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PeV Neutrinos 



 IceCube Collaboration, Science 342 (2013) 6161, PRL 113 (2014) 101101, PRD 91 (2015) 2, 022001. 
 IceCube Collaboration, ApJ 809 (2015) 1, 98;  PRL 115 (2015) 8, 081102. M. Kowalski @ Neutrino 2016.

★ 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�
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Measured Astrophysical Flux
Astrophysical Neutrinos:  Flux Results Comparison

All Sky Cascades (ne+nt) 2yr 
E>10 TeV
PoS (ICRC2015) 1109

Combined fit ne + nµ+ nt
PoS(ICRC2015) 1066 

All Sky  MESE ne + nµ+ nt 2yr
E>1 TeV
PRD 91, 022001 (2015)

nµ (Northern Sky only)  2yr
PRL 115 (2015) 8, 081102

H. Niederhausen, et al (for the IceCube Collab), ICRC2015 

nµ (Northern Sky only)  6yr
PoS(ICRC2015) 1079

All Sky  HESE ne + nµ+ nt 4yr
E>60 TeV
PoS(ICRC2015) 1081 

Assumed equal n flavor ratios (fe:fμ:fτ)� =  1:1:1 at Earth
and single unbroken power-law  fit

Joanna Kiryluk (Stony Brook University), NOW2016 23

 Slide adapted from J. Kiryluk @ NOW 2016. 



Neutrino Production in Astro Sources

 Anchordoqui et al., PLB (2004). Kelner, Aharonian, Bugayov, PRD (2006). Kelner, Aharonian, PRD (2008). Vissani, Astrop. 
Phys. (2006).
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The LF is fitted with a broken power law [57]:
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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):
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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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Where Are These Neutrinos Coming from?

★ New physics?

★ Galactic origin [sub-dominant contribution]

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

 Anchordoqui et al., JHEAp (2014). Meszaros, arXiv: 1511.01396. Waxman, arXiv: 1511.00815. Murase, arXiv: 1511.01590.

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



Sources Parameter Space

Mertsch, Rameez, Tamborra, JCAP (2017). Murase & Waxman PRD (2016). Biehl et al., JCAP (2017). Winter, PRD (2013).
Murase, Ahlers, Lacki, PRD (2013). 
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IceCube-Gen2 (10 years)

IceCube-Gen2 will probe ~half of parameter space of known sources (w/ nu data only).

• More than one source likely composes the flux we observe. What are the most powerful 
ways to disentangle pp from p-gamma contributions?



Flavor Composition

Bustamante, Beacom, Winter, PRL (2015). Arguelles, Katori, Salvado, PRL (2015). Palladino, Pagliaroli, Villante, Vissani, PRL 
(2015). IceCube Collaboration, ApJ (2015). 

Not yet possible to pinpoint the production mechanism.

• Can we test non-standard physics despite uncertainty on flavor ratio (vs. multiple sources)?

• If IceCube/Gen2 won’t pin down exact flavor ratio, how do we test BSM physics in source? 

3

FIG. 3. Allowed flavor ratios at Earth for di↵erent choices of
source ratios, assuming standard mixing. Projected 1�, 2�,
and 3� exclusion curves from IceCube-Gen2 are included for
comparison (gray, dotted); see main text.

shrink when the mixing parameters are better known). A
source composition of (1 : 0 : 0)S is already disfavored at
& 2�. While the current IceCube fit is compatible with
the standard

�
1
3 : 1

3 : 1
3

�
� at 1�, the best-fit point cannot

be reached within the Standard Model.

An upgrade of IceCube would have excellent discrim-
ination power, as indicated by the projected sensitivity
curves we estimate for IceCube-Gen2 and show in Fig. 3.
We reduced the IceCube uncertainties by a factor 5, cor-
responding to an exposure increased by a factor ⇠ 25
(⇠ 6 times larger e↵ective area [40] and twelve years
instead of three). The true sensitivity might be worse
(due to sparser instrumentation) or better (due to new
techniques or to the discovery of flavor-identifying sig-
nals [43, 44, 46, 48, 51, 66–74]). To be conservative,
we assumed the best fit will correspond to the most-
frequently considered composition, ( 13 : 1

3 : 1
3 )�, for

which it will be most di�cult to test for new physics.

Flavor ratios with new physics.— New physics
can modify the flavor composition at production, during
propagation, or in interaction. In the first two cases, it
will a↵ect the flavor composition that reaches the detec-
tor; this is our focus. In the last case —which includes,
e.g., non-standard interactions [75] and renormalization
group running of the mixing parameters [76]— we as-
sume that new physics, possibly energy-dependent, can
be separated by probing the interaction length in Earth
via the angular dependence of the neutrino flux [77–80].

In extreme scenarios, there could be only one mass
eigenstate present at detection, and the flavor composi-
tion would correspond to that of one eigenstate. This

FIG. 4. Allowed flavor ratios at Earth in a general class of
new-physics models. These produce linear combinations of
the flavor content of ⌫3, ⌫2, and ⌫1, shown as yellow (dashed)
curves, from left to right. The standard mixing 3� region
from Fig. 2 is shown as a magenta (dotted) curve.

could happen if all but one mass eigenstate completely
decays or if matter-a↵ected mixing at the source singles
out a specific one for emission.

Figure 4 shows the allowed region if we restrict our-
selves to a general class of new-physics models —those in
which arbitrary combinations of incoherent mass eigen-
states are allowed (we give examples below of mod-
els that can access the area outside this region). The
↵-flavor content of an allowed point is computed as
k1 |U↵1|2 + k2 |U↵2|2 + k3 |U↵3|2, where the ki are varied
under the constraint k1+k2+k3 = 1 and the values of the
mixing parameters are fixed. To generate the complete
region, we repeat the procedure by varying the mixing
parameters within their uncertainties.

For a particular new-physics model, the functional
forms and values of the ki are determined by its param-
eters. The most dramatic examples include all variants
of neutrino decay among mass eigenstates, both partial
and complete [25, 81–84], and secret neutrino interac-
tions [85–91]; the ki in these cases depend on neutrino
lifetimes and new coupling constants, respectively. Other
examples are pseudo-Dirac neutrinos [92–94] and deco-
herence on the Planck-scale structure of spacetime [95–
101].

Even with this general class of new-physics models,
only about 25% of the flavor triangle can be accessed.
The current IceCube best fit cannot be reached even by
invoking this class of physics models. IceCube-Gen2 will
be needed to strongly constrain such new-physics models.

Interestingly, there is more than one way in which



Supernova Neutrinos 



Are We Ready For SN 20XXa?

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 

Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis.
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Fundamental to combine the SN signal seen in detectors employing different technologies.



Next Generation Large Scale Detectors

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka et al. (2016). 
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• Do we have under control cross-sections, systematics?



Neutrino Signal (SM Physics)

Signal independent on SN 
mass and EoS. 

• SN distance.
• (Test oscillation physics.)

Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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EoS and mass dependence.

• Test nuclear physics. 
• Nucleosynthesis.
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Signal has strong variations 
(mass, EoS, 3D effects). 

• Core collapse astrophysics.
• (Test oscillation physics.)

Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
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Kachelriess et al., PRD (2005). Wallace, Burrows, Dolence, ApJ (2016). Serpico et al., PRD (2012). Stapleford et al., 
PRD (2016). Hidaka & Fuller, PRD (2006). Raffelt & Zhou, PRD (2011).

Early SN Neutrino Signal

• Complementary test of mass ordering. 
• If mass ordering known, test oscillations in dense media. 
• keV sterile neutrino bounds, NSI.

27

Figure 17. Similar to Figure 15, but using the neutrino oscillations expected for the IH instead of the NH.

Figure 18. Same as Figure 8, but for the IH case and with only Ln

⌫

e

,max

, t
max

, and t
rise,1/2

shown. For Hyper-K, the background signals
due to IBDs and NC scatterings o↵ of oxygen have been subtracted.

Figure 19. Same as Figure 18, but for Super-K in the IH case. For Super-K, the background signals due to IBDs and NC scatterings o↵
of oxygen have been subtracted.

(peak)
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Figure 15. Similar to Figure 14, but for JUNO (left) and DUNE (right). For JUNO, IBDs and NC scatterings o↵ of carbon have been
subtracted. For DUNE, no signals from any detection channel have been subtracted.

Figure 16. Similar to Figure 14, but using the neutrino oscillations expected for the IH instead of the NH.

(no peak)

Neutrinos 

9

IH

NH

0.00 0.02 0.04 0.06 0.08 0.10 0.12
0.0

0.2

0.4

0.6

0.8

t !s "

C
ou
nt

R
at
e
!1
0
6
s!
1
"

IH

NH

average noise

0.00 0.02 0.04 0.06 0.08 0.10 0.12
2.5

3.0

3.5

4.0

4.5

t !s "

C
ou
nt
s
#B
in
$"
10

3
%

FIG. 3: Left Panel: average SN count rate signal in IceCube assuming a distance of 10 kpc, based on the simulations for a
15 M! progenitor mass from the Garching group. Right panel: illustrative example of the binned signal using 2 ms bins with
typical Poisson error estimates accounting for the signal plus photomultiplier background noise, whose average value is shown
as dot-dashed curve. A large ϑ13 is assumed here and in the following (see text for details).

The difference between the observed neutrino lightcurve in the NH vs. IH is evident. Note how the NH case
continues to grow steadily over the considered timescale, while the IH signal reaches quite quickly an almost constant
count rate. In the case of IH, the lightcurve has a more sudden rise. Note that both luminosity behavior and trend of
growing energy of νe shown in Fig. 1 contribute to the final shape of the curves. Also, note that despite the relatively
large differences existing over very early timescales (10-20 ms, as already shown in [26]), one can already expect that
integrating the signal over a longer timescales will be needed to beat statistical errors.
It is useful to compare the analogous behaviors for the whole set of models, a task which will be made easier by

a(n irrelevant) rescaling to the rate measured at the end of the time interval considered, R(t)/R(tend). Also, for the
following statistical analysis, it is useful to introduce cumulative time distributions K(x), defined in terms of R(t) as

K(x) =

∫ x tend
0 dtR(t)
∫ tend
0 dtR(t)

, (11)

which is a dimensionless function satisfying K(0) = 0, K(1) = 1, with x ∈ [0, 1]. In Fig. 4, we illustrate the count
rate functions RA

i (t) and the cumulative functions KA
i (x) for the different models considered, with i = 1, . . . , N ≡ 10

labeling the simulation and A (or in general capital latin letters) being the index related to the hierarchy, i.e. A =NH
(red, bottom curves) or A =IH (blue, top curves). In particular, we used the nine 1D SN models shown in Fig. 1 and a
2D SN model with a 15 M! progenitor mass. Note that the difference between the two hierarchies is a shape difference
(as should be clear already from Fig. 1), rather than a mere overall difference in average energies, for example, as in
some past proposals for SN physical diagnostics. Also note that this difference is quite independent of the progenitor
used (most notably of its mass) and, in agreement with expectations, do not show a significant dependence from the
dimensionality of the simulation either.

A. Metric in Function Space

We now turn to assigning a quantitative meaning to the distance among models. To that purpose, we must introduce
some metric in the function space. We choose the so-called D∞ metric, so that the distance between the predictions
(always a number between 0 and 1) writes:

D∞(KA
i ,KB

j ) = max
x∈[0;1]

∣

∣KA
i (x)−KB

j (x)
∣

∣ . (12)

This choice is solely dictated by the standard practice in experimental physics to use Kolmogorov–Smirnov statistic
(which uses that metric) to test whether two underlying one-dimensional distributions differ. We emphasize, however,

IceCube

Antineutrinos 

• How do we plan to improve our understanding of oscillations in dense media?



Cooling Neutrino Signal

Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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• How do we distinguish among sterile neutrinos, NSI, exotic DM particles?

• Which is the most promising method to avoid degeneracies with nuclear physics, astro?

Emission of BSM particles could steal energy from the burst and shorten it. 

Stapleford et al., PRD (2016). Payez et al., JCAP (2015). Kazanas et al., Nucl.Phys.B (2014).



• What are the most powerful ways to disentangle pp from p-gamma contributions?

• Can we test non-standard physics despite uncertainty on flavor ratio (vs. multiple sources)?

• If IceCube/Gen2 won’t pin down exact flavor ratio, how do we test BSM physics in source?

Questions

• Do we have under control cross-sections, systematics?

• How do we plan to improve our understanding of oscillations in dense media?

• How do we distinguish among sterile neutrinos, NSI, exotic DM particles?

• Which is the most promising method to avoid degeneracies with nuclear physics, astro?



Thank you for your attention!


