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Origin of neutrinos and photons

T. De Young 

F. Halzen 

Neutrino beams: Earth & Heaven  

Earth Heaven “Standard model” of  
neutrino production: 
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(Fermi mechanism?) 
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The Particle multi-messenger 
landscape
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Photons wanted

neutrinos wanted
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Radio signal

Interaction

Particle shower

UHECR or ɣ

Detection Principle for EeV (and beyond!) particles

Radio signal
Tau DecayInteraction

Particle shower
Antennas

Cosmic
Neutrino

Giant Radio Array Neutrino Detector
GRAND

!
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Radio detection of air showers
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Short Pulse 
(~100ns)

antenna 
(50-200 MHz)
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Information from Radio Signal
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Radio signal vs Zenith angle

Footprint of a 5 
EeV shower 
depending on 
zenith angle.

Radio can be used 
even in a ‘sparse’ 
array
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A distributed observatory with a total 
area of  200,000 km2 (eg 20 times 10,000 
km2)

Location: TBD, largely in China

The GRAND setup
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Strong Physics Case
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Cosmogenic
neutrinos
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Strong Physics Case
Neutrino point sources

1h visibility 24h visibility
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Strong Physics Case

The promised land 

2

The Universe is opaque to EM radiation for ¼ of the spectrum,  
i.e. above 10-100 TeV where IceCube sees cosmic neutrinos. 

Neutrinos AND Photons: Source 
evolution

Kowalski, TeVPA 2017
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Observation of Dipolar anisotropy above 8 EeVObservation of Dipolar anisotropy above 8 EeV
Harmonic analysis in right ascension ↵

E [EeV] events amplitude r phase [deg.] P (� r)
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Strong Physics Case
All of Auger UHECR data so far equals 1 year of GRAND UHECR data
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True for anisotropy, flux. 
Composition studies need more 
simulation to estimate systematic 
uncertainties
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Strong Physics Case
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2

mass, elastic scattering cross sections between a neutrino
⌫ and a heavy particle � typically scale as � / E2

⌫ . Large-
scale structure surveys provide the strongest constraint
on such interactions due to di↵usion damping of primor-
dial fluctuations, as they “bleed” power into the rela-
tivistic degrees of freedom: � < 10�40(m�/GeV)(T/T0)2

cm2, where the neutrino temperature today is T0 (in
the case of constant cross section, � < 10�31(m�/GeV)
cm2) [22]. Concurrently, thermal contact between neutri-
nos and DM after neutrino decoupling (Tdec ' 2.3 MeV)
leads to injection of entropy into the neutrino sector as
the DM becomes nonrelativistic, which a↵ects both nu-
cleosythesis and recombination by accelerating the ex-
pansion rate of the Universe. Based on recent CMB
measurements and primordial elemental abundance de-
terminations, this second, independent e↵ect leads to the
constraintm� & 4 MeV for a real scalar andm� & 9 MeV
for Dirac fermionic DM [23].

At high energies, the approximation � / E2
⌫ breaks

down for most viable particle interactions, since any me-
diating particle � starts to be resolved as the center of
mass energy approaches m�. We thus turn to two sim-
plified interaction models to illustrate our scenario: a)
a fermionic DM candidate coupled to neutrinos via a
spin-1 mediator (S�, S�) = (1/2, 1) and b) a scalar DM
particle, coupled via a fermion (0, 1/2). The former is
akin to a new Z 0 gauge boson [24], while the latter, in-
spired by right-handed sneutrino models (e.g., [25, 26]),
includes an s-channel diagram in the elastic scattering
matrix element and thus presents some resonant struc-
ture. This leads to qualitatively di↵erent phenomenol-
ogy, suggesting that resonant scattering at high energies
may be significantly more constraining than cosmological
constraints where E⌫ . eV ⌧ m�.

In both cases, we refer to the DM as � and the
mediator as �, and seek to constrain the particle masses
m�,m�, and three-point couplings g (setting the � � ⌫
and �� � couplings equal where relevant).

The extragalactic neutrino signal Since the dis-
covery of cosmic neutrinos in 2013 [27, 28], IceCube has
reported 53 HESE events. Several scenarios and source
classes have been proposed for the origin and production
of high-energy neutrinos (see [19, 29–35]). However, the
sources of IceCube’s highest energy neutrinos are still a
mystery, since – so far – all point source searches and
correlation studies have favored an isotropic distribu-
tion [36]. This, along with the relatively large observed
flux, implies that a large fraction of the energy in the
nonthermal Universe originates from hadronic processes.
The observed cosmic neutrino flux is predominantly ex-
tragalactic in origin, and its total energy density is simi-
lar to that of photons measured by the Fermi gamma ray
telescope [37]. This suggests a common origin of high-
energy neutrinos and gamma rays. That is, rather than
some exotic sources, IceCube is observing the same Uni-

Galactic

21.3 23log10(�DM/GeVcm�2)

-180∘180∘

90∘

-90∘

FIG. 1. The arrival directions of the 53 HESE neutrinos ob-
served in four years of IceCube data [17], in Galactic coordi-
nates. Crosses represent shower events, while x’s correspond
to tracks. Symbol size is proportional to the event energy, and
the circles represent the median angular uncertainty of cas-
cades. The color scale is the column density of DM traversed
by neutrinos arriving from each direction.

verse astronomers do.

In this work, we use the full four-year HESE
sample, which consists of 13 muon tracks and 40
cascades. They are compatible with a power
law spectrum given by E2�(E) = 2.2 ± 0.7 ⇥
10�8(E/100TeV)�0.58 GeV cm�2 s�1 sr�1. No statisti-
cally significant clustering has been found in this event
selection, i.e., the spatial distribution is consistent with
being isotropic. Furthermore, correlation between the
neutrinos arrival directions and the galactic plane was
not found to be significant [17]. The flavor composition
of this sample is consistent with (⌫e : ⌫µ : ⌫⌧ ) = (1 :
1 : 1) [38, 39]. This is the composition expected for pi-
onic origin of the events and current measured neutrino
mixing angle [40]. Nonetheless, a di↵erent flavor compo-
sition at production would yield an oscillation-averaged
flux that is very close to (1 : 1 : 1) and, with current
statistics, would not be distinguishable within the space
of flavors allowed by oscillation [39]. In fact, as long
as the production mechanism is pion-dominated, the ex-
pected flavor ratio remains close to (1 : 1 : 1) even in
the presence of new physics in the propagation [41]. We
will consider spectral indices of the astrophysical flux be-
tween � = 2 (corresponding to the expected value from
Fermi acceleration) through to � = 2.9, consistent with
the best fit to the latest HESE data [39, 42].

We model the attenuation of extragalactic neutrinos
as they pass through the halo of DM particles that grav-
itationally bind the Milky Way. The bulk of the DM
lies in the direction of the Galactic center, (l, b) = (0, 0)
in Galactic coordinates, 8.5 kpc away from our loca-
tion. Its radial density distribution ⇢�(r) can be modeled
with the Einasto profile [43]. We employ shape param-
eters that fit the Via Lactea II simulation results [44]
(↵ = 0.17, Rs = 26 kpc), and a local DM density of

dark matter interactions in the universe

the neutrino-nucleon cross section

(New) physics

15

Mauricio Bustamante (Niels Bohr Institute) 16

Our result

MB & A. Connolly 2017

High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 12	

Poster	#174	Stachurska	et	al.	(IceCube)	
Poster	#176	Meier	et	al.	(IceCube)	

IceCube, neutrino 2018

Flavor Oscillations
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Site Selection GP300

Measure radio noise at each site
Trigger efficiency
Data Quality

Visual inspection of environment
Deployment and Maintenance
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Site Survey – Impressions
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GP300, First (particle) physics
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Figure 1. Left: Energy-normalized relative muon number ⟨Rµ⟩/(E/1019 eV) for various interaction models
and two primaries, p and Fe, as obtained from inclined events [5]. Note that the Auger data (black points)
indicate a heavy composition and exhibit a different slope (black line) than the model predictions (dashed and
dotted lines). Right: ⟨ln Rµ⟩ vs. ⟨Xmax⟩ for various interaction models (lines) and primary masses (markers)
and the Auger data (black point with systematic-uncertainty brackets) from events with energies around E =
1019 eV [5].

Using data obtained at the Pierre Auger Observatory we are performing extensive muon studies,
and the planned upgrade of the detectors [3] is primarily aimed at further improvements in separability
of the muonic and electromagnetic components of the showers. The two main parts of the Observa-
tory [4] are the Surface Detector (SD), consisting of a ∼3000 km2 array of 1660 water-Cherenkov
stations with an almost 100% duty cycle, and the Fluorescence Detector (FD) which is comprised of
27 telescopes operating in a ∼15% duty cycle.

Due to the limited space available in the following Sections, we only briefly outline the main
features of the muon studies based on data from the Pierre Auger Observatory.

2. Hybrid observations of inclined events

Since the electromagnetic component of a shower is absorbed faster in the atmosphere than the
muonic part, highly inclined showers deliver an almost pure muon “beam”, which is suitable for direct
studies. Here we use hybrid events, which were recorded by both the SD and FD, and with zenith
angles in the range 62◦< θ< 80◦. While the whole procedure is more complicated [5] and involves
construction of an unbiased estimator, it can be schematically described as follows. For each event, the
muon density at the ground ρrec

µ , which is reconstructed from measured SD signals, is separated into
a footprint shape ρmap

µ and a relative muon content Rµ. The ansatz is ρrec
µ (⃗r; θ, φ) = Rµ ρ

map
µ (⃗r; θ, φ),

where the template ρmap
µ is derived from simulations of protons at E = 1019 eV with one selected

hadronic-interaction model. The template takes into account most of the asymmetric and elongated
shape of the footprint at the ground and depends only weakly on the cosmic-ray energy and mass.

As illustrated in Eq. (1), we expect a power-law dependence of the mean muon content on energy,
⟨Rµ⟩ = a(E/1019 eV)b. A fit to 174 high-quality events gives a = 1.84 ± 0.03 ± 0.32(syst.) and
b = 1.03 ± 0.02 ± 0.03(syst.). In Fig. 1-left, the energy-normalized ⟨Rµ⟩/(E/1019 eV) is shown for
simulations with different primary masses and interaction models, and we can see that the proton and
iron showers are well separated. While the large systematic uncertainty (square brackets) limits its
power as a mass-sensitive estimator, Rµ still delivers valuable insights due to the discrepancy between

2■■■

011014-2JPS Conf. Proc. , 011014 (2018)19

Proceedings of 2016 International Conference on Ultra-High Energy Cosmic Rays (UHECR2016)
Downloaded from journals.jps.jp by 213.127.205.253 on 09/26/18

Auger (2015)

EPJ Web of Conferences 145 , 01003 (2017) DOI: 10.1051/epjconf/201714501003

ISVHECRI 2016

Figure 7. Raw lateral profiles of muon density observed in
IceTop for near vertical showers (average zenith angle is 13◦)
obtained for air showers in several energy bins (average energy
is shown in rotated text). Dotted and dashed lines indicate
estimates based on alternative models used to fit the background
of non-muon signals. The impact of non-muon background on
the analysis is larger for bins closer to the shower axis up
to a point where the systematic uncertainty becomes too large
and results are discarded (open dots). The profiles are raw
results obtained from fits of signal distributions, before applying
a composition-dependent correction derived from air shower
simulations.

Figure 8. Top: muon density at 600 m and 800 m as a function of
primary energy for near vertical showers. Lines show expected
values for proton and iron showers simulated with CORSIKA
and SIBYLL2.1. Bottom: same as above, but with all densities
normalized to the expected density for proton showers. Brackets
indicate systematic uncertainties. The densities shown here were
corrected for a small composition-dependent bias found when
applying the method to air shower simulations.

showers. The measurement is dominated by the systematic
uncertainty, which however remains below 15%.

For the hadronic interaction model SIBYLL2.1, we
find a similar behavior in GeV muons and in TeV
muons. The results are compatible with a light mass
composition around 1 PeV and then indicate an increase
in the average mass. However, around 100 PeV the muon
density rises even beyond the value for iron showers,
which is astrophysically not plausible. The more likely
explanation is a deterioration of the description of muons
in SIBYLL2.1 as the air shower energy increases. This
interpretation is consistent with another measurement by
the HiRes-Mia group [6], which measured the muon
density in air showers from 100 PeV to 1 EeV and found
a similar deficit of muons in simulations compared to real
showers.

5. High-energy muon flux
As previously mentioned, TeV muons in the deep ice
occasionally have stochastic energy losses which generate
large localized amounts of light. This experimental
signature can be used to identify air showers events with
high-energy muons (HE-muons). HE-muons are typically
produced by prompt decays of charmed hadrons, which
also give rise to prompt neutrinos.

The IceCube collaboration is very interested in reliable
predictions of the flux of PeV neutrinos that originate
from air showers, because they form the main background
to astrophysical neutrinos. Measuring the flux of HE-
muons allows one to constrain the flux of atmospheric PeV
neutrinos very well.

In a recent study [25], machine learning tools were
applied to discriminate air showers with a HE-muon from
other events, which was defined as a single muon that
carries more than 50% of the energy of the whole muon
bundle that reaches the deep detector. The classifier was
trained on simulated air showers, using 30 variables which
quantify various aspects of the air shower event in IceCube.
After training, a signal-to-background ratio of better than
10 is achieved, with about 40% of the signal surviving.

Estimating the energy of the HE-muon based on its
energy loss in the deep ice is still difficult, so the energy
resolution is not very high. Unfolding methods are used
to compensate distortions in the estimated flux due to
low energy resolution, and also correct for the detector
acceptance and selection losses. The final result is the
unfolded flux of HE-muons at the South Pole surface,
shown in Fig. 9. The measurement is very promising,
but so far still compatible with both a flux predicted by
SIBYLL2.1, in which charmed hadrons are not simulated,
and an alternative flux where decays of such charmed
hadrons have been added.

The situation will improve in the near future. The
current measurement is limited by the statistical accuracy
of the simulated response matrices which are used in the
flux unfolding. More simulations are in preparation to
significantly reduce the flux uncertainty between 0.1 and
1 PeV.

6. Laterally-separated TeV muons
The last muon analysis presented here targets a special
class of air shower events discovered by IceCube. These

5

Icetop (2017)

GP300

Adding particle detectors on a 300 km2 array
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Cosmic Horizons
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Photons have to be produced 
nearby (pair production)

UHECR have to be produced 
nearby (GZK)
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Finding Acceleration sites of UHECR
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1. Find light cosmic rays(p) 
from nearby sites 
(AugerPrime)

2. Find neutral particles as 
tracers from these sites 
(at low energy: ACT)

3. Do both at the highest energies: GRAND
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Strong Physics Case

Radio Astronomy with GRAND

Giant radio Pulses from the 
CRAB

Fast radio bursts
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Energy resolution Radio Technique
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Xmax reconstruction Radio 
Technique
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LOFAR

LOFAR

TUNKA-REX
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