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★ IceCube detection of high-energy neutrinos

★ Neutrinos from gamma-ray burst fireballs

★ Diffuse emission from gamma-ray bursts

★ Conclusions 

This talk is based on work in collaboration with Shin’ichiro Ando, arXiv: 1504.00107, JCAP (2015, in press).



High-energy neutrino astronomy is happening!

*  IceCube Collaboration, Science 342 (2013) 6161, PRL 113 (2014) 101101, PRD 91 (2015) 2, 022001. 
    F. Halzen @ INvISIBLES 2015. See also: IceCube Collaboration, ApJ 809 (2015) 1, 98, PRL 115 (2015) 8, 081102.

★ IceCube observed 54 events over four years in the 25 TeV-2.8 PeV range.
★ Zenith Distribution compatible with isotropic flux.
★ Flavor distribution consistent with                                   .⌫e : ⌫µ : ⌫� = 1 : 1 : 1

          evidence for astrophysical flux 7�neutrinos(of(all(flavors(
interac2ng(inside(

IceCube(

confirma2on!(
flux(of(muon(neutrinos(

through(the(Earth(

3 year 
> 5σ%
4 year 

~7 sigma 2015

talk by Karle



Where are these neutrinos coming from?

★ New physics?

★ Galactic origin [sub-dominant contribution or new unknown sources?]

★ Extragalactic origin [flux compatible with Waxman&Bahcall bound]
• Star-forming galaxies
• Active galactic nuclei
• Gamma-ray bursts

* Anchordoqui et al., JHEAp 1-2 (2014) 1.

 Warning: More statistics needed! No strong preference so far.



* Waxman & Bahcall, PRL 78 (1997) 2292, PRD 64 (2001) 023002. Guetta et al., Astropart. Phys. 20 (2004) 429.

Neutrinos from gamma-ray bursts

Sizable emission of high-energy neutrinos from gamma-ray bursts expected.

Ultrahigh-energy photons at large redshifts !28" could in
principle produce a flux of ultrahigh-energy neutrinos.

III. COSMIC RAY OBSERVATIONS AND THE WB BOUND

In this section, we summarize the observations and calcu-
lations that lead directly to the upper bound on high energy
neutrino fluxes.
Figure 1 shows the cosmic ray fluxes measured by the

Fly’s Eye !11", AGASA !12", and Yakutsk !13" experiments.
The smooth curve shown in Fig. 1 was used by us !1" in
setting a conservative upper bound on the high energy neu-
trino fluxes. We now explain why the upper bound is robust
and conservative.
The smooth curve was computed assuming that in the

nearby universe (z!0) the energy production rate is

! ECR
2 dṄCR

dECR
"

z!0
!1044 ergMpc"3 yr"1. #1$

The energy generation rate given locally by Eq. #1$ may
increase with redshift. Cosmic rays observed at Earth with
energies in excess of 1018 eV must have originated at small
redshifts because of the large energy loss rate at these high
energies. In order to establish a conservative upper limit, we
assumed that the local rate given in Eq. #1$ evolves with
redshift at the maximum rate observed for any astronomical
population, i.e., the evolutionary rate exhibited by the qua-
sars !29–31". We also included the adiabatic energy loss due
to the expansion of the Universe.
Figure 1 shows that the smooth curve which we have used

to estimate the cosmic ray flux above 1018 eV is a conserva-
tive #i.e., high$ estimate of the observed rate. We note that
Fig. 1 shows that the highest energy point measured by the
AGASA experiment could be interpreted to suggest #with

%1& significance$ that the cosmic ray generation rate at E
#1020 eV is twice the rate obtained from our smooth curve
generated by Eq. #1$, implying that the upper bound might be
underestimated by a factor of two at %1019 eV. However,
the higher rate of generation is not observed by the Fly’s Eye
and Yakutsk experiments, and even if correct would imply
only a small correction to the upper bound at this energy.
What is the neutrino bound that results from the observed

cosmic ray flux? Figure 2 shows the numerical limit that is
implied by the cosmic ray observations. The upper horizontal
curve is computed by assuming that the cosmic ray sources
evolve as rapidly as the most rapidly evolving known astro-
nomical sources. This very conservative limit is what we
shall mean when in the following we refer to the ‘‘Waxman-
Bahcall bound.’’ The lower curve is computed assuming that
the number density of cosmic ray sources at large distances
is the same as in the local universe. We will discuss the
implications of the bound for previously published AGN
models in Sec. VI.

IV. BEYOND 1020 eV

The theoretical curve in Fig. 1 shows the predicted de-
crease above 5$1019 eV in the observed cosmic ray flux due

FIG. 1. The observed high energy cosmic ray flux. Measure-
ments are shown from the Fly’s Eye !11", AGASA !12", and
Yakutsk !13" detectors. The smooth curve, computed from Eq. #1$,
was used by Waxman and Bahcall !1" to compute the upper bound
on high energy astrophysical neutrino sources from p"' interac-
tions.

FIG. 2. The Waxman-Bahcall #WB$ upper bound on muon neu-
trino intensities (()%( )). The numerical value of the bound as-
sumes that 100% of the energy of protons is lost to *% and *0 and
that the *% all decay to muons that also produce neutrinos. The
WB upper bound exceeds the most likely neutrino flux by a factor
of 5/+ for small optical depths + . The upper solid line gives the
upper bound corrected for neutrino energy loss due to redshift and
for the maximum known redshift evolution #QSO evolution, see
text$. In what follows, we will refer to this conservative upper curve
as the ‘‘Waxman-Bahcall bound.’’ The lower solid line is obtained
assuming no evolution. The dotted curve is the maximum contribu-
tion due to possible extra-galactic component of lower-energy,
&1017 eV, protons as first discussed in !1" #see Sec. V for details$.
The dash-dot curve shows the experimental upper bound on diffuse
neutrino flux recently established by the AMANDA experiment
!17". The dashed curves show the predictions of the GRB fireball
model !2,1,32".
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* Allison et al., arXiv: 1507.00100. IceCube Collaboration, ApJ 805 (2015) 1, L5. ANTARES Collaboration, A&A 559 (2013) A9.

Neutrinos from gamma-ray bursts

Dedicated stacking searches on GRBs unsuccessful up to now.

tio and that the total fluence is given by the NeuCosmA
simulation and is representative of the 57 GRBs.

In order to compare our limit with those from other
experiments that used a di↵erent set of GRBs for their
analyses, we also provide the inferred quasi-di↵use all-
flavor neutrino flux limit. This assumes that the average
fluence of the 57 analyzed GRBs is representative of
the average fluence from GRBs for any other extended
period. With this assumption, the quasi-di↵use neutrino
flux limit is:

E2� = E2F ⇥ 1
4⇡

N0
GRB

NGRB
year�1 (6)

where E2� is the quasi-di↵use neutrino flux limit in
units of [GeVcm�2sr�1sec�1], E2F is the fluence limit,
NGRB(= 57) is the number of analyzed GRBs, and N0

GRB
is the average number of GRBs that are potentially ob-
servable by satellites in a year [24], and is chosen as
667 to be consistent with the IceCube and ANTARES
GRB neutrino searches [16, 25]. Fig. 8 shows the quasi-
di↵use neutrino flux limit from multiple experiments.
Our limit is the first UHE GRB neutrino quasi-di↵use
flux limit at energies above 1016 eV. IceCube’s sensitiv-
ity would extend to this energy region as well, but their
result is published only below 1016 eV where their sen-
sitivity is the greatest.

For future analyses from two ARA deep stations, we
expect to have at least a factor of 6 improvement in sen-
sitivity. There is a factor of ⇠3 expected increase going
from the shallow Testbed station to a 200 m deep station
and another factor of ⇠2 for the number of deep stations
currently operating. In addition, we plan to increase the
number of deep stations, and we expect a >4-fold en-
hancement in the sensitivity due to improvements in ef-
fective livetime and analysis e�ciencies from the deep
stations compared to the Testbed. ARA has the abil-
ity to reconstruct neutrino directions, and thus a future
GRB search with ARA will narrow the search using di-
rectionality as well as timing. This will allow the cuts
to be loosened even further without increasing the back-
ground. Fig. 8 also shows the expected ARA37 trigger
level limit based on the improvement factors obtained
from the di↵use neutrino search [32].

7. Conclusions

Using data from the ARA Testbed from January 2011
to December 2012, we have searched for UHE neutrinos
from GRBs. Analysis cuts were loosened relative to the
di↵use neutrino search due to the reduced background
in the analysis time window surrounding the 57 selected
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Figure 8: The inferred quasi-di↵use all-flavor flux limit
from the selected 57 GRBs. The quasi-di↵use flux
limit is obtained from the fluence limit as described in
the text. IceCube and ANTARES limits are from [25]
and [27], respectively. IceCube recently published a
search for neutrinos from GRBs based on four years of
data [26], but that paper did not include a limit on the
quasi-di↵use flux. Preliminary estimates indicate that
the latest result would improve upon the IC40+59 limit
shown here by about an order of magnitude. Since the
published limits for both IceCube and ANTARES are
based on a muon neutrino flux, we have applied an addi-
tional factor of three on this plot in order to account for
all three neutrino flavors. The ARA37 expected limit is
the trigger level sensitivity based on the di↵use neutrino
search [32].

GRBs. The GRB neutrino spectra were calculated us-
ing the NeuCosmA code, an advanced high-energy as-
trophysical neutrino fluence generator. We found zero
neutrino candidate events which is consistent with the
expectation. We obtained a GRB neutrino fluence limit
and the first quasi-di↵use GRB neutrino flux limit for
energies above 1016 eV. Future analyses from two ARA
deep stations are expected to have at least a factor of
6 improvement in sensitivity compared to this analysis
with the ARA Testbed.
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GRB dedicated searches

Existing detectors are achieving relevant sensitivity.

Does the diffuse emission from ALL GRB families contribute to the IceCube flux?



Neutrino emission from gamma-ray bursts

* Image credit: Gomboc, Contemp. Phys. 53 (2012) 339.

The LF is fitted with a broken power law [57]:

ΦsGRB ∝







(

L̃iso

L̃!

)α
for L̃iso ≤ L"

(

L̃iso

L!

)β
for L̃iso > L" ,

(2.9)

with the best fit parameters provided in Table 1.
Similarly to the long-duration GRBs, sGRBs have a gamma-ray spectrum fitted with

the Band spectrum (Eq. 3.16). However, we know from observations that the low-energy
component (i.e., for Eγ < Eγ,b) is harder for sGRBs than for the long-duration GRBs (see
the values for αγ in Table 1) and the peak energy is slightly higher [57–59].

We assume that relations similar to the Amati and Yonetoku ones hold between Ẽγ,b,
Ẽiso, and L̃iso for the sGRBs. To this purpose, we extrapolate them by fitting the data in
Fig. 7 of [59] and define the analogous of Eqs. (2.6) and (2.7):

log

(

Ẽγ,b

0.1 MeV

)

= 0.56 log

(

Ẽiso

1052 erg

)

+ 3.23 , (2.10)

log

(

Ẽiso

1052 erg

)

= 1.06 log

(

L̃iso

1052 erg/s

)

− 1.57 . (2.11)

We suppose that this class of GRBs has shorter variability timescale (tv) than long-duration
GRBs [60], as reported in Table 1.

3 Prompt neutrino emission from gamma-ray burst fireballs

In this Section, we discuss the neutrino production in GRBs through pγ interactions and
derive the corresponding neutrino energy distributions. The main reactions that we study
are:

p+ γ → ∆ → n+ π+, p + π0 (3.1)

p+ γ → K+ + Λ/Σ .

Pions, kaons and neutrons in turn decay into neutrinos:

π+ → µ+νµ , (3.2)

µ+ → ν̄µ + νe + e+ ,

π− → µ−ν̄µ ,

µ− → νµ + ν̄e + e− ,

K+ → µ+ + νµ ,

n → p+ e− + ν̄e .

In the following, we will assume that the neutrino contribution from the n decay is negligible
(see Fig. 2 of [61]) and we will reconstruct the neutrino energy spectrum from the pion and
kaon decays.
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Ẽiso, and L̃iso for the sGRBs. To this purpose, we extrapolate them by fitting the data in
Fig. 7 of [59] and define the analogous of Eqs. (2.6) and (2.7):

log

(
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High energy neutrinos are produced through the following reactions:

* Kelner, Aharonian, PRD 78 (2008) 034013.



Neutrinos emission from gamma-ray bursts

* Meszaros, Rept. Prog. Phys. 69 (2006) 2259.  Image credit: NASA web-site. 

                        ,            ,              .      

Short-duration bursts (t < 2s)  

High-luminosity GRBs  

Long-duration bursts (t > 2s) 

                            ,              ,                 .

Low-luminosity GRBs 
                        ,          ,               .L̃

iso

= 1052erg/s � = 500 tv = 0.1s L̃
iso

= 1048erg/s tv = 100s� = 5

tv = 0.01s� = 650L̃
iso

= 1051erg/s



Neutrino emission from gamma-ray bursts

* Tamborra, Ando, JCAP (2015). 

We revisited the analytical modeling of prompt emission from fireballs, including pion and 
kaon decays as well as adiabatic, radiative and hadronic cooling processes. 

Example of predicted HL-GRB flux w/o flavor oscillations at z=1.

  See also Guetta et al., Astropart. Phys. (2004). Huemmer, Baerwald, Winter, PRL (2012). Li, PRD (2012). 

can be extrapolated from the ones from pions rescaling mπ(τπ) to mK(τK) and taking into
account the different multiplicity factors.

Muons are also produced from kaon decay. The resultant neutrino energy spectrum will
be determined as the one described for muons from pion decay (see Eqs. 3.13, 3.14 and 3.15).

The bottom panels of Figs. 2, 3 and 4 show the relations among the muon and kaon
lifetimes and the cooling times, similarly to the top panels for pions and muons from pion
decays, assuming that E′

K = 2Eν(1 + z)/Γ and E′
µ = 3Eν(1 + z)/Γ. The hadronic cooling is

negligible, while the adiabatic cooling is relevant for muons for the model parameters plotted
in these figures. Note that the break energies in the neutrino spectrum due to the kaon
radiative cooling occur at higher energies than the ones due to pion radiative cooling given
the differences in the rest-mass and lifetimes of the two parent particles [70, 71]. We neglect
here the contribution to the neutrino flux coming from K0, see Ref. [38] for a dedicated
discussion.

3.3 Neutrino energy spectra

As discussed in the previous section, the neutrino energy spectrum for one flavor (ν + ν̄)
resulting from π, K, and µ decays will be a broken power law derived from the parent proton
spectrum (that we assume is proportional to E−2

p ) with further breaks defined according
to the hierarchy of the cooling processes. For example, when the pion hadronic cooling is
negligible, the adiabatic cooling is relevant for muons only, and E′

ν,b,µ < E′
ν,µ,ac < E′

ν,µ,rc,3 <
E′

ν,π,rc, the resultant neutrino energy spectrum produced from muons from pion decay will
be:

(

dNν

dE′
ν

)

inj,µπ

∝



















































(

E′

ν

E′

ν,b,µ

)βγ−3
for E′

ν < E′
ν,b,µ

(

E′

ν

E′

ν,b,µ

)αγ−3
for E′

ν,b,µ ≤ E′
ν < E′

ν,µ,ac
(

E′

ν,µ,ac

E′

ν,b,µ

)αγ−3 ( E′

ν
E′

ν,µ,ac

)αγ−4
for E′

ν,µ,ac ≤ E′
ν < E′

ν,µ,rc,3
(

E′

ν,µ,ac

E′

ν,b,µ

)αγ−3 (E′

ν,µ,rc,3

E′
ν,µ,ac

)αγ−4 (
E′

ν

E′

ν,µ,rc,3

)αγ−5
for E′

ν,µ,rc,3 ≤ E′
ν < E′

ν,π,rc
(

E′

ν,µ,ac

E′

ν,b,µ

)αγ−3 (E′

ν,µ,rc,3

E′
ν,µ,ac

)αγ−4 ( E′

ν,π,rc

E′

ν,µ,rc,3

)αγ−5 ( E′

ν
E′

ν,π,rc

)αγ−7
for E′

ν ≥ E′
ν,π,rc

(3.19)

For each decay channel i, the neutrino energy spectrum is normalized in terms of the
total photon fluence by generalizing the expression proposed in Refs. [10, 72]:

∫ ∞

0

dEνEν

(

dNν

dEν

)

inj,i

= Ni
hp,i
hγp

[1− (1− 〈χp〉)
τpγ ]

∫ ∞

0

dEγEγ

(

dNγ

dEγ

)

inj

. (3.20)

In our numerical computations within the canonical model, we assume the gamma-ray–
proton luminosity ratio hγp = Liso/Lp = 10−2 for HL-GRBs and sGRBs as suggested by joint
analysis of high-energy neutrino and ultrahigh-energy cosmic ray (UHECR) data [28, 30] and
under the assumption that sGRBs behave similarly to HL-GRBs; while we adopt hγp = 10−3

for the LL-GRB family assuming that the γ production is suppressed in these GRBs with
respect to the other two GRB families for the same Lp

2. We will discuss in detail the

2Note as, assuming Lj = Lp+Le+LB and εe ! εB , one has that hγp ! εe/(1−εe −εB) ∼ εe. This justifies
the choice of the numerical values of εe and εB introduced in Sec. 3 and adopted trough the whole paper.

– 13 –

Neutrino spectrum normalized in terms of the photon fluence: 
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Figure 5. Predicted E2
νFν(Eν) for a typical HL-GRB (L̃iso = 1052 erg s−1, z = 1) without flavor

oscillations. Top: Neutrino fluence from π (blue line) and K (magenta line) decays as well as from
µ from pion decay (µπ, dashed blue line) and µ from kaon decay (µK , dashed magenta line). Bot-
tom: E2

νFνe(Eν) (black line) and E2
νFνµ(dEν) (red line) for a typical HL-GRB and without flavor

oscillations.

as by adopting the analytical prescription developed in Sec. 3, we find that our estimation
of the neutrino flux from GRBs gave results close to the ones obtained adopting numerical
routines in [10, 20, 74], by adopting their same GRB inputs.
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routines in [10, 20, 74], by adopting their same GRB inputs.

– 16 –

     resonance � cooling processes



Diffuse background ingredients 

time

z = 0

z = 1

z = 5

neutrinos, photons

neutrinos, photons

• Gamma and neutrino energy fluxes

• Distribution of sources with redshift

• Comoving volume (cosmology) 



Diffuse emission from gamma-ray bursts

* Tamborra & Ando, JCAP (2015). 
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Figure 6. Predicted E2
νF

νµ(Eν) for a typical HL-GRB (L̃iso = 1052 erg s−1), LL-GRB (L̃iso =
1048 erg s−1), and sGRB (L̃iso = 1051 erg s−1) at z = 1 with flavor oscillations included. The HL-
GRBs exhibit the highest flux and the kaon contribution affects the high-energy tail of the spectra in
all cases.

duced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

H0Γ

1
√

ΩM(1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

osc

.(4.1)

In the numerical computation of the neutrino background, we assume zmin = 0 and zmax =
11, L̃iso ∈ [L̃min, L̃max] with L̃min and L̃max defined as in Table 1 for each family X, and
E′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation of
the diffuse neutrino emission also depends on parameters such as εe, εB, Γ and hγp that are
currently not constrained from observations and should therefore be considered with caution.

For each population X, we implement the analytical recipe described in Sec. 3 and auto-
matically define the neutrino energy spectrum according to the specific hierarchy among the
different cooling processes for each (L̃iso, z). Note as for luminosities and redshifts different
than the ones adopted in Figs. 2, 3 and 4, the hierarchy among the cooling times changes.
For example, we find that the adiabatic cooling becomes relevant for pions and kaons when
L̃iso is on the lower tail of the studied luminosity interval for all the three GRB families.

We do not include GRBs whose parameters (L̃iso, z) violate the condition τγγ ≤ 1
(Eq. 3.19) in our calculations. However, for the assumed input parameters, τγγ > 1 is
realized only for sources with z > 7 and with luminosities at the upper extreme of their
interval. Therefore, our computation might underestimate the expected diffuse flux only by
a few % since the diffuse neutrino flux is not affected from sources at z > 7.

Figure 7 shows the diffuse high-energy neutrino intensity for the HL-GRB (light-blue
band), LL-GRB (violet band) and sGRB (orange band) components as a function of the
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Recent work based on BATSE, 
Fermi and Swift data. 

Analytical modeling of the prompt 
emission from fireballs. 



GRBs can make up to few % of the high-energy IceCube flux in the sub-PeV region. 
LL-GRBs can be main sources of the IceCube flux in the PeV range.

Diffuse emission from gamma-ray bursts

* Tamborra & Ando, JCAP (2015). 
   See also: Liu & Wang (2013), Murase & Ioka (2013), Razzaque & Yang (2015), Baerwald, Bustamante, Winter (2015).  
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Figure 7. Diffuse νµ intensity as a function of the neutrino energy after flavor oscillations for the
HL-GRB (blue band), LL-GRB (violet band) and sGRB (orange band) families. The bands represent
uncertainties related to the luminosity functions and local rates (Table 1), whereas all the other
GRB parameters are fixed to the canonical values. The best fit estimation of the high-energy diffuse
neutrino flux as in [43] is plotted in light blue, while the blue dot (IC-GRB) marks the upper limit of
the GRB diffuse neutrino flux from the IceCube Collaboration [20]. The diffuse neutrino background
from GRB fireballs is smaller than the observed high-energy IceCube neutrino flux in the sub-PeV
energy range and it scales differently as a function of the neutrino energy.

For each population X, we implement the analytical recipe described in Sec. 3 and auto-
matically define the neutrino energy spectrum according to the specific hierarchy among the
different cooling processes for each (L̃iso, z). Note as for luminosities and redshifts different
than the ones adopted in Figs. 2, 3 and 4, the hierarchy among the cooling times changes.
For example, we find that the adiabatic cooling becomes relevant for pions and kaons when
L̃iso is on the lower tail of the studied luminosity interval for all the three GRB families.

We do not include HL-GRBs and sGRBs whose parameters (L̃iso, z) violate the condition
τγγ ≤ 1 (Eq. 3.22) in our calculations. However, for the assumed input parameters, τγγ > 1
is realized only for sources with z > 7 and with luminosities at the upper extreme of their
interval. Therefore, our computation might underestimate the expected diffuse flux only by
a few % since the diffuse neutrino flux is not affected from sources at z > 7.

Figure 7 shows the diffuse high-energy neutrino intensity for the HL-GRB (light-blue
band), LL-GRB (violet band) and sGRB (orange band) components as a function of the
neutrino energy. Each band takes into account the uncertainty due to the LF determination
as from Table 1.
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Conclusions robust with respect to 
variation of model parameters. 

Diffuse emission from gamma-ray bursts

* Tamborra & Ando, JCAP (2015).  
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Figure 8. Diffuse νµ intensity as a function of the neutrino energy after flavor oscillations for the
HL-GRB (blue), LL-GRB (green) and sGRB (red) families, for different values of Γ (top panel) and
tv (bottom panel) as from Table 2. The best fit estimation of the high-energy diffuse neutrino flux as
in [43] is plotted in light blue.

detected with Fermi/GBM. In agreement with Refs. [24, 25], we conclude that the neutrino
flux from the low-luminosity GRBs could be comparable to the one from the high-luminosity
GRBs and such GRBs could be the main contributors to the IceCube high-energy neutrino
flux around Eν ∼ PeV.

Our results, although should be considered with caution given the uncertainties on the
GRB models for the neutrino emission and their parameters, suggest that larger exposure
is required to discriminate neutrinos from high-luminosity GRBs in forthcoming stacking
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GRBs cannot explain the IceCube flux 
for sub-PeV energies, but could 
contribute around PeV energies for 
certain choices of the model parameters.

Table 2. Variability range of the GRB model parameters adopted in the estimation of the diffuse
high-energy neutrino flux. The variability time tv is expressed in s.

Γmin Γ Γmax tv,min tv tv,max

HL-GRB 100 500 1000 10−3 0.1 1
LL-GRB 2 5 20 10 100 200

sGRB 100 650 1000 10−3 10−2 0.05

consistent with a coherent picture of neutrinos, gamma-rays and cosmic rays assuming
that GRBs are main sources of the observed UHECR flux (see, e.g., [10, 28–30] for
dedicated discussions). Current data suggest lower bounds for this parameter, but
its precise value has not yet been fixed. Variations of hγp correspond to an energy-
independent scaling of the neutrino flux shown in Fig. 7 as from Eq. (3.20).

Assuming that the cosmic ray energy budget of the HL-GRB and LL-GRB populations
are comparable, hγp for the LL-GRB component should be roughly three orders of
magnitude smaller than the HL-GRB one (because of the difference in L̃iso of the two
populations). However, hγp = 10−5 would give a diffuse neutrino flux above the current
IceCube observed flux. We therefore chose our canonical value in such a way to boost
the neutrino emission with respect to the photon one without violating the IceCube
current bounds [43]. We stress, however, that this parameter is currently unconstrained
and scalings of the LL-GRB intensity with respect to the one presented here are not
excluded yet. See also discussions in Refs. [25, 34, 39, 75].

- Dependence on the bulk Lorenz factor Γ. As mentioned in Sec. 3.3, we fixed tv of
each GRB family to the observed values in the canonical model and determined Γ to
guarantee optically thin GRBs for the whole (L̃iso, z) parameter space. Here, we loosen
the τγγ ≤ 1 constraint and study how the diffuse emission of each GRB family varies
as a function of Γ. For the HL-GRB and sGRB components, we define Γmin and Γmax

inspired from Fermi data [75, 79, 80], as reported in Table 2. The Γ factor of LL-GRBs
is poorly constrained due to the scarce statistics collected on these sources up to now.
However, Γ of a few seems to be favored (see, e.g., [75, 81] and references therein). We
therefore consider Γmin = 2 and Γmax = 20. The adopted intervals in Γ for each GRB
family are summarised in Table 2.

Figure 8 (top panel) shows the correspondent diffuse GRB intensity as a function of the
Γ parameter. In general, the expected diffuse neutrino intensity increases as Γ decreases.
Besides the intensity normalization, Γ also affects the neutrino break energies as from
Sec. 3. Note that, by adopting a wide range of variability for the HL-GRB component,
the diffuse intensity could even be comparable with the IceCube high-energy neutrino
flux. However, an average Γ = 100 for the HL-GRB population does not guarantee
optically thin sources for any L̃iso and z, besides being disfavored from the most recent
IceCube results [20].

- Dependence on the variability time tv. The variability time tv has been fixed in the
canonical model to the average value preferred from observations [23, 64, 75]. Here,
we study how the diffuse intensity changes for a minimum variability time tv,min and
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Conclusions

★ Gamma-ray bursts account up to few % of the observed IceCube flux for E< 1 PeV. 
    Low-luminosity gamma-ray bursts dominate the diffuse emission in the PeV range. 

★ High-luminosity and low-luminosity GRBs have comparable intensities, while the 
contribution from the short-duration component is small.

★ Our findings confirm the most-recent IceCube results on GRB searches.
    Larger exposure is mandatory to detect neutrinos from high-luminosity GRBs.



Thank you 
for your attention!



Back-up slides



* Tamborra, Ando,JCAP (2015). 

Neutrino emission from gamma-ray bursts

Cooling times in the jet comoving frame 
for HL-GRBs.

!" #
!" $
!" %
!" &
!" !
!""
!"!
!"&
!"%
!"$
!"#
!"'
!"(
!")
!"*
!"!"

+ ,-
./

+ 
!012

+ 
!032

+ 
!032

4",#5
!

+ 62

4",#5
!

78 9:;

!"# !"$ !"% !"& !"' !"( !") !"* !"!"
!" &
!" %
!" $
!" #
!" !
!""
!"!
!"#
!"$
!"%
!"&
!"'
!"(
!")
!"*
!"!"

+
 
,-./01

2! ,
-3
1

2!4567

2!4587
2!
!587

2!97

:",#;4

:",#;
!

Figure 2. Top panel: Muon and pion lifetimes and cooling times in the jet comoving frame as a
function of the neutrino energy Eν for a typical HL-GRB with L̃iso = 1052 erg/s and z = 1. Bottom
panel: Muon and kaon lifetimes and cooling times for the same HL-GRB. For the assumed HL-GRB
parameters, the radiative cooling is always important, while the hadronic cooling is negligible and the
adiabatic cooling is relevant for muons.

are always relevant for all three families for both pions and muons. As we will discuss in
the following, note as such hierarchy among the cooling processes is a function of L̃iso and z
for other fixed GRB parameters. Therefore it will change within the luminosity and redshift
range that we will consider for the computation of the diffuse neutrino emission.

3.2 Neutrino production from kaon decay

Yet another contribution to the total neutrino spectrum from GRBs originates from kaon
decays. The resultant neutrino spectrum will have a first break energy coming from the
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* Tamborra, Ando,JCAP (2015). 

Neutrino emission from gamma-ray bursts

Predicted GRB flux for HL-GRB at z=1 and 
without flavor oscillations. 
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Figure 5. Predicted E2
νFν(Eν) for a typical HL-GRB (L̃iso = 1052 erg s−1, z = 1) without flavor

oscillations. Top: Neutrino fluence from π (blue line) and K (magenta line) decays as well as from
µ from pion decay (µπ, dashed blue line) and µ from kaon decay (µK , dashed magenta line). Bot-
tom: E2

νFνe(Eν) (black line) and E2
νFνµ(dEν) (red line) for a typical HL-GRB and without flavor

oscillations.

as by adopting the analytical prescription developed in Sec. 3, we find that our estimation
of the neutrino flux from GRBs gave results close to the ones obtained adopting numerical
routines in [10, 20, 74], by adopting their same GRB inputs.
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Neutrino emission from gamma-ray bursts

* Tamborra, Ando, JCAP (2015). 
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Figure 6. Predicted E2
νF

νµ(Eν) for a typical HL-GRB (L̃iso = 1052 erg s−1), LL-GRB (L̃iso =
1048 erg s−1), and sGRB (L̃iso = 1051 erg s−1) at z = 1 with flavor oscillations included. The HL-
GRBs exhibit the highest flux and the kaon contribution affects the high-energy tail of the spectra in
all cases.

4 High-energy diffuse neutrino background from gamma-ray bursts

In this section, we present our results on the high-energy diffuse neutrino background from
GRB fireballs. We first discuss the expected neutrino background within the canonical model
in terms of the astrophysical uncertainties on the local GRB rates and luminosity functions
(see Table 1), then we study the dependence of the high-energy diffuse neutrino flux from
the model parameters for each GRB family (see Table 2).

4.1 Expected diffuse background and uncertainties on the local rate and lumi-

nosity function of each GRB family

The diffuse neutrino intensity from each GRB component (X) can be defined in terms of
the gamma-ray luminosity function, through ΦX(L̃iso)dL̃iso = ΦX(L̃ν)dL̃ν with Φ the LF
introduced in Sec. 2 (normalized to unity after integration over luminosity):

IX(Eν) =

∫ zmax

zmin

dz

∫ L̃max

L̃min

dL̃iso
c

4πH0Γ

1
√

ΩM (1 + z)3 + ΩΛ

RX(z)ΦX(L̃iso)

(

dNνµ

dE′
ν

)

osc

.(4.1)

In the numerical computation of the neutrino background, we assume zmin = 0 and zmax =
11, L̃iso ∈ [L̃min, L̃max] with L̃min and L̃max defined as in Table 1 for each family X, and
E′

ν = Eν(1 + z)/Γ. Note as the chosen values for tv and Γ (Table 1) should guarantee us to
extrapolate an average description of the whole GRB population. However, our estimation
of the diffuse neutrino emission from GRBs also depends on parameters such as εe, εB , Γ and
hγp that are currently poorly constrained from observations (see discussion in Sec. 4.2) and
should therefore be considered with caution.
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Predicted GRB flux with flavor oscillations at z=1.

  See also Guetta et al., Astropart. Phys. (2004). Huemmer, Baerwald, Winter, PRL (2012). Li, PRD (2012). 


