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Constraints on using photons as probes

• Photons are excellent probes to locate astrophysical accelerators, but they are 
useful up to a maximum distance: the gamma-ray horizon
o Sun – Galactic center: ~ 8 kpc, diameter ~ 50 kpc 
o Mean free path of 100 GeV’s photons: ~ 1 Gpc
o Mean free path of TeV photons : ~ 100 Mpc
o Mean free path of PeV photons : ~ < 10 kpc

• To probe the highest energies (PeVs) we need something different…

Markarian 501, farthest 
object observed by HAWC 
Distance: ~ 140 Mpc
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Eur. Phys. J. H. 37 515-565 (2012) C. Spiering

Neutrinos

The detection depends on:
- Flux
- Cross section
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Eur. Phys. J. H. 37 515-565 (2012) C. Spiering

Neutrinos

The detection depends on:
- Flux
- Cross section

For solar neutrinos (pp)

The cross section for electron 
scattering:

σ ~ 10 -49 m2

1
H +1

H !2
H + e

+ + ⌫e + 0.42 MeV
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Eur. Phys. J. H. 37 515-565 (2012) C. Spiering

Neutrinos

The detection depends on:
- Flux
- Cross section

Cosmogenic neutrinos
(100 PeV)

With the microwave bckg.

σ ~ 10 -37 m2

But with a flux
(not very well constrained) 

~10 36 minor
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Super Kamiokande
1 km underground in Kamioka, Japan
50 million liters of water
Cost: 100 million USD

Neutrino detection

IceCube
Up to 2.8 km depth in the South 
Pole
1 km3 of ice
Cost: 272 million USD
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Atmospheric shower seen by HAWC
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Indirect neutrino detection: Earth-skimming 
method

• The mountain is used as a shield for the atmospheric background
• Goal: Measure tracks produced by neutrino induced charged leptons

PRL 88, 161102 (2002)
J. Feng et al.

Pico de Orizaba
volcano

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC                                                                                            

d                  u
d                  d
u                  u

N P

⌧�

W�

⌫⌧

⌫⌧

7



Examples from other experiments:

Ashra

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC

APJ 736:L12 (2011)
Observational search for PeV-EeV
tau neutrino from GRB081203A

MAGIC

Figure 2: Schematic view of Cherenkov τ shower ES method. Mauna Kea is used as the target mass for neutrino charged current interaction.
The produced air shower is observed from Mauna Loa. In addition to the fact that the mountain can be viewed with large solid angle from the
observatory, the distance of about 30km from the observatory to the Mauna Kea surface is appropriate for the air shower development in 10–100 PeV
energy range, resulting in the huge advantage of the Ashra-1 observatory.

Second, we used GEANT4 (ver. 9.3) [31] to evaluate the τ’s deflection due to propagation in the Earth. To estimate
the energy loss of high energy leptons, the following parametrization is generally adopted [32]:

−

〈

dE
dX

〉

= α + βE,

where α denotes the nearly constant parameter determined by ionization loss, and β denotes the radiative energy loss
due to Bremsstrahlung, pair production and photonuclear interaction. Since radiative energy loss is dominant for
high energy τs, these high energy process must be included in the ”Physics List” of GEANT4. Thus, we applied the
following processes originally defined for muons to τs, and estimated the deflection after propagating through 10km
rock.

• G4MuBremsstrahlung: Bremsstrahlung

• G4MuPairProduction: e+e− pair production 1

• G4MuNuclearInteraction: Photonuclear Interaction

To validate our GEANT4 simulation, we compared the energy dependence of β for Bremsstrahlung, pair produc-
tion, and photonuclear interaction to Ref. [32]. The β energy dependence agreed well for the former two processes,
but we found that GEANT4 produced smaller values for photonuclear interaction at higher energy and that the dif-
ference was 3 times at 108 GeV. Therefore we wrote a toy Monte Carlo simulation for photonuclear interaction using
the formalism of Refs. [33, 34]. In this simulation, the energy dependence of β in the relevant energy range was well
reproduced within ±1% although the absolute value of β was 30% higher than that in the original work. Note that our
estimate on τ’s deflection due to photonuclear interaction can be assumed to be conservative since larger deflection
is expected from higher β. Figure 3 shows the simulation results of deflection angle of τs after propagating 10km of
rock. Left panel shows the GEANT4 results including all the high energy processes except for photonuclear interac-
tion, and the right panel shows the results of photonuclear interaction simulated by our toy Monte Carlo simulation.
These results indicate that photonuclear interaction becomes dominant for deflection at 1 PeV and higher. Note that
the decay of τs was switched off for above simulations and the hatched histograms indicate that the τ range is less
than 10km. For example, the τ range is 4.9 km at 100 PeV. We conclude that the deflection angle of τs with energy
greater than 1 PeV is much less than 1 arcmin.

Next, the deflection due to τ decay is estimated by using the output of TAUOLA[35] taking the τ polarization
into account. From the mass of the τs, the deflection angle must be less than 1 arcmin if the energy of the secondary
particle is higher than 13 TeV. Using TAUOLA outputs in our simulation sample of PeV-energy neutrinos, we found
that the probabilities to produce decay particle with its energy less than 13 TeV were 1.7% and 0.038% for parent

1we modified the original G4MuPairProduction so that the momentum preserves including the produced particles, resulting in the inclusion of
deflection.
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Fig. 1. Left panel: Illustration of a neutrino converting after distance x into a tau lepton inside the Earth with radius R Earth and crossing the layer of the Sea towards the 
MAGIC telescopes. Right panel: the horizon seen from the MAGIC telescopes. The region with azimuth φ in the range from −20 ◦ to −100 ◦ and zenith angle θ from ∼ 90 ° to 
∼ 95 ° can be used to point toward the sea. The region with azimuth from −20 ◦ to 0 ° is excluded, due to shadowing by the telescopes access towers. 
less energy while it travels through matter and which can be ef- 
ficiently detected by IACTs and discriminated against background. 
Thus the earth-skimming method is suitable for the detection of 
tau neutrinos. 5 

To detect neutrino-induced showers with an IACT system, it 
needs to be pointed towards the ground, e.g. the side of a moun- 
tain or the sea surface [6,11–14] . 

In this paper we present limits on the flux of tau neutrinos 
from the MAGIC telescopes. MAGIC is located at the Roque de los 
Muchachos Observatory at an altitude of about 2200 m above sea 
level (28.8 ° N, 17.9 ° W), in the Canary Island of La Palma (Spain). 
The observatory consists of two telescopes placed at a distance of 
85 m from one another. The MAGIC telescopes have a mirror of 
17 m diameter and a field of view (FOV) of 3.5 °. They have been 
built to detect cosmic γ -rays in the energy range from ∼ 50 GeV 
to ∼ 50 TeV [15] . For this search, MAGIC was used as a neutrino 
detector, in order to look for air showers induced by tau neutri- 
nos ( τ -induced showers) in the PeV to EeV energy range. Here we 
report final results of our preliminary studies presented in [16,17] . 

The search of tau neutrinos with MAGIC is performed pointing 
the telescopes in the direction of ντ which escape the Earth crust 
and later cross the ocean (see Fig. 1 , left). The telescopes can point 
up to 6 ° below the horizontal plane, covering an azimuthal range 
of 80 ° (see Fig. 1 , right). The location of MAGIC contains the right 
distance of the telescope to the average point of the tau lepton de- 
cay vertex. This distance should be at least a few tens of times 
larger than the decay length of the tau lepton. At 10/10 0 0 PeV 
the tau decay length is about 0.5/50 km. If such a condition is 
not fulfilled, the induced air-shower is not fully developed, lead- 
ing to a too small amount of produced Cherenkov light reaching 
the Cherenkov telescopes. 

In [18] , the effective area for up-going tau neutrino observa- 
tions for MAGIC was calculated analytically and found to reach 
5 · 10 5 m 2 at 100 EeV. An analytical approximation results in tau 
neutrino effective areas from ∼ 10 3 m 2 (at 100 TeV) to 6 × 10 4 m 2 
(at 300 PeV) for an observation angle of about 1.5 ° below the hori- 

5 The flux of µ leptons produced due to charged current interaction of νµ is more 
than one order of magnitude lower than for τ leptons [78,79] . 

zon, 6 rapidly diminishing with larger inclination. However, the sen- 
sitivity for diffuse neutrinos was found to be very poor compared 
to the IceCube or Pierre Auger experiments due to the limited FOV, 
and the shorter observation times with MAGIC. 

In the case the telescopes are pointed to flaring or disrupting 
point sources such as gamma ray bursts (GRBs) or active galactic 
nuclei (AGNs), one can expect to observe a signal from neutrinos. 
Indeed, it was shown by the Ashra (All-sky Survey High Resolution 
Air-shower detector) team [11] and by [18] , that Cherenkov tele- 
scopes can be sensitive to close-by GRBs ( z < 0.1). It is also known 
that a large amount of rock surrounding the site, like mountains, 
can lead to a significant enhancement of the tau lepton flux, see 
for example [13] . However, in the case of the MAGIC site, the 
mountain is too close to the telescopes, and the possible τ -leptons 
emerging from the mountain would not have sufficient time to cre- 
ate the electromagnetic showers before reaching the telescopes. 

It is worth to mention that this kind of observations can be per- 
formed during the presence of high clouds above the detector. In 
such a case, the regular MAGIC gamma-ray observations are not 
possible, but such conditions allow to perform horizontal obser- 
vations for tau neutrinos. The amount of observation time varies 
from one to another MAGIC observation season, but amounts to 
about 100 h per year [19] . 

The structure of this paper is the following: Section 2 describes 
the recent MAGIC observation at very large zenith angles ( > 85 °) 
and presents the Monte Carlo (MC) simulation chain. In Section 3 , 
we study the properties of shower images on the camera focal 
plane from τ -induced showers, and we show that MAGIC can dis- 
criminate τ -induced showers from the background of large-zenith 
angle cosmic-ray (CR) induced showers. In Section 4 and 5 details 
of the acceptance calculations are presented, together with the ex- 
pected event rates and the MAGIC sensitivity for tau neutrinos. Fi- 
nally, in Section 6 , a short summary is given. 

Astroparticle Physics 102 (2018) 77-88
Limits on the flux of tau neutrinos from 
1 PeV to 3 EeV with the MAGIC telescopes

8



Using HAWC as a tracker

o Use each WCD as a pixel for track reconstruction
o Select groups of neighbor pixels with propagation between them 

consistent with the speed of light
o Store per pixel information (<T>, !PEs, NHits) 

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC 9



Data sample and selection cuts
Data from the shower trigger:
o 216 runs
o ~ 6 months of active time
o ~ 260 TB 
o > 3.6 × 106 CPU hours 

Pixel quality cuts:
o Minimum PMT charge: 4 PEs 
o Minimum PMT hits in each pixel: 2
o Removal of pixels associated to atmospheric showers
o Isolated tracks

Data processing
For each two minutes (full field of view): 
• ~ 2 × 106 triggers (2 neighbor pixels with signal)
• ~ 5 × 104 track candidates (3 neighbor pixels with propagation v ~ c)

• Isolation cuts (reduce background)
• Stricter relativistic propagation

• ~ 0.06 high quality tracks from Pico de Orizaba   
H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC 10



Example signals

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC

Real data: muon from northwest
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Stable angular resolution in the energy 
range [10 GeV – 100 TeV]

Angular resolution

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC
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Adapt the method developed by IceCube1

• Simpler to implement due to the opticall isolation of detector units and their dimensions
• qWCD = the largest charge deposit in a 10 inch PMT

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC
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Calibration of the energy estimator

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC
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1 Atmospheric muon and neutrino fluxes at very high energy, Astroparticle Physics 34 (2011) 663-673
2 PDG, Chin. Phys. C. 40 (2016) 100001
3 Characterization of the atmospheric muon flux in IceCube, Astroparticle Physics 78 (2016) 1-27



Horizontal muon from East

Estimated energy [TeV]
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Figure 30.5: Spectrum of muons at θ = 0◦ (! [50], " [56], ! [57], # [58], ×,
+ [52], ◦ [53], and • [54] and θ = 75◦ ♦ [59]) . The line plots the result from
Eq. (30.4) for vertical showers.

30.3.2. Electromagnetic component : At the ground, this component consists of
electrons, positrons, and photons primarily from cascades initiated by decay of neutral
and charged mesons. Muon decay is the dominant source of low-energy electrons at sea
level. Decay of neutral pions is more important at high altitude or when the energy
threshold is high. Knock-on electrons also make a small contribution at low energy [61].
The integral vertical intensity of electrons plus positrons is very approximately 30, 6,
and 0.2 m−2s−1sr−1 above 10, 100, and 1000 MeV respectively [51,62], but the exact
numbers depend sensitively on altitude, and the angular dependence is complex because
of the different altitude dependence of the different sources of electrons [61–63]. The
ratio of photons to electrons plus positrons is approximately 1.3 above 1 GeV and 1.7
below the critical energy [63].

30.3.3. Protons : Nucleons above 1 GeV/c at ground level are degraded remnants of
the primary cosmic radiation. The intensity is approximately IN (E, 0)× exp(−X/ cos θΛ)
for θ < 70◦. At sea level, about 1/3 of the nucleons in the vertical direction are
neutrons (up from ≈ 10% at the top of the atmosphere as the n/p ratio approaches
equilibrium). The integral intensity of vertical protons above 1 GeV/c at sea level is
≈ 0.9 m−2s−1sr−1 [51,64].

December 1, 2017 09:36
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Peak at several
hundred GeV

vertical
muons
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Long track from West

Estimated energy [TeV]
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Figure 30.5: Spectrum of muons at θ = 0◦ (! [50], " [56], ! [57], # [58], ×,
+ [52], ◦ [53], and • [54] and θ = 75◦ ♦ [59]) . The line plots the result from
Eq. (30.4) for vertical showers.

30.3.2. Electromagnetic component : At the ground, this component consists of
electrons, positrons, and photons primarily from cascades initiated by decay of neutral
and charged mesons. Muon decay is the dominant source of low-energy electrons at sea
level. Decay of neutral pions is more important at high altitude or when the energy
threshold is high. Knock-on electrons also make a small contribution at low energy [61].
The integral vertical intensity of electrons plus positrons is very approximately 30, 6,
and 0.2 m−2s−1sr−1 above 10, 100, and 1000 MeV respectively [51,62], but the exact
numbers depend sensitively on altitude, and the angular dependence is complex because
of the different altitude dependence of the different sources of electrons [61–63]. The
ratio of photons to electrons plus positrons is approximately 1.3 above 1 GeV and 1.7
below the critical energy [63].

30.3.3. Protons : Nucleons above 1 GeV/c at ground level are degraded remnants of
the primary cosmic radiation. The intensity is approximately IN (E, 0)× exp(−X/ cos θΛ)
for θ < 70◦. At sea level, about 1/3 of the nucleons in the vertical direction are
neutrons (up from ≈ 10% at the top of the atmosphere as the n/p ratio approaches
equilibrium). The integral intensity of vertical protons above 1 GeV/c at sea level is
≈ 0.9 m−2s−1sr−1 [51,64].
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Muon intensity vs depth

12 30. Cosmic rays

Fig. 30.7 shows the vertical muon intensity versus depth. In constructing this “depth-
intensity curve,” each group has taken account of the angular distribution of the muons
in the atmosphere, the map of the overburden at each detector, and the properties of the
local medium in connecting measurements at various slant depths and zenith angles to
the vertical intensity. Use of data from a range of angles allows a fixed detector to cover
a wide range of depths. The flat portion of the curve is due to muons produced locally by
charged-current interactions of νµ. The inset shows the vertical intensity curve for water
and ice published in Refs. [70–73]. It is not as steep as the one for rock because of the
lower muon energy loss in water.

1 10 100

1 102 5

Figure 30.7: Vertical muon intensity vs depth (1 km.w.e. = 105 g cm−2). The
experimental data are from: ♦: the compilations of Crouch [69], ": Baksan [75],
◦: LVD [76], •: MACRO [77], #: Frejus [78], and ": SNO [79]. The shaded area at
large depths represents neutrino-induced muons of energy above 2 GeV. The upper
line is for horizontal neutrino-induced muons, the lower one for vertically upward
muons. Darker shading shows the muon flux measured by the SuperKamiokande
experiment. The inset shows the vertical intensity curve for water and ice published
in Refs. [70–73]. Additional data extending to slant depths of 13 km are available
in [74].

December 1, 2017 09:36

PDG

Neutrino induced muons above 2 GeV

Neutrino induced muons start 
just above 10 km.w.e.

Horizontal neutrino induced muons

Vertically upward muons
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Track from Citlaltepetl (I)
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in standard rock) defines a critical energy below which continuous ionization loss is more
important than radiative losses. Table 30.2 shows a and b values for standard rock, and
b for ice, as a function of muon energy. The second column of Table 30.2 shows the
muon range in standard rock (A = 22, Z = 11, ρ = 2.65 g cm−3). These parameters are
quite sensitive to the chemical composition of the rock, which must be evaluated for each
location.

Table 30.2: Average muon range R and energy loss parameters a and b calculated
for standard rock [67] and the total energy loss parameter b for ice. Range is given

in km-water-equivalent, or 105 g cm−2.

Eµ R a bbrems bpair bnucl
∑

bi
∑

b(ice)

GeV km.w.e. MeV g−1 cm2 10−6 g−1 cm2

10 0.05 2.17 0.70 0.70 0.50 1.90 1.66

100 0.41 2.44 1.10 1.53 0.41 3.04 2.51

1000 2.45 2.68 1.44 2.07 0.41 3.92 3.17

10000 6.09 2.93 1.62 2.27 0.46 4.35 3.78

The intensity of muons underground can be estimated from the muon intensity in the
atmosphere and their rate of energy loss. To the extent that the mild energy dependence
of a and b can be neglected, Eq. (30.5) can be integrated to provide the following relation
between the energy Eµ,0 of a muon at production in the atmosphere and its average
energy Eµ after traversing a thickness X of rock (or ice or water):

Eµ,0 = (Eµ + ε) ebX − ε . (30.6)

Especially at high energy, however, fluctuations are important and an accurate calculation
requires a simulation that accounts for stochastic energy-loss processes [68].

There are two depth regimes for which Eq. (30.6) can be simplified. For X "
b−1 ≈ 2.5 km water equivalent, Eµ,0 ≈ Eµ(X) + aX , while for X $ b−1 Eµ,0 ≈
(ε + Eµ(X)) exp(bX). Thus at shallow depths the differential muon energy spectrum is
approximately constant for Eµ < aX and steepens to reflect the surface muon spectrum
for Eµ > aX , whereas for X > 2.5 km.w.e. the differential spectrum underground is
again constant for small muon energies but steepens to reflect the surface muon spectrum
for Eµ > ε ≈ 0.5 TeV. In the deep regime the shape is independent of depth although
the intensity decreases exponentially with depth. In general the muon spectrum at slant
depth X is

dNµ(X)

dEµ
=

dNµ

dEµ,0

dEµ,0

dEµ
=

dNµ

dEµ,0
ebX , (30.7)

where Eµ,0 is the solution of Eq. (30.6) in the approximation neglecting fluctuations.

December 1, 2017 09:36

PDG
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IceCube neutrino
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Evidence for High-Energy 

Extraterrestrial Neutrinos at the 

IceCube Detector

IceCube Collaboration*

Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-

nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 

and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 

they interact with gas and background light near the source to produce subatomic particles such as 

charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 

search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-

vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 

showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 

detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-

nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 

become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 

evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-

retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 

than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 

TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 

time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 

originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 

by Earth, and have a hard energy spectrum compat-

ible with that expected from cosmic ray accelerators. 

Within our present knowledge, the directions, ener-

gies, and topologies of these events are not compatible 

with expectations for terrestrial processes, deviating at 

the 4σ level from standard assumptions for the atmo-

spheric background. These properties, in particular 

the north-south asymmetry, generically disfavor any 

purely atmospheric explanation for the data. Although 

not compatible with an atmospheric explanation, the 

data do match expectations for an origin in uniden-

tifi ed high-energy galactic or extragalactic neutrino 

accelerators.

FIGURES IN THE FULL ARTICLE

Fig. 1. Drawing of the IceCube array.

Fig. 2. Distribution of best-fi t deposited 
energies and declinations.

Fig. 3. Coordinates of the fi rst detected light 
from each event in the fi nal sample.

Fig. 4. Distributions of the deposited energies 
and declination angles of the observed events 
compared to model predictions.

Fig. 5. Sky map in equatorial coordinates of 
the TS value from the maximum likelihood 
point source analysis.

Fig. 6. Distribution of deposited PMT charges 
(Qtot).

Fig. 7. Neutrino effective area and volume.

SUPPLEMENTARY MATERIALS

Materials and Methods

Event Displays 1 to 28

Neutrino Effective Areas

A 250 TeV neutrino interaction in IceCube. At the neutrino 

interaction point (bottom), a large particle shower is visible, 

with a muon produced in the interaction leaving up and to the 

left. The direction of the muon indicates the direction of the 

original neutrino.

READ THE FULL ARTICLE ONLINE
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250 TeV neutrino interaction with a muon



Estimated energy [TeV]

19.0%&'.()**.+

, [∘] . [∘]
309.1 ± 2.3 3.5 ± 1.4

290 300 310 320 330 340
]o [f

0

2

4

6

8

10

12

14

16

18

20]o  [q

1000

2000

3000

4000

5000

6000

7000

<W
id

th
> 

[m
]

INEGI Profile

Geometric model

A B C D E F G

H I J K L

Track from Citlaltepetl (II)
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∼ 20

If using the minimum energy (8.7 TeV):
Initial muon energy: ∼ 176 PeV
Expected signals above 5 PeV:  < 0.00005
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Estimated energy [TeV]
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∼ 18If using the minimum energy (1.0 TeV):
Initial muon energy: ∼ 15 PeV
Expected signals above 5 PeV:  < 0.00005
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Estimated energy [TeV]
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If using the minimum energy (300 GeV):
Initial muon energy: ∼ 8 PeV
Expected signals above 5 PeV:  < 0.00005
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If using the minimum energy (100 GeV): 
Initial muon energy: ∼ 11 PeV
Expected signals above 5 PeV:  < 0.00005
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Muon intensity vs depth

12 30. Cosmic rays

Fig. 30.7 shows the vertical muon intensity versus depth. In constructing this “depth-
intensity curve,” each group has taken account of the angular distribution of the muons
in the atmosphere, the map of the overburden at each detector, and the properties of the
local medium in connecting measurements at various slant depths and zenith angles to
the vertical intensity. Use of data from a range of angles allows a fixed detector to cover
a wide range of depths. The flat portion of the curve is due to muons produced locally by
charged-current interactions of νµ. The inset shows the vertical intensity curve for water
and ice published in Refs. [70–73]. It is not as steep as the one for rock because of the
lower muon energy loss in water.

1 10 100

1 102 5

Figure 30.7: Vertical muon intensity vs depth (1 km.w.e. = 105 g cm−2). The
experimental data are from: ♦: the compilations of Crouch [69], ": Baksan [75],
◦: LVD [76], •: MACRO [77], #: Frejus [78], and ": SNO [79]. The shaded area at
large depths represents neutrino-induced muons of energy above 2 GeV. The upper
line is for horizontal neutrino-induced muons, the lower one for vertically upward
muons. Darker shading shows the muon flux measured by the SuperKamiokande
experiment. The inset shows the vertical intensity curve for water and ice published
in Refs. [70–73]. Additional data extending to slant depths of 13 km are available
in [74].

December 1, 2017 09:36

PDG

HAWC (preliminary)
approximate value: ∼3 × 10-8
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Conclusions

H. León Vargas (IF-UNAM) Search of UHE neutrinos with HAWC

§ We are working on a non conventional analysis with HAWC: the indirect 
search of very high energy neutrinos using the Earth-skimming method

§ The method works and it was not necessary to implement a new trigger, the 
shower trigger is enough

§ First candidate signals that could be associated to atmospheric neutrinos

§ Plan to use transport codes of leptons through rock to improve the results

§ New results coming soon
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