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Neutrino search with HAWC

• The volcano also works as a background absorber                              
(horizontal muons and air showers) 

• Use HAWC to detect the charged lepton or its collimated decay products    

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

N P
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Atmospheric Earth-skimming neutrino detection

Ashra

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

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

MAGIC

Astroparticle Physics 102 (2018) 77-88 
Limits on the flux of tau neutrinos from  
1 PeV to 3 EeV with the MAGIC telescopes
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Prof. Zhen Cao proposed to build 
the Cosmic Ray Tau Neutrino 
Telescope (CRTNT) 

Similar to ASHRA, expectation of 1 
neutrino per year 

Instead appointed PI of LHAASO 
(180 M USD)
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Atmospheric Earth-skimming neutrino detection

6



Not-underground astrophysical neutrino detectors

General opinion: Impossible, the background is too large 
Some experimental proposals1 (none was built): 

- GRANDE (Gamma-Ray and Neutrino DEtector).  
  Cherenkov detectors, 30,000 m2  (1988) 

- LENA (Lake Experiment on Neutrino Activities) 
  Cherenkov detectors (1992) 

- NET 
  3 layers of Cherenkov detectors at Gran Sasso (1991) 

- PAN (Particle Astrophysics in Norrland) 
  Detectors inside a lake in Sweden (1991) 

- SINGAO (Southern Italy Neutrino and Gamma Astronomy Observatory) 
  10 000 m2 of RPCs (1988) 
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1C. Spiering. The European Physical Journal H 
37 (2012) 515-565
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o The filled circle size is proportional to the charge detected by 
each PMT 

o The color code represents the hit time [ns]
 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

o Aerial view of the 
detector 

o The display is that 
of a real data air 
shower.
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Data visualization in HAWC



HAWC as a particle tracker
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Selection criteria (software trigger) : 
o Chain of hits in neighboring PMTs (same columns or closest columns), 

comprising at least 2 WCDs, with propagation consistent with speed of 
light 

o Store WCD information (<T>, 𝛴PEs, NHits)         pixel for tracking
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HAWC as a particle tracker
Simulation
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Real data “small” events
Preliminary Preliminary

PreliminaryPreliminary
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Data sample & selection
Data obtained using the air shower trigger: 
o 216 runs 
o ~6 months of live time 
o ~260 TB processed (> 7  CPU hours, using two clusters: UMD & UNAM) 

WCD selection cuts: 
o Minimum PMT charge: 4 PEs  
o Minimum number of PMT with signal inside each WCD: 2/4 

o Removal of hits identified as part of an air shower 
o Isolation cuts on each track candidate 

Background sources: 
o Vertical muons hitting HAWC from above (∼104 m-2 min-1) 

▪ Each HAWC WCD has a diameter of 7.3 m  
▪ The PMT rate is approximately 24 & 39 kHz 

o Artificial tracks due to combinatorial background 

× 106
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Additional selection criteria

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

Additional cut to 
select propagation at ~c 
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Real data



Several vertical muons can produce patterns that are similar to an 
horizontal muon

𝜇𝑇0WCD that contain active PMTs at < Ti >
Muon trajectory

Reconstructed trajectory

1) Combinatorial background
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Randomly modify the position of 
PMTs with signal, for the full data 
set (6 months)
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For the analysis we used only tracks with  𝑁𝑇𝑟𝑎𝑐𝑘
𝑃𝑖𝑥𝑒𝑙 ≥ 4

Randomly modify the position of 
PMTs with signal, for the full data 
set (6 months) 

The longest random track 
consisted of 3 pixels
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Some examples of real data horizontal muons
Preliminary Preliminary

Preliminary Preliminary

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory 14



Hits outside a linear track

The tracks are not completely isolated, i.e. there are collinear hits

Preliminary
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Real data



Neighboring 
WCDs with hits

On time hits 
outside the track

Preliminary
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Hits outside a linear track
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Real data



More simulated events 

The red circles indicate the path of the simulated muons

Does it happen in simulations?
PreliminaryPreliminary

Preliminary Preliminary
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More simulated events 
PreliminaryPreliminary

Preliminary Preliminary

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

The red circles indicate the path of the simulated muons

Shower at the end of the track

Neighbor WCDs

Hits outside the main 
track

Does it happen in simulations?
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Cherenkov light sources

The injected particles are only positive muons

Preliminary
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10 GeV 1 TeV

10 TeV
As the muon 
energy  
increases, it 
produces 
more secondary  
particles 32% e+

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

Cherenkov light sources
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10 GeV 1 TeV

10 TeV
As the muon 
energy  
increases, it 
produces 
more secondary  
particles 32% e+
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Cherenkov light sources

−
dEμ

dX
= a + bEμ

ionization 
loss

radiative 
loss (> 100 GeV)

critical energy  500 GeV in rock∼
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Excess WCDs: WCDsT - WCDsP 
WCDsT: Number of WCDs with at least 1 simulated PE 
WCDsP: Number of WCDs that intersect the path of the simulated muon

These simulations do 
not include noise  
from vertical muons

Preliminary
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Hits outside a linear track
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Tracks with discontinuities
Preliminary
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Real data



Preliminary
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Tracks with discontinuities

WCDs without signal 
in the trajectory

Real data
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• Run: 7934 
• May 5 2018, 19:17:08 UTC, 14:17:08 MX 
• Discontinuity: hits in N11 
• PMTs N11A-D taking good quality data in 

the current run 
• No signals at the lowest level data (raw )

N11C

N11D N11A

N11B

Preliminary

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

Tracks with discontinuities
Real data
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I10C

I10D I10A

I10B

• Run: 6998 
• July 24, 2017, 06:08:06 UTC, 01:08:06 MX 
• Discontinuity: hits in I10 
• PMTs I10A-D taking good quality data in 

the current run 
• No signals at the lowest level data (raw )

Preliminary
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Tracks with discontinuities
Real data
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Light production fluctuations (muons)

 L. Rädel, C. Wiebusch, Astroparticle Physics (2013) 102-113 

100 GeV electron in ice

 L. Rädel, C. Wiebusch, Astroparticle Physics (2012) 53-67 Water

Red = negative 
Blue =  positive

• The muon energy loss is not uniform  
• Each HAWC WCD  has a diameter of 7.3 m

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory 23
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Light production fluctuations (muons)

• The muon energy loss is not uniform  
• Each HAWC WCD  has a diameter of 7.3 m

100 GeV electron in ice

Water

23

Red = negative 
Blue =  positive

 L. Rädel, C. Wiebusch, Astroparticle Physics (2013) 102-113 

 L. Rädel, C. Wiebusch, Astroparticle Physics (2012) 53-67 



1 TeV 𝜇

Preliminary Preliminary

Preliminary Preliminary
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Does it happen in simulations?
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Preliminary

Preliminary Preliminary

Preliminary
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Real data tracks pointing to the mountain

25



𝜇

2) Scattered muon background

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

Individual muons can be scattered towards horizontal directions

WCD that contain active PMTs at < Ti >
Muon trajectory

Reconstructed trajectory
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WCD that contain active PMTs at < Ti >
Muon trajectory

Reconstructed trajectory

Individual muons can be scattered towards horizontal directions
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Individual muons can be scattered towards horizontal directions

𝜇

1The muon background from backscattered cosmic-ray muon in a Surface Neutrino detector. 
Europhys. Lett. 14 (1991)  181-186

• This background is strongly energy dependent, i.e. < 20 GeV1  

• The scattering probability depends on the initial propagation elevation, 
i.e. muons closer to the horizon are more easily scattered
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2) Scattered muon background

WCD that contain active PMTs at < Ti >
Muon trajectory

Reconstructed trajectory
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Scattering model

• The base of the volcano provides a region with very large LOSM 
• The analysis is restricted to low elevations [0º, 2º]

o Profile of the 
volcano as seen 
from the center 
of HAWC 

o Conversion from 
geometry to 
LOSM using the 
average density 
of andesitic rocks 
∼ 2.6 g/cm3

Pico  
de Orizaba
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H. León Vargas 
Parallel session “New Facilities” 
XIX International Workshop on 
Neutrino Telescopes 2021
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Scattering model

Pico  
de Orizaba

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

H. León Vargas 
Parallel session “New Facilities” 
XIX International Workshop on 
Neutrino Telescopes 2021

12 29. Cosmic rays

1 10 100

1 102 5

Figure 29.7: Vertical muon intensity vs depth (1 km.w.e. = 105 g cm−2 of standard
rock). 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].

location of the detector and, to a lesser extent, on the phase of the solar cycle. Naively,
we expect νµ/νe = 2 from counting neutrinos of the two flavors coming from the chain of
pion and muon decays. Contrary to expectation, however, the numbers of the two classes
of events are similar rather than different by a factor of two. This is now understood
to be a consequence of neutrino flavor oscillations [82]. (See the article on neutrino
properties in this Review.)

Two well-understood properties of atmospheric cosmic rays provide a standard for
comparison of the measurements of atmospheric neutrinos to expectation. These are
the “sec θ effect” and the “east-west effect” [81]. The former refers originally to the
enhancement of the flux of > 10 GeV muons (and neutrinos) at large zenith angles because

June 5, 2018 19:57

Particle Data Group 
Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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de Orizaba
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Scattering model
• The scattered muons that end in 

the analysis region come from 
the region not shielded by the 
volcano (purple shade). 

• The scattering probability was 
evaluated using the GEANT4 
simulation of HAWC.
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• The scattered muons that end in 
the analysis region come from 
the region not shielded by the 
volcano (purple shade). 

• The scattering probability was 
evaluated using the GEANT4 
simulation of HAWC. 

• Used data from Aragats1 and the 
model from P. Lipari2 to 
parametrize the zenith 
dependence of the muon 
intensity

2 Astropart. Phys. 1 (1993) 195-227
1 Yerevan Physics Institute http://crd.yerphi.am/Muons 

Pico  
de Orizaba
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Scattering model
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Scattering model
We calculate the scattered intensity in steps of  in azimuth and 
integrate over the region not shielded by the volcano

1o

30
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integrate over the region not shielded by the volcano

1o
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We calculate the scattered intensity in steps of  in azimuth and 
integrate over the region not shielded by the volcano

1o

Pico  
de Orizaba

For region I (  in azimut):6o

And adding the contributions for 
energies above the detection 
threshold:

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

Scattering model
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Pico  
de Orizaba

I II

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

The muon intensity is consistent with the scattering model in the 3 
analysis regions

The signals are dominated by the background from scattered 
muons

Scattering model
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How to find signals from neutrino interactions?

The strategy is to increase the detection threshold to remove the 
scattered background and keep neutrino-induced muons

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory 32



Muons with energy > ∼100 GeV will be free from the scattered 
background            neutrino-induced muons

LVD: Large Volume Detector Astroparticle Physics 3 (1995)

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

The strategy is to increase the detection threshold to remove the 
scattered background and keep neutrino-induced muons

How to find signals from neutrino interactions?

32
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Select muons with energy muons above that from those that are scattered  
(∼100 GeV)

(E𝜇)

The detection probability is proportional to the 
effective area. This depends on the muon 
energy.

33

How to find signals from neutrino interactions?

At higher energies, more PMTs are activated by the muons
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Compare the ratio            for muons at the most probable energy  (∼5 GeV) to 
those at 100 GeV.

(100 GeV)

(5 GeV)
∼ 118

and using the neutrino-induced muon intensity from  LVD

N(1 year) ≈ 1.6

This gives a conservative estimate 
of the increase in the 
effective area if the detection  
threshold is 100 GeV

34

How to find signals from neutrino interactions?

 6 m2 sr≈
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∼ 118

and using the neutrino-induced muon intensity from  LVD

N(1 year) ≈ 1.6

This gives a conservative estimate 
of the increase in the 
effective area if the detection  
threshold is 100 GeV
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How to find signals from neutrino interactions?

This number may seem too low but: 
• An above ground detector is much less expensive than those underground 
• If we observe a very high energy signal, is more likely to be a tau lepton (due to the 

lepton energy loss)

 6 m2 sr≈



Tau neutrino direct detections

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory                                                                                                                                                                                                       

• Discovered in 2000 at FNAL 

• Penultimate SM particle to be 
discovered 

• 4 events, 3.5  

• 2007: 9 tau neutrino candidates 

• 2018: OPERA reports 10 
candidates 

• 2 more by IceCube (4 Nov, 2022)

σ

21 direct detections so far
35



Field of view with HAWC

 H. León Vargas (IF-UNAM) Neutrino search with the HAWC observatory

Arrival direction, in celestial coordinates, for the 122 detected events

36
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Results from ICRC 2019

H. León Vargas 
ICRC 2019 Proceedings
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The length of the shower increases typically logarithmically with
the ratio of primary energy E0 and critical energy Ecrit . The critical
energy is the energy above which radiative process dominate the
energy loss of electrons. The values for ice and water obtained from
[10] are Ee-

crit;ice ¼ 78:60 MeV, Eeþ
crit;ice ¼ 76:51 MeV and Ee-

crit;water ¼
78:33 MeV, Eeþ

water;ice ¼ 76:24 MeV.
The physical length of a shower is typically less than 10 m. This

is short, compared to the scale of neutrino telescopes and the full
Cherenkov light is created locally and expands with time as an al-
most spherical shell with a characteristic angular distribution of
the intensity.

Due to the large number of particles the full tracking of each
particle in Monte-Carlo simulations of cascades in neutrino tele-
scopes is very time consuming. However, the development of elec-
tromagnetic cascades is very regular because fluctuations are
statistically suppressed by the large number of interactions and
large number of involved particles. Hence, it can be well approxi-
mated by the average development. Therefore, for the simulation
of data in neutrino telescopes, the average Cherenkov-light output
can be parameterized, e.g. as done in [11–14].

This work follows up the work in [11] which was based on
Geant3.16 [15] with a more precise calculation of the total Cheren-
kov-light yield and its angular distribution based on Geant4 [16].
For different primary energies and primary particles, we investi-
gate the velocity distribution and the directional distribution of
particles and the longitudinal development of the cascade. We
present a parameterization of the Cherenkov light yield and inves-
tigate its fluctuations as well as variations of the azimuthal sym-
metry of the cascade. We also present a parameterization of the
angular distribution of Cherenkov photons and investigate varia-
tions of this distribution during the development of the cascade.
The results are compared to [11–14]. We note, that similar calcula-
tions have been also been performed for the calcualtion of coherent
radio emission from electro-magnetic cascades in ice [24].

Although those calculations do not consider the photon yield of
Cherenkov light, and concentrate on the radio emission the results
for the total track-length give similar results.

2. Simulation method

The calculation of this work follows largely the strategy de-
scribed in [17]. We use the Geant4 (GEometry ANd Tracking) tool-
kit to track the particles in the cascade through the medium ice or
water [16]. The used media properties are given in Appendix A. Un-
less noted otherwise, we used an index of refraction of n ¼ 1:33
and a density of qice ¼ 0:91 g/cm3. Note, that these values slightly
deviate from the values in [10]: qice ¼ 0:918 g/cm3 and nice ¼ 1:31
and the value qice ¼ 0:9216 g/cm3 at the center of IceCube [18].
This introduces a small systematic uncertainty of about 1%,
which can be corrected for by rescaling our results to the correct
density.

The simulation principle of this work is illustrated in Fig. 2. The
medium is contained in a cylindrical volume of 30 m radius and
40 m height. The dimensions are chosen such that all secondary
particles are well confined within the geometry and fully tracked.
The primary particle e# or c is injected at the bottom center into
this volume with its initial momentum pointing into positive z-
direction. The particles are propagated through the medium and
secondary particles are created, which again can produce further
particles. Each step between two interactions corresponds to a
track segment for which the energy and direction are assumed
constant. For each track segment i we store the length li, the Lor-
entz factor bi, the z-position zi and the direction ai with respect
to the z-axis. The azimuth angle / discussed in Section 3.6 corre-
sponds to the rotation angle in the x–y plane. Summing over all
track segments allows to calculate the Cherenkov-photon yield
and the corresponding angular distribution.

Fig. 1. A simulated electromagnetic cascade. A primary electron of 100 GeV has been injected at the left pointing towards the right. Shown are all generated charged
secondary particles (red for negative and blue for positive charge) as the result of a Geant4 simulation. Neutral particles, like photons are not shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Geometry of the simulation and method of the calculation.

L. Rädel, C. Wiebusch / Astroparticle Physics 44 (2013) 102–113 103

For the here described simulation it is important to simulate all
particles with energies above the Cherenkov threshold. Details on
the simulated physics processes are given in Appendix A. In Geant4
some electromagnetic processes require production thresholds to
avoid infrared divergences [19]. These production thresholds are
specified as a cut-in-range threshold, using the SetCuts() meth-
od of G4VUserPhysicsList. Here, particles are tracked if their
mean expected range is larger than this cut-in-range threshold.
For each material and particle type, this cut-in-range is trans-

formed into a corresponding energy threshold. Here, a cut-in-range
of 100 lm is chosen. This corresponds to a kinetic energy threshold
of Ecut;e! " 80 keV for electrons, which is well below the Cherenkov
threshold Ec;e! " 264 keV. Once produced, all secondary particles
are tracked until they stop. In order to increase the computing per-
formance, a single scattering process of a particle does not corre-
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Fig. 3. Velocity distribution of track length. Shown is the differential distribution of
summed track length per shower versus the Lorentz factor b for bins of 0.002 in b.
The top figure show the distributions of physical length l for the shower from
primary positrons of different energies. The middle figure shows the same
distribution for the track length l̂ which has been weighted with the Frank–Tamm
factor, Eq. (6). The bottom figure shows the distributions of l̂ for different primary
particles: eþ , e$ , c for the primary energy E0 ¼ 1 TeV.
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• The HAWC observatory was 
designed to detect air showers 
produced by TeV gamma rays 

• 8 years ago I started to investigate 
the possibility of using the “Earth-
skimming” neutrino detection 
method using HAWC 

• I developed all the tools needed 
for this study. The conclusion:        
It is not impossible, just really hard  

¡Thanks!
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At the HAWC energy neutrinos come from pion and kaons. Vertical mesons interact before decay, 
this changes when the mesons propagate horizontally. 

Figure 5 shows the zenith-angle dependence of the
atmospheric neutrino fluxes for several neutrino energies.
At low energies, and at the Kamioka location, the fluxes of
downward-going neutrinos are lower than those of upward-
going neutrinos. This is due to the deflection of primary
cosmic rays by the geomagnetic field, roughly character-
ized by a minimum rigidity cutoff. For neutrino energies
higher than a few GeV, the calculated fluxes are essentially
up-down symmetric, because the primary particles are
more energetic than the rigidity cutoff.

The enhancement of the flux near horizon for low energy
neutrinos is a feature characteristic of the three dimen-
sional nature of the neutrino production in cosmic ray

hadronic showers. This is properly treated in current flux
calculations [21–29]. However, in Super-Kamiokande, the
horizontal enhancement cannot be seen in the lepton
zenith-angle distribution, due to the relatively poor angular
correlation between neutrinos and leptons below 1 GeV.
The uncertainties in the up-down and vertical-horizontal
ratios of the number of events are estimated by comparing
the predicted ratios by various flux models. These uncer-
tainties generally depend on the energy and the neutrino
flavor. The uncertainty in the up-down event ratio is about
1% to 2% in the sub-GeVenergy region and is about 1% in
the multi-GeV energy region. The main source of the
uncertainty in the vertical-horizontal ratio around a GeV
is the size of the horizontal enhancement of the flux due to
the three dimensional effect; the uncertainty is estimated to
be less than a few percent.

In the higher energy region, where upward through-
going muons are relevant, the largest source of the uncer-
tainty in the vertical-horizontal ratio is the K production
cross section. We assume that the K=! production ratio
uncertainty is 20% in the whole energy region [31,37]. The
uncertainties in the zenith angle and energy distributions
due to the K=! production uncertainty are included in the
systematic errors in the analysis. This error is most impor-
tant for higher energy neutrinos. For example, the vertical-
horizontal uncertainty for upward through-going muons
due to the K=! production uncertainty is estimated to be
3% [38]. Figure 6 shows the zenith-angle dependence of
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TABLE II. Summary of upward-going muon flux measurement. Em represents the muon energy. Kamiokande, Baksan, and
MACRO employ the Bartol neutrino flux [14], while IMB adopts the Lee and Koh neutrino flux [20] (the Volkova flux [21]) for
neutrino energies lower (higher) than 15 GeV.

Experiment Minimum Em (GeV) Observed Expected
Kamiokande 1.6 f1.94 6 0.10sstat.d10.07

20.06ssys.dg f2.46 6 0.54stheo.dg
310213 cm22 s21 sr21 310213 cm22 s21 sr21

IMB [9] ,1.4 532 6 23sstat.d events 516 6 103stheo.d events
Baksan [10] 1.0 559 events 580 events
MACRO [11] 1.0 277 6 17sstat.d 6 22ssys.d events 371 6 63stheo.d events

Taking these experimental systematic errors into ac-
count, the observed upward through-going muon flux is

Fobs ≠ f1.94 6 0.10sstat.d10.07
20.06ssys.dg

3 10213 cm22 s21 sr21.
At present, three experiments other than Kamiokande

reported the measurement of the upward through-going
muon flux and their results are summarized in Table II,
together with this measurement. The observed flux by
each experiment is in agreement with the expectation
within the errors.
The zenith-angle distribution of the observed flux

sdFydVdi
obs is shown in Fig. 1. The shape of the

distribution is not well represented by the theory
(x2ydegrees of freedom ≠ 21.3y9).
A neutrino oscillation hypothesis is then tested using

the zenith-angle distribution. The expected flux for a
given set of Dm2 and sin2 2u is calculated and the same
binning is applied as data.
To test the validity of the oscillation hypothesis, a x2 is

calculated as

x2 ≠ min

"
10X

i≠1

√
s dF

dV di
obs 2 as dF

dV di
oscq

s2
stat,i 1 s2

sys,i

!2

1

√
a 2 1

sa

!2#
,

where sstat,i (ssys,i) is the statistical (experimental system-
atic) error in sdFydVdi

obs in the ith bin and a is an abso-
lute normalization factor of the expected flux. Based on
uncorrelated systematic errors in Table I added in quadra-
ture, we estimatessys,i to be618.5% for20.1 , cosQ ,
20.04 and 61.2 to 63.8% for 21 # cosQ # 20.1, re-
spectively. The absolute flux normalization error sa is
estimated to be 622% by adding in quadrature the corre-
lated experimental errors and theoretical uncertainties in
Table I. Then, the minimum x2sx2

mind on the Dm2 2
sin2 2u plane is searched for.
We note here that the allowed region given by

Kamiokande sub- and multi-GeV contained event analysis
[7] for ne $ nm oscillations has been already excluded
by the CHOOZ experiment [22], suggesting nm $ nt

oscillations for the contained and upward-going muon
events. Assuming nm $ nt oscillations, x2

min s≠ 12.2d
occurs in the unphysical region at ssin2 2u, Dm2d ≠
s1.35, 2.0 3 1023 eV2d and a ≠ 1.02. On the other
hand, if we bound the oscillation parameters in the physi-
cal region, x2

min s≠ 12.8d takes place at ssin2 2u, Dm2d ≠
s1.00, 3.2 3 1023 eV2d and a ≠ 1.00. For the null
oscillation case, we obtain x2

min of 21.3 at a ≠ 0.77

(probability of statistical fluctuation: 1%). The zenith-
angle distribution of asdFydVdi

osc for the best fit
parameters in the physical region is shown in Fig. 1
together with the data. Figure 2 shows the allowed
region contours on the ssin2 2u, Dm2d plane for nm $ nt

oscillations. As x2
min for nm $ nt oscillations falls down

in the unphysical region, the contours are drawn according
to the prescription for bounded physical regions given in
Ref. [23]. If we replace the Bartol neutrino flux [14] by
the Honda’s [17] and/or the GRV94DIS parton distribu-
tion functions [15] by the CTEQ3M’s [18], the allowed
region contours are similar to those presented in Fig. 2.
Consequently, we find that the zenith-angle dependence
is in favor of the nm $ nt oscillation hypothesis and
supports the Kamiokande sub- and multi-GeV contained
event analysis [7].
Combining this work with the previous analysis

[7] of the Kamiokande sub- and multi-GeV contained
events, we draw an allowed region contour on the
ssin2 2u, Dm2d plane, as is shown in Fig. 2. The best
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2018

Super-Kamiokande. Phys. Rev. D 71 (2005) 112005 Kamiokande II+III.  
Phys. Rev. Lett. 81 (1998) 10

The increase of the neutrino flux was predicted and observed. The factor of 2 is a rough 
approximation. LVD calculated a value of 2.3 ± 0.2. 

Notice how the measurements do not go as horizontal as we do

Horizontal signals
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Other experiments have measured an excess of horizontal events

zenith angle of 0! [ cos"!# $ 1]. The data set was reduced
to 8% 106 events by removing all events reconstructed
with zenith angles less than 80! [ cos"!# $ 0:17]. The
remaining data set mainly consists of misreconstructed
downgoing muons and events near the horizon.

The reduction of the data by 3 orders of magnitude with
the simple zenith requirement made it feasible to perform

more CPU-intensive track reconstructions on the remain-
ing events. Track parameters were adjusted to maximize
the log likelihood, given the observed light pattern. Many
of the Cherenkov photons scatter multiple times as they
travel through the ice and this changes their direction and
delays the times at which they are likely to be detected. An
iterative technique was performed in which each event was
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FIG. 3 (color online). The cosine of the zenith angle is plotted for all events surviving the event quality criteria at a given level.
Events at cos"zenith# $ &1 are traveling straight up through the detector from the Northern Hemisphere. The initial zenith angle
requirement removed events from 0! to 80! (level 1—top right). Events reconstructed just above the horizon appear at the right side of
each plot. Each level represents an increasingly tighter set of quality requirements. As the quality level increased, misreconstructed
downgoing muons were eliminated. To ensure a clean upgoing sample, events coming from the horizon were discarded by requiring
reconstruction angles greater than 100!. The final analysis was performed at level 5 (bottom right) with horizontal events removed.
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cleaner layers of the ice were arbitrarily reduced. This
comparison, as well as preliminary results from ongoing
work to improve the simulation of photon propagation in
the ice and derive a more accurate estimate of uncertainties
related to ice properties, indicated that the method used
here likely overestimates the impact of ice property un-
certainties on the normalization and apparent spectral in-
dex, particularly in the higher energy bins.

Adding the uncertainties in detector response due to ice
properties and DOM sensitivity in quadrature leads to an
estimated !22% uncertainty in the normalization, corre-
lated with an uncertainty of!0:13 in the apparent spectral
index. These detector uncertainties lead to uncertainties in
the apparent neutrino flux. For a given detector response,
i.e., a measurement of the dE=dX distribution, the true
normalization and spectral index of the neutrino flux can-
not be constrained better than allowed by these uncertain-
ties. Figure 18 shows the resulting range of uncertainty in
the measurement of the atmospheric neutrino energy
spectrum.

As mentioned in Sec. IVC, there was a statistically
significant excess of events in data, or a deficit in simula-
tion, between 90"–97", i.e., near the horizon. Figure 19
shows the cos(zenith) distributions for data and for simu-
lation, with simulation normalized to the data. A similar
excess was also observed in the AMANDA detector [39].
A number of checks and tests were performed, including
evaluation of track quality parameters, the depth-
dependence of the excess, the strength of the BDT scores,
and visual examination of a subset of events in a software-
based event viewer. The horizontal excess in data does not
decrease with depth, nor with tightened BDT cuts. If the
BDT cut is loosened, misreconstructed muons show up

predominantly near the top of the detector, as expected.
These checks are consistent with the possibility that the
excess events are due to muons from atmospheric neutrino
interactions. However, it is also possible that they are due
to an excess of misreconstructed atmospheric muons.
It is likely that the lower event rate in simulation, close

to the horizon, is due to uncertainties in the simulation of
Cherenkov photon propagation in the ice or of inaccuracies
in the simulation of cosmic ray events, such as insufficient
live time, limitations with the cosmic ray model or its
implementation in CORSIKA, or uncertainties in muon
propagation and energy loss. Hence, it cannot be excluded
that the horizontal excess is due to residual and unsimu-
lated atmospheric muons and coincident events. It could
also be related to uncertainties in the atmospheric neutrino
flux due to atmospheric variability, discussed shortly. Since
we were not able to verify the precise origin of the mis-
match near the horizon, events in the zenith region 90" to
97" were not used.
To estimate the impact of any remaining zenith-

dependent systematic uncertainties in the zenith range
97"–180", separate unfoldings were performed for the
zenith range 97"–124" and the zenith range 124"–180".
The results of this test are shown in Fig. 20, together with
the predicted zenith-averaged flux corresponding to each
angular range. The differences between result and predic-
tion are not consistent between the two regions. For the
more vertical events (gray in Fig. 20), the flux is lower than
predicted for middle and higher energies. For the more
horizontal events (black in Fig. 20), the flux is slightly
lower than predicted at low and at high energies. The
relative differences between result and prediction for the
two zenith regions was taken as an estimate of the impact
of anisotropic uncertainties.
Seasonal and regional variations in the atmospheric

temperature profile are expected to lead to variations in
the atmospheric neutrino flux [40] and could be causing the

FIG. 18. Possible variability in the true neutrino flux consistent
with DOM sensitivity and ice property uncertainties. The solid
line is the predicted atmospheric neutrino flux ([3,9]). The
dashed lines are the maximum and minimum of the possible
range of variability consistent with DOM sensitivity and ice
model uncertainties. As mentioned in the text, work is ongoing
to reduce this range of uncertainty.

FIG. 19. Cosine(!Z) distributions for data and for simulation,
using zenith angle from the MPE fit. Simulation has been
normalized to the data. Error bars for data are statistical only.
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