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The	theme

Astrophysical	neutrinos:	particle	physics	opportunities	
in	the	near	future	(and	beyond)*,**,***

* Apologies	for	incompleteness
**	 Apologies	for	inaccuracies
*** Apologies	for	choice	of	minimal	citations



At	a	glance:	the	Grand	Unified	neutrino	spectrum

Vitagliano,	Tamborra &	G.	Raffelt,	arxiv:1910.11878

• Focus	on:	diffuse	supernova	flux,	HE	extragalactic	flux,	cosmogenic
• The	Earth’s	atmosphere	is	clearly	an	obstacle…



Happening	now:	high	energy	extragalactic	
neutrinos



Towards	Km3 arrays
• IceCube (10	years	running!)
• ANTARES,	Baikal

• Near	future:
• Km3NET	(mediterranean)
• IceCube – Gen2

https://icecube.wisc.edu/science/icecube/detector



IceCube:	discovery	of	extragalactic	HE	neutrinos

• Evidence	above/beyond	
atmospheric	neutrinos

• multi- PeV events	observed

• Mapping	the	sky	
• Track-like	:	~1° resolution
• Shower-like	:	~10-30°
resolution

M. G.	Aartsen et	al.	PRL 124,	051103	2020



evidence for non-uniform skymap in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates

no evidence for neutrinos associated with Galactic sources

New: evidence	for	non-uniform	distribution

• Mostly	from	4	extragalactic	sources

F.	Halzen,	talk	at	Neutrino2020,	M. G.	Aartsen et	al.	PRL 124,	051103	2020



• 4	active	galaxies	emerging	from	diffuse	flux

M. G.	Aartsen et	al.	PRL 124,	051103	2020

10 years of IceCube data: evidence for non-uniform
skymap, mostly resulting from 4 source candidates

why not seen before?

color:	neutrino	likelihood;	
cross:	position	of	NGC	1068



Flavor	composition:	testing	for	new	physics

• Consistent	with	propagation	
in	vacuum	with	PMNS	mixing	
matrix	(standard	mixing)

• Initial	exclusions	of	exotic	
flavor	compositions
• Improvements	expected	with	
Gen2

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

Fig. From Bustamante, Beacom & Winter, 
PRL 115, 161302 (2015)



Constraining	Dark	Matter	annihilation/decay

• Non-observation	of	of	
galactic	flux	à limits	on	
neutrinos	from	DM	
annihilation/decay	in	
galactic	halo
• Complementary	to	
ANTARES

• Also	searching	for	
annihilation/decay	inside	
the	Sun	and	Earth

Baur	et	al.,	PoS ICRC2019 (2020) 506
See	also	Albert	et	al.	(Antares	+	IceCube coll.	),	arxiv:2003.06614

DM	annihilation	in	galactic	halo



New: indication	of	Glashow	resonance!

• energy measurement understood
• identification of anti-electron neutrinos 

q

q
_

F.	Halzen,	talk	at	Neutrino2020



• Implications	of	Glashow	resonance	observation
• Tests	a	precise neutrino	energy
• Tests	anti-νe flux:	probes	flavor	composition,	distinguish	between	
different	production/propagation	models

See,	e.g.,	Barger	et	al.,	PRD 90 (2014) 121301



Coming	up:	diffuse	supernova	neutrinos



Diffuse	Supernova	Neutrino	Background	(DSNB)

• Whole	sky	flux;	constant	in	time

Bisnovatyi-Kogan &	Seidov,	Sov.	Ast.	26	1982,	
Krauss,	Glashow	and	Schramm,	Nature	310	(1984)
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Detectable	within	the	next	decade
• Main	channel:	

• Sensitivity	is	background-limited

• Ongoing:	SuperK-Gd (50	kt),	
Water	+	Gadolinium,	for	n-
tagging	

• Under	construction:	JUNO
(Jiangmen	Underground	
Neutrino	Observatory	)	(17	kt)
• Liquid	scintillator

• detection	will	change	from	
exceptional	to	routine!
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Figure:	A.	Priya and	CL,	JCAP	1711	(2017)	no.11,	031

JUNO,	10	years
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M = 200 kt yr
p̄ = 0.68

⌫̄e ⇠

Beacom and	Vagins,	PRL93,	2004
Xu	et	al.,	J.	Phys:	Conf.	Ser.	718	(2016)	
An	et	al.,	J.	Phys.	G:	Nucl.Part.	Phys.	43	(2016)	030401.	



Astro-cosmo potential
• Strong	cosmological
component
• Core	collapse	at	high	
redshift?	

• evolution	of	SN	rate	(z-
dependence)

• Gives	image	of	the	entire
SN	population
• Diversity	of	core	collapses	
(ONeMg cores,	black	hole	
formation,	…)
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B Appendix: parameter dependence of the DSNB

In this Appendix details are given on the variation of the DSNB with the input parameters.

In Fig. 8 we show the diffuse ⌫̄e flux, for different survival probabilities p̄, and different
scenarios of dependence of BH formation on the star’s progenitor mass, M (see Sec. 2.1 and
Fig. 1). A fixed core collapse rate is assumed, RCC(0) = 1.25⇥ 10�4yr�1Mpc�3 [18].
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Figure 8: The diffuse fluxes for different scenarios in Fig. 1 (labeled by the corresponding
fraction of BHFC), assuming a fixed star formation rate, Rcc(0) = 1.25 ⇥10�4yr�1Mpc�3.
Note that these results refer to the redshift bin z < zmax = 2 (see Sec. 3).

The figure exhibits a number of expected features of the DSNB: a peak at E ⇠ 5 MeV,
where � ⇠ 1 cm�2s�1MeV�1, with an approximately exponential decline at higher energies.
The contribution of NSFC is always dominant near the peak energy, while the flux due to

– 22 –

Black-hole	forming

NS	forming



Particle	physics	tests
• Neutrino	decay

• Resonant	absorption	due	to	
new	physics	
• New	light	mediators,	exotic	
targets,	…

• Oscillations	due	to	pseudo-
Dirac	neutrinos

Figure	from	Farzan	and	Palomares-Ruiz,		JCAP 06 (2014) 014

de	Gouvêa,	Martinez-Soler,	Perez-Gonzalez,	Sen,	
arxiv:2007.13748

Ando,	Phys.Lett.B 570 (2003)
Fogli,	Lisi,	Mirizzi	&	Montanino,	PRD70,2004

FIG. 3: (Color online.) Supernova relic ν̄e spectrum (middle panel), and associated positron spectrum
from ν̄e + p → n+ e+ (right panel), for a decay scenario with normal hierarchy and quasidegenerate masses
(left panel, with τ/m and branching ratios assignments). The red and black solid curves correspond to the
limiting cases of complete decay and no decay, respectively. The red dotted curves correspond to incomplete
decay with τ/m = 7× 1010 s/eV. See the text for details.

Table I), with unaltered neutrino energies (QD case in Table II).10 The final relic ν̄e density
(given by cos2 θ12 times the final density of ν̄1) is thus obtained by redshifting an initial
yield equal to cos2 θ12Yν̄e + 2 cos2 θ12Yνx. In the case of no decay for normal hierarchy, the
initial yield is instead given by cos2 θ12 Yν̄e + sin2 θ12Yνx [see Eq. (29)]. Therefore, while the
Yν̄e component is the same in the two cases, the weight of the Yνx component for complete
decay is 2 cos2 θ12 ≃ 1.42, much larger than for no decay, where the weight is sin2 θ12 ≃ 0.29.
The stronger weight of Yνx for complete decay leads to the increase in normalization, peak
energy, and width, which is visible in Fig. 3.11

For incomplete neutrino decay (i.e., for τ/m ∼ O(1010) s/eV), one expects an intermediate
situation leading to a SRN flux moderately higher than for no decay. Figure 3 displays the
results for a representative case (τ/m = 7 × 1010 s/eV, red dotted curves), as obtained
through the general solution of the kinetic equations worked out in Sec. III. Summarizing,
the decay scenario examined in this section can lead to an increase of the SRN rate, as
compared with the case of no decay. The enhancement can be as large as a factor ∼ 2, the
larger the more complete is the decay.

10 The case of complete decay could also be obtained from the general solution in the limit τ/m → 0

(derivation omitted).
11 The enhancement of the SRN yield for the decay scenario with normal hierarchy and quasidegenerate

masses has also been discussed in Ref. [15].

14

Figure	from	Fogli,	Lisi,	Mirizzi	
&	Montanino,	PRD70,2004



• Non-supernova	neutrinos:	
MeV	dark	matter	
annihilation,	etc.	

• Fun	stuff	(what	if	a	primordial	black	
hole	lives	in	the	center	of	the	Earth?)

8
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FIG. 2: Expected signal in the proposed LENA detector, located in Pyhäsalmi (Finland), after 10 years of running for two
different values of the DM mass, mχ = 20 MeV and mχ = 60 MeV. Dashed lines represent the individual contributions of
each of the three different types of background events in this type of detector (reactor antineutrinos, DSNB and atmospheric
neutrinos), whereas the solid lines represent the backgrounds plus the expected signal from DM annihilation in the Milky Way.
We have used ⟨σAv⟩ = 3× 10−26 cm3 s−1.

relevant backgrounds for the signal studied here come from reactor, atmospheric and diffuse supernova νe interacting
with free protons in the detector. The latter, albeit not yet measured, constitutes a potential background for the
signal of MeV DM annihilation into neutrino-antineutrino pairs, but with a very different spectrum.
Below ∼10 MeV the flux of νe from nuclear reactors is the dominant one in LENA, and we use the reactor νe

spectrum calculated in Ref. [42]. In the energy interval between ∼10 MeV and ∼30 MeV, the DSNB is likely to
dominate. The differential number flux of the DSNB is given by

dFν

dEν
(Eν) = c

! zmax

0
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dNν(E′
ν)

dE′
ν

(1 + z)
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dz , (11)

where we assume that the gravitational collapse begun at zmax = 6. The number spectrum of neutrinos emit-
ted by one supernova is dNν/dEν , E′

ν = (1 + z)Eν is the energy of neutrinos at redshift z with Eν being
the energy at the Earth, RSN(z) represents the supernova rate per comoving volume at redshift z and dt/dz =
"

H0(1 + z)
#

ΩM (1 + z)3 + ΩΛ

$−1
. We will adopt the standard ΛCDM cosmology (Ωm = 0.3, ΩΛ = 0.7 and

H0 = 70 km s−1 Mpc−1).
For the supernova rate per comoving volume we use the fit to ultraviolet and far-infrared data obtained by Ref. [56]

assuming a modified Salpeter initial mass function with a turnover below 1 M⊙ [57], and the parametric form for the
star formation rate of Ref. [58],

RSN(z) = 0.00915M−1
⊙

(0.0119 + 0.091z)

1 + (z/3.3)5.3
. (12)

For the neutrino spectrum from each supernova, we consider the simulation by the Lawrence Livermore group [59]
with the parametrization for each flavor given by [60]

dNν

dEν
=

(1 + βν)1+βν Lν
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2
ν

%

Eν

Eν

&βν

e−(1+βν)Eν/Eν , (13)

Figure from Palomares-Ruiz 
and Pascoli, PRD77,2008



Things	to	look	forward	to



The	next	galactic	supernova
• Unique thermal	neutrino	
emission,	O(10)	s	burst,	T~3-
7	MeV
• O(104 )		neutrino	events	at	
SuperK

• Neutrino	burst	as	precursor	
of	core	collapse
• Supernova	Early	Warning	
System	(SNEWS)	2.0.	Network	of	
neutrino	detectors,	stronger	
focus	on	multi-messenger	
astronomy

https://snews.bnl.gov/

SN1987A	- Credit:	Anglo-Australian	observatory



Testing	neutrino	physics	in	ultra-dense	matter

• Exotic	cooling	channels	
(causing	dimmer/shorter	
neutrino	flux)

• Oscillations	in	matter	and	
neutrino	backgrounds
• Resonant	θ13 effects,	self-
interaction	effects

• sterile	neutrinos,	non-standard	
interactions	 Figure	from	K.	Scholberg,	J.Phys.	G45	(2018)	no.1



The	ultra-high	energy	frontier:	E	>	10	PeV
• Searching	for:

• Air	showers,	Earth-skimming	
events

• Coherent	Cherenkov	RF	emission	
of	from	cascades	(Askaryan
effect)

• Main	goal:	cosmogenic	
neutrinos
• Due	to	UHECR	absorption	on	
CMB
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Recent Results from The Askaryan Radio Array Amy Connolly

Figure 5: The 90% CL upper limit, including analysis efficiencies, expected for this work including A2 and
A3 (thick aqua curve); also shown in the purple band is the projected trigger-level sensitivity of the full five-
station array at the 90% CL and at the single event sensitivity (SES) level. For comparison, we also show
the latest results from IceCube [13, 14], Pierre Auger [15], ANITA [16], and ARIANNA [17]; cosmogenic
neutrino flux predictions are from Olinto et. al. [18], Kotera et. al. [19], and Ahlers & Halzen [20].

events designed on the 10% burn sample. We expect 0.010+0.003
�0.004 background events in VPol and

0.016+0.003
�0.003 in HPol in one of the analyses in A2.

3.5 Expected Limit

In Fig. 5, we show the expected 90% CL upper limit from the four year analysis of data
from A2 & A3 if the number of events observed in the 90% data samples are consistent with the
background expectations. The expected limit from this analysis is presented in the solid aqua curve,
and is plotted in the context of other experimental efforts as well as predictions for the cosmogenic
neutrino flux. In the expected limit, we assume that A3 has the same sensitivity as A2, as is
expected.

We also show in a purple band the projected trigger-level sensitivity of the full five-station
station array (ARA5) by 2022. The upper edge of the band is the 90% confidence-level upper limit
assuming an observation consistent with background; the lower edge of the band is the single-
event sensitivity. In this projection, we take into account the additional 9 station-years of livetime
that is already archived but not yet analyzed, in addition to 17.5 station-years of livetime that will
be accumulated by 2022, which means the total livetime in the five-station study is approximately

5

Fig.	From	Connolly,	(ARA)	coll.,	PoS(ICRC2019)1177	



Test	for	super-heavy	exotic	neutrino	emitters

• “top-down”	models:	
• cosmic	strings,	superheavy Dark	Matter,	etc.
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Figure 2. Solid (black) curves: existing upper bounds on the UHE neutrino flux from RICE, ANITA,
FORTE, NuMoon, and expected sensitivities at JEM-EUSO (nadir and tilted modes), LOFAR and
SKA. Non-solid (color) curves: UHE neutrino fluxes from cosmic string cusps, cosmic string kinks,
superconducting cosmic string cusps (SCSC), cosmic necklaces, superheavy dark matter (SHDM),
cosmogenic neutrinos and active galactic nuclei (AGN) (see the legend in the figure).

photons. About half the initial energy density in pions goes to electromagnetic energy den-
sity including high energy e± and �-rays. These particles have very short mean free paths
since they interact electromagnetically with the background photons (CMB and extragalactic
background light). The initial electromagnetic energy density quickly cascades down to lower
energy photons leaving a di↵use flux of �-ray photons behind. Therefore, one can obtain an
upper bound on UHE neutrino flux based on the observed di↵use �-ray background, as was
first considered by Berezinsky and Smirnov [41]. The most recent upper limit is based on the
Fermi-LAT observations [42] of the �-rays [43]. We checked that the example fluxes shown
in Fig. 2 are consistent with this cascade upper bound.

2.2 Neutrino masses and mixing

For decades after its discovery, the neutrino has remained a mysterious particle in its fun-
damental properties. The question if neutrinos are massive or not has remained open for
decades, during which laboratory limits have narrowed down the neutrino mass to a few eV
[44, 45]. This scale has been recently surpassed (although in a parameter-dependent way) by
cosmological probes yielding upper limits on the sum of the neutrino masses. At 95% CL,
the main limits are ⌃m⌫ < 0.44 eV by the WMAP 9-year data [46] and ⌃m⌫ < 0.23 eV by
the recent Planck data [47].

The fact that neutrinos have mass has finally been established through the discovery of
neutrino flavor oscillations. Indeed, in the absence of exotic neutrino interactions, oscillations

– 4 –

Figs.	From	Lunardini,	Sabancilar	and	Yang,	
JCAP 08 (2013) 014



Final	remarks



Certainties	and	possibilities
• The	solar	neutrinos	started	from	astronomy	and	ended	up	in	
particle	physics….																																														
So….	You	never	know	the	turn	things	take…

• There	are	(almost)	guaranteed	discoveries ahead	in	neutrino	
astronomy
• Multi-messenger	astronomy	(photon,	cosmic	rays,	neutrinos,	
gravitational	waves)	is	becoming	a	field	of	its	own

• There	are	guaranteed	constraints ahead	on	particle/nuclear	
physics	from	neutrino	astronomy
• And	a	very	large	number	of	possibilities for	discovery



Thank	you!



BACKUP



Robust	oscillation	signatures
• Distinguishable	from	stellar	physics	effects

Suppression	of	νe neutronization peak	
due	to	θ13-driven	MSW	resonance,
For	Normal	mass	hierarchy

Figure	from	K.	Scholberg,	J.Phys.	G45	(2018)	no.1



Spectral	splits	due	to	collective	effects

Electron	flavor	re-generation	inside	the	Earth;	
sensitive	to	spectral	difference	of	states	
in	the	θ12-driven	MSW	resonance		

Figure from Chakraborty and Mirizzi, 
PRD90 (2014) no.3, 033004

Figure from Borriello et al., PRD86	(2012)	083004


