS

Pulsars are rapidly spinning neutron stars which
steadily convert their rotational kinetic energy into radio
emission, γ-rays, and cosmic rays, likely including ener-
getic electron-positron pairs. When initially formed, typ-
ical pulsars exhibit rotational periods on the order of tens
or hundreds of milliseconds, and magnetic field strengths
of ∼1011-1013 G. As a result of magnetic-dipole braking,
the period of the pulsar’s rotation slows down at a rate
given by Ṗ = 3.3× 10−15 (B/1012 G)2 (P/0.3 s)−1, corre-
sponding to an energy loss rate of Ė = 4π2IṖ /P 3 = 4.8×
1033erg/s (B/1012 G)2 (P/0.3 s)−4 (I/1045g cm2). Young
pulsars spin-down quite rapidly, typically losing a major-
ity of their rotational kinetic energy in on the order of
only∼105 years. In both polar gap and outer gap models,
a significant fraction of this energy can go into the pro-
duction and acceleration of electron-positron pairs [65–
67].

The spectral shape of the electrons and positrons in-
jected from pulsars is often parametrized as [68]:

dNe

dEe
∝ E−α

e exp(−Ee/Ec). (1)

Although there is considerable uncertainty associated
with these spectral parameters, α = 1.5 − 2.0 and Ec =
80−1000 GeV cover the range typically found throughout
the literature. We begin by calculating the contribution
from the sum of all pulsars distributed throughout the
Milky Way. To do this, we adopt the spatial distribution
of the pulsar birth rate as described in Ref. [69], normal-
ized to an overall rate of 1 pulsar per century throughout
the Galaxy, each with an average total energy of 1049 erg.

Following the procedure followed in the previous sec-
tion, in Figs. 7 and 8 we show results for this distribution

of pulsars. In Fig. 7, we adopt a simple power-law of
index -2.65 for the injected spectrum from (non-pulsar)
cosmic ray sources, while in Fig. 8 we break this spec-
trum to -2.3 above 100 GeV. In each figure, we show
results for two different choices of the pulsar spectral in-
dex, α, and the diffusion zone half-width, L. In each case,
we fix Ec = 600 GeV and normalize the positron and
electron contribution from pulsars by assuming that 16%
of the pulsars’ total energy goes into high energy pairs.
From these results (especially those shown in Fig. 8), we
conclude that for very reasonable choices of parameters,
pulsars can provide a viable explanation for the observed
cosmic ray positron fraction.

In addition to the integrated contribution from all pul-
sars throughout the Milky Way, there are two young
and nearby pulsars which could each individually con-
tribute significantly to the cosmic ray positron spectrum.
The Geminga pulsar is 370,000 years old, 157 parsecs
from the solar system, and pulsates with a period of 230
ms. The pulsar B0656+14 (possibly associated with the
Monogem supernova remnant) is considerably younger
(110,000 years), although somewhat more distant (290
parsecs), and more slowly rotating (P = 390 ms). These
parameters, combined with their measurements of Ṗ , im-
ply that Geminga and B0656+14 have each lost approx-
imately 3 × 1049 erg and 1 × 1049 erg of rotational en-
ergy since their births, respectively. If 4-5% of this en-
ergy went into the production and acceleration of ener-
getic e+e− pairs, then these pulsars could be responsi-
ble for the observed rise in the cosmic ray positron frac-
tion [22, 23]. If we combine these two sources with the
somewhat smaller contribution expected from the sum
of all more distant pulsars [22], we estimate that if 3-
4% of the total energy from pulsars goes into energetic
pairs, this would be sufficient to account for the observed

Softer annihilation spectra are preferred from the combined CR lepton spectra
Also thinner diffusion halos demand even softer annihilation spectra. Thicker 
diffusion halos are somewhat preferred in agreement with indications from gamma-
rays. 

Still some degeneracy between 
propagation properties and 
DM annihilation products. 
With AMS to release heavier 
nuclei CR spectra, these 
degeneracies will strongly we 
reduced.  
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FIG. 6: The same as in Figs. 1, 2, 4 and 5 but for a diffusion zone half-width of L = 8 kpc, and for broken power-law spectrum
of electrons injected from cosmic ray sources (dNe−/dEe− ∝ E−2.65

e below 100 GeV and dNe−/dEe− ∝ E−2.3
e above 100

GeV). The cross sections are the same as given in the caption of Fig. 5. With this cosmic ray background, the dark matter
models shown can simultaneously accommodate the measurements of the cosmic ray positron fraction and the overall leptonic
spectrum.

All Milky Way pulsars

Α"1.55, Ec"600 GeV

1 5 10 50 100

0.02

0.05

0.10

0.20

0.50

1.00

E !GeV"

e
#
#!

e
#
#

e
$
"

All Milky Way pulsars

Α"1.55, Ec"600 GeV

1 10 100 1000
1

5

10

50

100

500

1000

E !GeV"

e
#
#

e
$

E
3
x

d
if

f.
fl

u
x

G
eV

2
!m

2
s

sr
"$

1

All Milky Way pulsars

Α"1.65, Ec"600 GeV

1 5 10 50 100

0.02

0.05

0.10

0.20

0.50

1.00

E !GeV"

e
#
#!

e
#
#

e
$
"

All Milky Way pulsars

Α"1.65, Ec"600 GeV

1 10 100 1000
1

5

10

50

100

500

1000

E !GeV"

e
#
#

e
$

E
3
x

d
if

f.
fl

u
x

G
eV

2
!m

2
s

sr
"$

1

FIG. 7: The predicted cosmic ray positron fraction (left) and electron+positron spectrum (right) from the sum of all pulsars
throughout the Milky Way, for an injected spectrum of dNe±/dEe± ∝ E−1.55

e± exp(−Ee±/600GeV) and a diffusion zone half-

width of L = 4 kpc (top), and for an injected spectrum of dNe±/dEe± ∝ E−1.65
e± exp(−Ee±/600GeV) and a diffusion zone

half-width of L = 8 kpc (bottom). For normalization, we have assumed that 16% of the pulsars’ total energy goes into high
energy electron-positron pairs. The error bars shown represent the positron fraction as measured by AMS (black, left) and
PAMELA (red, left), and the electron+positron spectrum as measured by Fermi and AMS-01 (black, right). In each case, we
have adopted a propagation model that provides a good fit to the various secondary-to-primary ratios as described in the text.
The expected backgrounds are shown as black dotted lines.

Figure 1. Left: Allowed ranges of parameter space for fits within the 1σ, 90% confidence, and 2σ error
bars to PAMELA only (in decreasing intensity of red), Fermi only (in decreasing intensity of gray), and for
simultaneous fits to both PAMELA and Fermi (in decreasing intensity of purple). Yellow crosses indicate
benchmark points. Right: As in left, with curves showing the boost factors for a range of mass splittings δ such
that Ωh2 = 0.1120 (dashed). Yellow lines, marked with asterisks, are chosen to pass through the benchmark
points for cases where the BF varies rapidly with δ. The CMB constraints are met for the solid portions of
the curves. Results are shown for 800 GeV ≤ mχ ≤ 3 TeV only. All preferred regions shown here assume
ρ0 = 0.4 GeV/cm3 and no contribution to the signal from DM substructure; any substructure correction (e.g.
[87]) will shift the preferred regions to lower boost factors. The δ = 0 curve is intended as a consistency check
with previous work, and so annihilation channels involving the dark Higgs were omitted from the computation
in this case.

– 18 –

Finkbeiner et al. JCAP 2011

Physical models that work with all data (leptons/ antiprotons/ 
gamma-rays/ microwaves)

3
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FIG. 1: The positron-to-electron ratio (at energies > 240 GeV) expected in different primary electron spectrum models: the
solid line is for a smooth spectrum without hardening, while the dashed and dotted lines are for the spectra with hardening at
the energy E = 240 GeV (the indexes of hardened primary electron spectra are marked in the Figure). The PAMELA data
are taken from [19, 20].

the total cosmic ray protons above ∼ 240 GeV are dominated by the nearby source. The chance for one high energy
proton to produce one positron is P ∼ σppncτ/3 ∼ 3.5×10−3 (n/0.5 cm−3)(τ/1013 s), where σpp ≈ 70 mb is the total
cross section of production of pions in proton-proton collision, and n ∼ 0.1 − 1 cm−3 is the number density of the
local interstellar medium. The high energy proton loses about 20% energy in one proton-proton collision, roughly one
quarter converts into positron via the decay of the positively charged pion (i.e., π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ).
Hence at the energy of 240 GeV, the positron-to-proton ratio is ∼ P/201.7 ∼ 2 × 10−5 (n/0.5 cm−3)(τ/1013 s),
well below the value ∼ 3 × 10−4 inferred from the PAMELA data [20], where the E−2.7-like proton spectrum has
been taken into account. If the future AMS-02 data show no evidence for the hardening of the primary electron
spectrum at 240 GeV, the cosmic ray sources accounting for the nuclei excesses likely locate at a distance further
than R ∼ 1.7 kpc (D0/1028.5 cm2 s−1)1/2(utot/1 eV cm−3)−1/2(E/0.24 TeV)−1/3.

III. DIFFUSE GALACTIC γ−RAY EMISSION: CONSTRAINING THE PHYSICAL ORIGIN OF THE
POSITRON-TO-ELECTRON EXCESS

In this section we focus on the positron and electron excesses discovered by the ATIC, PAMELA, HESS and Fermi-
LAT and concentrate on the possible connection of current data with dark matter particles. Dark matter is a form of
matter necessary to account for gravitational effects observed in very large scale structures such as the flat rotation
curves of galaxies and the gravitational lensing of light by galaxy clusters that cannot be accounted for by the amount
of observed/normal matter [25]. The most widely discussed candidate is the so-called weakly interacting massive
particles (WIMPs), which may annihilate with each other or decay and then produce particle pairs such as photons,
electrons and positrons and so on [25]. That is why dark matter may be able to account for the observed positron
and electron excesses, as extensively examined in the literature [26–28].
Recently, the positron-to-electron ratio in the energy range 100−300 GeV measured by PAMELA has been reported

in [20]. In the lower energy range, the ratio data have been updated [19]. With these latest data we explore the allowed
WIMP parameter regions in both the annihilation model and the decay model. The electrons originated from dark
matter annihilation/decay will suffer from inverse Compton scattering of interstellar background photons (e.g., cosmic
microwave background, dust emission and star light) and boost these photons to GeV energies, becoming part of the
Galactic diffuse emission. Hence the Galactic diffuse emission detected by space telescopes can be used to constrain
the physical parameters of dark matter particles [25]. The latest bounds set by the Fermi-LAT Galactic diffuse
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FIG. 8: The same as in Fig. 7, but for a broken power-law spectrum of electrons injected from cosmic ray sources (dNe−/dEe− ∝
E−2.65

e below 100 GeV and dNe−/dEe− ∝ E−2.3
e above 100 GeV), and for slightly different pulsar spectral indices (α =1.6 and

1.5 in the upper and lower frames, respectively). With this cosmic ray background, the pulsar models shown can simultaneously
accommodate the measurements of the cosmic ray positron fraction and the overall leptonic spectrum.

nihilates into light intermediate states which then decay

into combinations of muons and charged pions, however,

can accommodate the new data (see Fig. 6). In those

dark matter models still capable of generating the ob-

served positron excess, the dark matter’s mass and anni-

hilation cross section fall in the range of ∼1.5-3 TeV and

�σv� ∼ (6− 23)× 10−24 cm3/s.

We have also considered pulsars as a possible source

of the observed positrons. In particular, we find that for

reasonable choices of spectral parameters and spatial dis-

tributions, the sum of all pulsars in the Milky Way could

account for the observed positrons (see Fig. 8) if, on av-

erage, 10-20% of their total energy goes into the produc-

tion and acceleration of electron-positron pairs (assuming

a birth rate of one per century throughout the Galaxy,

each with an average total energy of 1049). It may also be

the case that a small number of nearby and young pulsars

(most notably Geminga and B0656+14) could dominate

the local cosmic ray positron flux at energies above sev-

eral tens of GeV. Taking into account these two excep-

tional sources, we estimate that if 3-4% of the total en-

ergy from pulsars goes into energetic pairs, these objects

could be responsible for the observed positron fraction.

Currently, we cannot yet discriminate between dark

matter and pulsars as the source of the observed positron

excess. We are hopeful, however, that future data from

AMS may change this situation. In addition to contin-

uing to improve the precision of their measurement of

the positron fraction and extending this measurement to

higher energies, AMS will also measure with unprece-

dented precision a number of secondary-to-primary ratios

of cosmic ray nuclei species, which can be used to con-

strain many aspects of the underlying cosmic rays propa-

gation model. Of particular importance is the 10Be/9Be

ratio, for which existing measurements are limited to en-

ergies below 2 GeV (kinetic energy per nucleon), and with

large errors (for a compilation of such measurements, see

Tables I and II of Ref. [61]). In contrast, AMS is ex-

pected to measure this ratio with much greater precision,

and up to energies of ∼10 GeV. This information will

enable us to break the longstanding degeneracy between

the diffusion coefficient and the boundary conditions of

the diffusion zone [63]. If these measurements ultimately

favor propagation models with a somewhat narrow dif-

fusion zone (L <∼ 4 kpc), it would be very difficult to

explain the observed positron fraction with any of the
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FIG. 2: The positron fraction (upper) and electron spectra (lower) for the background together with a pulsar-like component
of the exotic e±. The panels from left to right are for fits I-a and II-a respectively. References of the data: positron fraction
— AMS [56], HEAT94+95 [57], HEAT00 [58], PAMELA [2], AMS-02[1] ; electron — PAMELA [16], ATIC [22], HESS [23, 24],
Fermi-LAT [21].

TABLE III: Fitting results of pulsar-like model with proton spectrum fixed

I-a II-a

best mean best mean

log(Ae
a) −8.981 −8.977 ± 0.004 −8.936 −8.933 ± 0.010

γ1 1.506 1.511 ± 0.010 1.598 1.629 ± 0.071

γ2 2.644 2.648 ± 0.010 2.749 2.763 ± 0.028

log(pebr/MeV) 3.625 3.608 ± 0.018 3.604 3.613 ± 0.037

log(Apsr
b) −25.115 −25.202 ± 0.158 −24.946 −25.021 ± 0.427

α 1.867 1.849 ± 0.031 1.916 1.904 ± 0.088

log(pc/MeV) 6.617 6.553 ± 0.100 6.235 6.287 ± 0.389

ce+ 1.154 1.191 ± 0.057 1.622 1.691 ± 0.176

φ/MV 474 499± 25 695 723± 71

aNormalization at 25 GeV in unit of cm−2s−1sr−1MeV−1.
bNormalization at 1 MeV in unit of cm−3s−1MeV−1.

and annihilation cross section. But we should keep in
mind that such results should not be considered statisti-
cally meaningful as the fits are quite bad. The solid lines
shown in Fig. 5 are the exclusion limits derived by the
Fermi γ-ray observations of the Galactic center [59] and
dwarf galaxies [60]. We can see that γ-rays tend to give
strong constraints on the DM scenario, especially for the
τ+τ− final state.

We further note that for the DM scenario, the param-
eter φ is very large. The solar modulation potential is
assumed to vary between 300 and 1000 MV in these fits.
From Tables III - V we see that almost in all cases the
modulation potential tends to the upper end. This might
be inconsistent with the fact that PAMELA and AMS-02
work approaching the solar minimum.

Since there might be discrepancy between the AMS-

With AMS

From galactic pulsars (within few kpc)
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Prospects for the near future (~2013)

• See positive/negative bumps at higher energy electrons
+positrons. One bump/cut-off: DM, Many:pulsars 7
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FIG. 3: The expected spectrum from the continuous flux dis-

tribution and that from pulsars in the ATNF catalog pulsar

[28]. The latter is calculated using η = 0.065, n = 1.5, and

a pulsar time scale τ = 1 kyr for each pulsar. This last fact,

in conjunction with its spin-down age and current spin-down

luminosity, is used to calculate each pulsar’s initial rotational

energy through Eq. (29). We also use the value of the propa-

gation parameters given in Sec. IIA. Several hundred pulsars

contribute below 300 GeV and the continuous distribution

provides a good approximation for these energies. Above 300

GeV, there are only ∼ 10 contributing pulsars, and the ob-

served flux in this energy range is strongly dependent on their

individual properties. The reason for the significant discrep-

ancy between these two curves above 2 TeV has to do with

the actual local distribution of pulsars versus the averaged

flux seen by many observers in the Galaxy, as discussed in

Sec. IIIB.

with the normalization constant

J0 =
ηW0

Γ(2 − n)M2−n

Nb

Agal
, (24)

where Agal is the area of the galactic plane. Since the dif-

fusion distance of these electrons is significantly smaller

than the distance from the Earth to the edge of the galac-

tic plane [35] (xdiff < 10 kpc), we can neglect the effects

of having an edge at a finite distance.

Using the general Green function in Eq. (12), the flux

of electrons from this distribution is

F =
c

4π

∫

d3x0

∫

dE0

∫

dt0 G(x, E, t; x0, E0, t0)

·Q(x0, E0, t0). (25)

Integrating over t0 and x, we obtain

F (E) =
c

4πb(E)

∫ ∞

E
dE0

1
√

4πλ(E, E0)
J0E

−n
0 e−

E0
M ,

(26)
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FIG. 4: The predicted flux from pulsars in the ATNF cat-

alog calculated using the same procedure as in Fig. 3 but

accounting for spatial variations of energy losses as described

in Appendix B. The assumed backgrounds are the same as in

Fig. 2.

where λ is defined in Eq. (11). This flux can be rewritten

as

Fdistr(E) =
c

4π

J0√
4πb0D0

I E
M

E−n−(δ+1)/2, (27)

where

I E
M

=

∫ ∞

1
dx

√

1 − δ

1 − xδ−1
x−n e−

E
M x, (28)

for example, if E # M , δ = 0.4, and n = 1.5, then

I E
M

≈ 3.

As in the case of a single pulsar flux, the number of

parameters we need to fit the data is much smaller than

the number of parameters characterizing the flux from

a collection of pulsars. In this case, the index of the

observed flux and the normalization can be found from

Eq. (27). For example, the index of the flux at low en-

ergies na = n + (1 + δ)/2. Formally, the cutoff in this

case is equal to the injection cutoff M , but for an actual

distribution of pulsars the expected cutoff is lower and

Malyshev, Cholis, Gelfand, PRD 2009 

2009 Fermi Symposium, Washington, D.C., Nov. 2-5 5

FIG. 3: The e− + e+ spectrum from pulsars (gray bottom lines) plus the Galactic conventional component (dotted line)
is compared with experimental data. Each gray top line represents the sum of all pulsars for a particular combination
of pulsar parameters. The dashed (pulsars only) and solid (pulsars + GCRE component) blue lines correspond to a
representative choice among that set of possible realizations. The dot-dashed (purple) line represents the contribution
of Monogem pulsar in that particular case. Note that merely for graphical reasons, here Fermi-LAT statistical and
systematic errors are added in quadrature. In the insert the positron fraction for the same models is compared with
experimental data. Solar modulation is accounted as done in Fig.2.
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