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Abstract: 

High-energy transients, including gamma-ray bursts (GRBs), supernovae, and blazars, are potential sources of 
high-energy cosmic rays. Neutrinos are penetrating neutral particles, and among the four traditional messengers, 
they may be the best probe of the origin of cosmic rays.  

Horizontal air showers (HAS) are initiated by deeply penetrating high energy particles such as muons and 
neutrinos. Indeed, at large zenith angles the electromagnetic component of ordinary air showers is attenuated by 
the atmosphere well before reaching the ground level. The showers with significant muon component could be 
further rejected by underground muon detector. This provides a method to search neutrinos from HAS. ARGO-
YBJ experiment, with electromagnetic particle detectors only, has ever tried to search neutrinos associated with 
GRBs from HAS events.  

The LHAASO experiment has a large array of both electromagnetic particle detectors and underground muon 
detectors. In 100 TeV energy region it will become the most sensitive experiment for detecting gamma rays.  

The goal of this work is to establish and develop a method for searching TeV electronic neutrinos associated 
with astrophysical transients with LHAASO experiment, by looking at HAS induced by the charged current (CC) 
interaction of these neutrinos with the air nuclei.  

This study can be crucial to constrain the physics of the related objects, and to identify the sources of the high-
energy cosmic rays. In particular, this technique could represent a complementary methodology to search with 
large area arrays for electronic neutrinos associated to buried GRB jets which are predicted to generate a soft 
neutrino spectrum with a fluence at TeV energies a few orders of magnitude greater than that characterizing the 
GRBs observed in gamma-rays.
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Abstract: The capability of the ARGO-YBJ experiment to detect Horizontal Air Showers (HAS) has been
recently emphasized. More than 107 showers at zenith angles θ > 70◦ have been recorded in five years of
operation. These showers are initiated by deeply penetrating high energy particles such as muons and neutrinos.
Indeed, at large zenith angles the electromagnetic component of ordinary air showers is attenuated by the
atmosphere well before reaching the ground level. Due to its features (a compact 92% active area equipped
with a high-granularity readout) the ARGO-YBJ detector can image small size air showers induced by particles
with energies down to a few TeV. We report here on a search for ν e-induced HAS (73◦ ≤ θ ≤ 77◦) in temporal
coincidence with the prompt phase of Gamma Ray Bursts.

Keywords: Electron neutrinos, Gamma Ray Bursts, ARGO-YBJ experiment.

1 Introduction
Despite the observation by several experiments, the origin
of Ultra High Energy Cosmic Rays (UHECRs) with ener-
gies above 109 GeV remains not well understood. Being
amongst the most violent events in the universe, Gamma
Ray Bursts (GRBs) have been proposed as a powerful ac-
celerator of UHECRs. The particle acceleration is thought
to occur both in internal or external shocks. The leading
model involves a plasma flow accelerated to relativistic
speeds. In the main accepted scenario, protons accelerated
to ultra high energies in internal shocks of relativistic jets
interact with the surrounding radiation field producing neu-
trinos ν in the TeV-PeV domain. Due to ν vacuum oscilla-
tions, a flavour ratio νe : νµ : ντ = 1 : 1 : 1 at Earth is ex-
pected for ν produced in a distant source1.
However, severe limits have been fixed by the IceCube

observations which constrain the νµ flux associated to
GRBs to below the expectations based on the paradigma
that GRBs are the sources of the UHECRs. The internal
shock model is severely challenged [3]. Reduction of the
ν flux at source [4], different models [5] or different evo-
lution of the ν flavour ratio during their flight to Earth [6]
have been envisaged to explain the negative result reported
by the IceCube collaboration. Fluence upper limits on high
energy ντ associated to GRB have been recently published
by the Ashra experiment [7]. This is a telescope devoted to
the detection of Cherenkov photons in air showers induced
by the decay of the tau leptons resulting from the interac-
tion of ντ with the Manua Kea volcano on Hawaii Island.
The aim of the present analysis of the ARGO-YBJ data

is the search for prompt νe produced in GRBs looking at
horizontal air showers (HAS) induced by the charged cur-
rent (CC) interaction of these ν with the air nuclei. This
search provides a complementary channel to muon detec-
tion by IceCube or photon detection as implemented in

the Ashra experiment. The search relies on the direction-
al and temporal information coming from satellite obser-
vations. In the angular and time windows of the promp-
t emission we look at an excess of events with respect to
the background air showers induced by high energy atmo-
spheric muons which undergo catastrophic energy losses
due to radiative processes. Electrons produced in the CC
interaction can carry a significant fraction of the ν ener-
gy, about 50% at low energies, rising to 75% above 100
TeV [1]. These electrons promptly initiate an electromag-
netic cascade that can be detected if the ν interaction point
is at the appropriate distance from the ARGO-YBJ array.
Due to the limited longitudinal development of the shower,
the target thickness is by far smaller than the one obtained
by observing long-range high energy muons in IceCube or
Cherenkov photons from tau showers. Hence, also due to
the quite small active area of the ARGO-YBJ detector, we
can anticipate that the effective volume achieved with this
method (≤ 10−5 the IceCube effective volume) is not e-
nough to reach the sensitivity of the other techniques. How-
ever, there are many reasons to pursue also this approach.
The expected ν flux can vary by order of magnitude be-

tween GRBs due to the fluctuations in the burst parameter-
s and several GRBs in the ARGO-YBJ data set are not in-
cluded in the IceCube list. Moreover, core-collapse super-
novae (SNe), which are believed to be the origin of long-
duration (>2 s) GRBs, could produce ν bursts in events in
which mildly relativistic jets interact inside the stellar en-
velope. The ν spectrum produced in these events (as, for
instance, the “choked GRBs” [8]) is expected softer but
very high in fluence. The ARGO-YBJ detector, character-

1. A 20% fraction of νe is expected. However, taking into account
the charged current cross section and the average energy trans-
ferred to the positron [1], a pure νe beam implies an overesti-
mation of the expected signal of about 10% [2].
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account a possible slight non-collinearity of the produced
electron with respect to the ν direction. About 70% of the
signal is expected in this search cone. Since the spectrum
of the background showers is softer than that predicted for
the ν-induced showers, the choice of the threshold N0 is
crucial to improve the signal to background ratio. In this
preliminary analysis this optimization has not been carried
out and a threshold N0 = 500 has been set. This cut as-
sures an easy recognition of the elongated shape of the
shower pattern, a high quality shower reconstruction and a
very low level of the background rate, Nbkg(> 500) = 2.0 ·
10−3ev/s. With this integral analysis the median energy
of the sampled ν spectrum is about 300 TeV. No event is
found in the 26 signal time windows T90 of the GRBs list-
ed in Table 1, so we find no evidence for ν-induced cas-
cades in coincidence with the prompt phase of these GRB-
s. The expected number of background events in the to-
tal on-time window is 2.6±0.3. Assuming that the sum of
all GRB spectra follows the Waxman-Bahcall model, a s-
tacked analysis has been performed. Converting the upper
limit obtained by using the unified Feldman & Cousins
[16] approach to a fluence limit from 26 standardWaxman-
Bahcall bursts, we obtain the black line shown in Fig. 4.
The uncertainties in both background (10%) and signal

expectation (7%, mainly due to the limited statistics of the
simulation) are not included. This measurement extends
the search to the TeV region but the upper limit lies a factor
≃ 5× 105 above the Waxman-Bahcall prediction, hence
does not allow us to constrain the model.
This study shows the capability of ARGO−YBJ to im-

age small size HAS from TeV ν , the main limitation of
this detection being the small conversion probability, about
10−9 in this energy range for the quoted selections. Baryon-
rich mildly relativistic jets could interact inside the stellar
envelope while still burrowing their way out of the star and
before successfully escaping to produce a GRB. This kind
of jets could be quite common in type II SNe and source
of high fluence bursts of TeV ν [17].

6 Conclusions
A search for HAS produced by νe associated in time and
space with the prompt phase of 26 GRBs has been carried
out using the ARGO-YBJ data collected from Novembre
2007 to January 2013. Some of these GRBs are not includ-
ed in the list of those observed by IceCube. The search has
been conducted in a model-dependent way based on the
Waxman-Bahcall power law spectrum taking into accoun-
t the CC ν interaction with the atmosphere nucleons. A s-
tacked analysis has been carried out to calculate an upper
limit in the energy range 6 TeV−6 PeV to the νe fluence
from the whole burst population. Thus this result (slightly
conservative since we neglected other interaction channel-
s inducing atmospheric showers) is complementary to that
of IceCube, which is obtained at energies >80 TeV. How-
ever, our 90% confidence level (c.l.) upper limit rejects a
flux many orders of magnitude larger than the prediction
of the Waxman-Bahcall prompt emission model (Fig. 4).
The sensitivity of this approach is limited by the reduced
dimension of the effective volume. Indeed, apart from the
small size of the ARGO-YBJ detector, there is an intrinsic
limitation due to the short longitudinal development of the
shower soft component. However, two interesting features
emerge from this analysis. Firstly, the capability of reach-
ing TeV energies by imaging small size showers with a suf-
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Fig. 4: 90% c.l. upper limits on the ν fluence for different
experiments and GRB phases.

ficiently dense array, and then the low level of the back-
ground mainly due to the radiative processes of horizon-
tal atmospheric muons whose spectrum decreases as E−3.6.
This technique could represent a complementary method-
ology to search with large area arrays for νe associated to
buried GRB jets which are predicted to generate a soft ν
spectrum with a fluence at TeV energies a few orders of
magnitude greater than that characterizing the GRBs ob-
served in γ-rays.
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construction of the shower direction. Then, for a given ν
direction and impact parameter on the ground, the effec-
tive depth interval is basically the range of positions of the
interaction point fromwhich showers firing Nstrip >N0 are
generated. In the present analysis, in order to save com-
puting time, we only take into account showers with core
landing on a fiducial area A f = 72m× 75m internal to the
detector surface. Horizontal air showers with core on the
detector surface exhibit a typical configuration with a pat-
tern elongated along the reconstructed direction of arrival,
as shown in Fig.2. In this case the effective volume for ν
interaction is given by A f · cosθ ·Def f , where Def f is the
effective slant depth. Clearly, this choice reduces the expo-
sure to large size showers with core falling outside the de-
tector, showers that can be imaged by ARGO-YBJ and effi-
ciently reconstructed [10]. The number of ν-induced show-
ers with more than N0 strips is given by:

Nev(> N0) = Af · cosθ
∫
dEν

dF(Eν)
dEν

P(Eν ;> N0) (1)

where dF(Eν)/dEν is the ν energy spectrum and P(Eν ;>
N0) is the probability that a ν of energy Eν can generate
a shower with core inside the area A f and a number of
charged particles firing more than N0 strips. The ν-shower
conversion probability P(Eν ;> N0) is obtained by a full
simulation in which we use the cross section for the CC
ν interaction given in [1] with the CTEQ4-DIS parton
distribution, while the shower development is handled by
the CORSIKA code and the detector response is simulated
with the ARGOG package based on the GEANT3 code.
For the present model-driven analysis we use the Wax-

man & Bahcall double broken law spectrum as a reference
hypothesis, that is, dF(Eν )/dEν =K(E/105GeV )−γ , with
γ=1 for E < E1 and γ=2 for E1 < E < E2. The first break
energy E1 corresponds to the break in the parent photon
spectrum, the second at very high energy E 2 comes from
synchrotron losses of muons and pions. For the standard
Waxman & Bahcall spectrum with the Lorentz boost fac-
tor Γ = 300 of the GRB jet, we have E1 = 105 GeV and
E2 = 107 GeV and K = 3 ·10−9GeV−1m−2 [12].
Air showers generated by muon radiative processes are

indistinguishable from the ν-induced showers and repre-
sent the background for this search. The background events
do not need to be simulated, their rate is measured using
the off-time windows where no signal is expected. We ob-
tain mean values integrating in time and azimuth on the w-
hole data collected at zenith angles 73◦ ≤ θ ≤ 77◦. This
allows a precise experimental determination of the back-
ground rate with a negligible statistical error. ARGO−YBJ
exhibits an excellent stability [13] and both on-time and
off-time tests have been carried out to check the normal be-
haviour of the detector during the GRB events. A mild az-
imuthal modulation of about 1.5% is observed in the data
up to θ = 60◦, well explained as the combination of geo-
magnetic deflection and detector effects due to its geom-
etry [14]. A larger modulation is found for reconstructed
events with θ > 70◦. Indeed, HAS are produced by muon-
s which travel long distances (about 120 km at θ = 75◦
[15]), with a non-negligible geomagnetic deflection. For
the present work, addressed to a stacking analysis, we have
neglected the small deviations from the quoted average val-
ues. A systematic uncertainty < 10% can be estimated to
take into account this approximation.

GRB T0 (UT) T90 (s) θ (deg) z IC
080205 07:55:51 106.5 73.4 – n
080413 02:54:19 46 74.1 2.43 y
080613 09:35:21 30 76.0 – y
080625 12:28:31 80 73.8 – y
080925 18:35:55 29 73.9 – y
081221 16:21:11 34 73.1 2.26 y
090112B 17:30:15 12 76.9 – y
090113 18:40:39 9.1 75.5 1.75 y
090227 07:25:57 50 73.3 – y
090323 00:02:43 150 74.1 3.57 y
090427 23:26:27 15 74.1 – y
090610B 17:21:32 202.5 76.0 – y
090625 05:37:00 51 74.6 – y
090701 05:23:56 12 75.5 – y
090915 15:35:36 8 74.8 – y
100213B 22:58:34 48.0 73.0 – y
100331B 21:08:38 30 75.7 – y
100425A 02:50:45 37.0 72.3 1.76 y
100906A 13:49:27 114.4 73.4 1.73 n
100915B 05:49:38 4 75.0 – n
110529A 00:48:43 0.41 75.0 – n
110708A 04:43:22 50 75.2 – n
120602A 05:00:01 54 75.3 – n
120712A 13:42:27 14.7 74.6 4.17 n
120803B 11:06:06 37.5 74.3 – n
121201A 12:25:42 85 76.8 3.39 n

Table 1: List of GRBs with zenith angle 73◦ ≤ θ ≤ 77◦
(November 2007 - January 2013) in the ARGO−YBJ field
of view.

4 The GRB sample
ARGO-YBJ has been operational in its final configuration
from November 2007 until January 2013 with a duty cycle
greater than 86%. During this data taking time 436 GRBs
occurred in the detector field of view (θ < 90◦), of which
148 at θ > 70◦. In order to avoid “edge” effects and any in-
terference from the surroundingmountains, we restrict our
analysis to the 32 GRBs exploded in the angular window
73◦ ≤ θ ≤ 77◦, well inside the horizontal range where the
soft component of proton-induced showers is completely
absorbed. Considering the periods of inactivity or malfunc-
tion of the detector, data are available for 26 of these GRB-
s, which are listed in Table 1, where some of their proper-
ties2 are reported, including the start time T0, the duration
T90 of the prompt phase emission, and, if measured, the
redshift z. Only GRB110529A is of the short type (T90≤ 2
s), and 9 of these GRBs are not included (“n” in the last
column) in the catalog used in the IceCube (IC) analysis.

5 Analysis results
In order to search for prompt ν-induced showers from the
selected GRBs, we opened a cone with a 4.0◦ radius cen-
tered on the GRB positions. The angular window is deter-
mined by the ARGO−YBJ angular resolution taking into

2. taken from the GCN Circulars Archive at
http://gcn.gsfc.nasa.gov/gcn3 archive.html.
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EAS by neutrino interactions
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36,000 g/cm2 !!!

The observation of HAS provides a ``well shielded laboratory'' for the detection of penetrating 
particles: high energy muons, cosmic neutrinos, possible weakly interacting particles produced 
in the decays of cosmological superheavy particles, will leave a clear signature in this dump.
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EAS by neutrino interactions
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36,000 g/cm2 !!!

The observation of HAS provides a ``well shielded laboratory'' for the detection of penetrating 
particles: high energy muons, cosmic neutrinos, possible weakly interacting particles produced 
in the decays of cosmological superheavy particles, will leave a clear signature in this dump.

Electron neutrinos are more effective for the 
generation of showers since in the process 
(1) the total neutrino energy is transferred to 
the cascade, while for muon neutrinos with 
Eν ≈ 10 – 100 TeV the fraction of energy 
transferred amounts to only ~ 30%.

(1)

(2)

(3)
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a) High energy single muons can interact through bremsstrahlung 
(which dominate 10:1) or deep inelastic scattering and initiate 
showers at appropriate depth for detection. Such showers are 
essentially electromagnetic, since the remnant muons from the 
initial showers are dispersed over a very large area.


b) UHE CRs interacting at very large zenith angles produce a ‘large’ 
amount of muons (pion decay favoured due to the low atm 
density). EAS composed only by muons (e.m. component fully 
absorbed)


c) Neutrinos induced showers have some intermediate typology, 
being more similar to conventional CR EAS or to events a), 
when a large amount of energy is transferred to the 
electromagnetic cascade.
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Horizontal Air Showers
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a) High energy single muons can interact through bremsstrahlung 
(which dominate 10:1) or deep inelastic scattering and initiate 
showers at appropriate depth for detection. Such showers are 
essentially electromagnetic, since the remnant muons from the 
initial showers are dispersed over a very large area.


b) UHE CRs interacting at very large zenith angles produce a ‘large’ 
amount of muons (pion decay favoured due to the low atm 
density). EAS composed only by muons (e.m. component fully 
absorbed)


c) Neutrinos induced showers have some intermediate typology, 
being more similar to conventional CR EAS or to events a), 
when a large amount of energy is transferred to the 
electromagnetic cascade.

Arrays must have the possibility of discriminating between the 
different topologies of events through µ/e identification

LHAASO: > 40,000 m2 µ-detector
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YBJ altitude – 606 g/cm2

q>70° - 1248 g/cm2

q>80° - 2458 g/cm2

The attenuation length ΛNe describes the 
average decrease of the electron number Ne 
with increasing atmospheric depth X in showers 
selected to be similar in primary energy:

The absorption length Λrate is defined to 
parameterize the decrease of the integral flux j(> 
Ne) of showers with electron numbers greater than 
Ne at a given atmospheric depth X (decrease of 
the counting rate):

The attenuation of the electron shower size beyond the shower maximum
is studied with the KASCADE extensive air shower experiment in the
primary energy range of about 1014 � 1016 eV. Attenuation and absorp-
tion lengths are determined by applying different approaches, including
the method of constant intensity, the decrease of the flux of extensive air
showers with increasing zenith angle, and its variation with ground pres-
sure. We observe a significant dependence of the results on the applied
method. The determined values of the attenuation length ranges from
175 to 196 g/cm2 and of the absorption length from 100 to 120 g/cm2.
The origin of these differences is discussed emphasizing the influence of
intrinsic shower fluctuations.

Key words: cosmic rays; extensive air showers; attenuation length
PACS: 96.40.Pq

1 Introduction

The longitudinal development of the electron shower sizeNe in extensive air show-
ers (EAS) is characterized by an approximately exponential decline for atmospheric
depths well beyond the shower maximum. Therefore, Ne shows a strong depen-
dence on the slant depth. The magnitude of this effect is usually described by two
different quantities, the attenuation and the absorption length.

In the following the attenuation length ⇤Ne describes the average decrease of the
electron numberNe with increasing atmospheric depthX in showers selected to be
similar in primary energy:

hNe(X)i / exp (�X/⇤Ne) (1)

The absorption length ⇤rate is defined to parameterize the decrease of the integral
flux j(> Ne) of showers with electron numbers greater than Ne at a given atmo-
spheric depthX:

j(> Ne, X) / exp (�X/⇤rate) (2)

Both quantities are frequently used to rescale showers to a certain angle of inci-
dence [1,2], i.e. atmospheric depth, or for applying ground pressure corrections.

There exist various different methods to determine the attenuation respectively the
absorption length. The purpose of this paper is to determine ⇤Ne and ⇤rate from
one set of experimental data by applying different methods. The results are then
compared to each other in order to estimate systematic uncertainties resulting from
the different approaches.

2

The attenuation of the electron shower size beyond the shower maximum
is studied with the KASCADE extensive air shower experiment in the
primary energy range of about 1014 � 1016 eV. Attenuation and absorp-
tion lengths are determined by applying different approaches, including
the method of constant intensity, the decrease of the flux of extensive air
showers with increasing zenith angle, and its variation with ground pres-
sure. We observe a significant dependence of the results on the applied
method. The determined values of the attenuation length ranges from
175 to 196 g/cm2 and of the absorption length from 100 to 120 g/cm2.
The origin of these differences is discussed emphasizing the influence of
intrinsic shower fluctuations.

Key words: cosmic rays; extensive air showers; attenuation length
PACS: 96.40.Pq

1 Introduction

The longitudinal development of the electron shower sizeNe in extensive air show-
ers (EAS) is characterized by an approximately exponential decline for atmospheric
depths well beyond the shower maximum. Therefore, Ne shows a strong depen-
dence on the slant depth. The magnitude of this effect is usually described by two
different quantities, the attenuation and the absorption length.

In the following the attenuation length ⇤Ne describes the average decrease of the
electron numberNe with increasing atmospheric depthX in showers selected to be
similar in primary energy:

hNe(X)i / exp (�X/⇤Ne) (1)

The absorption length ⇤rate is defined to parameterize the decrease of the integral
flux j(> Ne) of showers with electron numbers greater than Ne at a given atmo-
spheric depthX:

j(> Ne, X) / exp (�X/⇤rate) (2)

Both quantities are frequently used to rescale showers to a certain angle of inci-
dence [1,2], i.e. atmospheric depth, or for applying ground pressure corrections.

There exist various different methods to determine the attenuation respectively the
absorption length. The purpose of this paper is to determine ⇤Ne and ⇤rate from
one set of experimental data by applying different methods. The results are then
compared to each other in order to estimate systematic uncertainties resulting from
the different approaches.

2

γ = Λatt / Λabs Λatt  ≈ 220 g/cm2,  Λabs ≈ 130 g/cm2
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From the experimental point of view only accurate measurements of arrival directions can allow to 
extract the neutrino-produced showers from the large background due to primary protons and nuclei.

The attenuation length ΛNe describes the 
average decrease of the electron number Ne 
with increasing atmospheric depth X in showers 
selected to be similar in primary energy:

The absorption length Λrate is defined to 
parameterize the decrease of the integral flux j(> 
Ne) of showers with electron numbers greater than 
Ne at a given atmospheric depth X (decrease of 
the counting rate):

The attenuation of the electron shower size beyond the shower maximum
is studied with the KASCADE extensive air shower experiment in the
primary energy range of about 1014 � 1016 eV. Attenuation and absorp-
tion lengths are determined by applying different approaches, including
the method of constant intensity, the decrease of the flux of extensive air
showers with increasing zenith angle, and its variation with ground pres-
sure. We observe a significant dependence of the results on the applied
method. The determined values of the attenuation length ranges from
175 to 196 g/cm2 and of the absorption length from 100 to 120 g/cm2.
The origin of these differences is discussed emphasizing the influence of
intrinsic shower fluctuations.
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1 Introduction

The longitudinal development of the electron shower sizeNe in extensive air show-
ers (EAS) is characterized by an approximately exponential decline for atmospheric
depths well beyond the shower maximum. Therefore, Ne shows a strong depen-
dence on the slant depth. The magnitude of this effect is usually described by two
different quantities, the attenuation and the absorption length.

In the following the attenuation length ⇤Ne describes the average decrease of the
electron numberNe with increasing atmospheric depthX in showers selected to be
similar in primary energy:

hNe(X)i / exp (�X/⇤Ne) (1)

The absorption length ⇤rate is defined to parameterize the decrease of the integral
flux j(> Ne) of showers with electron numbers greater than Ne at a given atmo-
spheric depthX:

j(> Ne, X) / exp (�X/⇤rate) (2)

Both quantities are frequently used to rescale showers to a certain angle of inci-
dence [1,2], i.e. atmospheric depth, or for applying ground pressure corrections.

There exist various different methods to determine the attenuation respectively the
absorption length. The purpose of this paper is to determine ⇤Ne and ⇤rate from
one set of experimental data by applying different methods. The results are then
compared to each other in order to estimate systematic uncertainties resulting from
the different approaches.
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Angular resolution worsens with increasing zenith angle: 2.3° for 73° ≤ θ ≤ 77°
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ized by a compact active area (92%) with high-granularity
readout, is well suited to image showers at energies down
to the sub-TeV range. Finally, it is important to define al-
gorithms and procedures that could be exploited in future
searches with very large size and dense sampling arrays
like the LHAASO project [9].
Cascade events are also produced in νµ CC interaction-

s when the generated muon radiates knock-on electron-
s, bremsstrahlung photons or electron pairs, and in ντ C-
C interactions when the resulting tau decays into an elec-
tron (three body decay, about 18% branching ratio) or in-
to mesons (about 64% branching ratio, but only 12% for t-
wo body decays). At any given ν energy all these shower-
s have much less energy than that induced by the electron-
s generated in the νe interactions, and the contribution of
these process can be at first neglected.
All the ν flavours can generate cascades via the Neu-

tral Current (NC) interaction, producing hadronic jets. The
contribution of these events is expected to be quite low, re-
flecting the combination of a smaller cross section (about
a factor 3 at energies <100 TeV) and the decrease of the
ν flux with the energy. Moreover, the energy deposited in
the hadronic jet, less than 50% that of the ν , can be shared
by more than one particle.

2 The ARGO−YBJ experiment
The ARGO-YBJ detector, located at the Yangbajing Cos-
mic Ray Laboratory (Tibet, China) at an altitude of 4300
m above the sea level, consists of a 74×78 m2 carpet made
of a single layer of Resistive Plate Chambers (RPCs) with
about 92% of active area, sorrounded by a partially instru-
mented (about 20%) area up to 100×110 m2. Each RPC
is read by 80 strips of 6.75×61.8 cm2 (the spatial pixels),
logically organized in 10 independent pads of 55.6×61.8
cm2 which represent the time pixel of the detector. ARGO-
YBJ is operated with an inclusive trigger based on a time
correlation between the pad signals, depending on their
relative distance. The shower reconstruction method is de-
scribed in [10]. The index of the measured strip spectrum
increases with the zenith angle up to about 70◦ where we
observe a sharp transition to a spectral index of about -3.6
(see Fig. 1), a typical value characterizing the spectrum of
the EAS muon component. More than 107 HAS (zenith an-
gle θ > 70◦) have been recorded in about 5 years of da-
ta taking [11]. A few HAS with more than 500 fired strip-
s are shown in Fig. 2. A preliminary MonteCarlo simula-
tion using the horizontal muon spectrum supports the inter-
pretation of these showers as events induced by the interac-
tion in atmosphere of single muons. According to this sim-
ulation, an angular resolution of about 2.3 ◦ is obtained for
events with 73◦ ≤ θ ≤ 77◦ and core landing on the detec-
tor (Fig. 3).

3 Expected events and measured
background

Since the interaction length of ν in the atmosphere is larg-
er than the whole atmospheric depth, they have practically
equal probability to interact at any point in the atmosphere.
The interaction length for the ν-nucleon interaction is giv-
en by λ = 1/(σ ·NA), where NA is Avogadro’s number and
σ is the charged current ν-nucleon cross section. The en-
ergy distribution of the electrons produced is peaked near
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Fig. 1: Index of the measured strip spectrum as a function
of the zenith angle.

Fig. 2: Examples of HAS footprints observed with >500
strips fired on the ARGO−YBJ central carpet. The colour
palettes give the number of hits in each pixel (4×4 pads).
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Fig. 3: Angular resolution for Nstrip > 100 (circles) and
Nstrip > 500 (asterisks) as a function of the zenith angle.

Ee = Eν , the peak increasing with the ν energy. Electrons
promptly convert into an electromagnetic shower. Shower-
s produced at the slant depth x(g/cm2) from the array can
be detected only if they are large enough to satisfy the trig-
ger conditions and if a minimum number of fired pads is
recorded to assure the needed pointing accuracy in the re-
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Abstract: The understanding of Cosmic Rays (CRs) origin at any energy is made difficult by the poor knowledge
of the elemental composition of the radiation. Inclined showers (θ > 60◦) induced by very high-energy CRs
are mainly produced by secondary muons, in contrast to the vertical ones dominated by photons and electrons
stemming from π0 decays. Measurements of the CRs rate at different zenith angles give information on the
relative number of muons in a shower, which is dependent on the CR elemental composition, thus providing an
important tool to probe the CR mass distribution but also the hadronic interaction models. In this paper a study
of the non-attenuated shower component at a zenith angle θ > 60◦, through the observation of the so-called
horizontal air showers by the ARGO-YBJ experiment, is presented. More than 107 well-contained horizontal
events have been analyzed to study the production and interaction of high energy CR muons and neutrinos.
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1 Introduction
The CR flux is a steeply falling function of zenith angle
because the depth of atmosphere traversed by a shower
reaching the sea level rises rapidly from 1030 to about
36000 g/cm−2 as the zenith angle varies from zero to 90◦.
Thus near the horizon the interaction point is separated by
about 1000 radiation lengths of matter from the detector.
Most secondaries such as electrons, pions and kaons are
absorbed in the dump and only penetrating particles, such
as muons and neutrinos produced in the initial interaction,
are able to reach the detector. Therefore, to CRs incident
near the horizon the Earth’s atmosphere represents a beam
dump.
The observation of extensive air showers in nearly hori-

zontal directions provides a “well shielded laboratory” for
the detection of penetrating particles: high energy muon-
s, cosmic neutrinos, possible weakly interacting particles
produced in the decays of cosmological superheavy parti-
cles, will leave a clear signature in this dump.
Measurements of the CRs rate at different zenith an-

gles give information on the relative number of muons in
a shower, which is dependent on the CR elemental com-
position, thus providing an important tool to probe the CR
mass distribution [1]. Hadronic interaction models do not
reproduce correctly the number of muons in EAS therefore,
the study of HAS is useful to investigate the characteris-
tics of muons production and interaction. In addition, for
very high energy interactions the decay of charm particles
is the dominant source of high energy secondary muons.
So counting high energy muons at large zenith angles de-
termines the charm cross section [2, 3, 4]. There is no back-
ground from the semi-leptonic decay of pions and kaons
which, as a result of time dilation, interact and lose energy
rather than decay into high energy muons.
The detection of extensive air showers at large atmo-

spheric zenith angles (Horizontal Air Showers, HAS) has
been firstly reported in 1965 at an energy above 1014 eV
[5]. In the seventies their origin has been studied by Bohm
and Nagano [6], but their interpretation was not straightfor-
ward, due to the contradiction between the expected and
detected muon contents [7]. The EAS-TOP experiment s-

tudied in detail the phenomenology of HAS, finding that
they are mainly due to muon-dominated showers produced
by UHE cosmic rays interacting at very large distance in
the atmosphere [8]. In the last years a big effort has been
made to study in detail the phenomenology of these events
with accurate MC simulations (see, e.g., [9, 10, 11, 12]).
HAS are believed to be mainly due to the atmospheric

muons and their interactions, as an example:

(a) high energy single muons can interact through
bremmsstrahlung, pair production or deep inelastic
scattering and initiate showers at the depth appropri-
ate for detection. Such showers are essentially elec-
tromagnetic, since the remnant muons from the ini-
tial shower are dispersed over a very large area.

(b) Ultra high energy CRs interacting at the top of the
atmosphere, at very large zenith angles, produce a
“large” amount of muons through the pion decays
(favoured, at large angles, with respect to pion inter-
actions due to the low atmospheric density at the in-
teraction altitude). Such showers are therefore com-
posed essentially of muons since the electromagnet-
ic component is completely absorbed.

Neutrino induced showers have some intermediate ty-
pology, being more similar to conventional CR air show-
ers or to events (a), when a large amount of their ener-
gy is transferred to the electromagnetic cascade. EAS ar-
rays must have the capability of discriminating between
the different typologies of events through µ /e identifica-
tion. Therefore, the study of HAS is a possible tool for
UHE cosmic neutrinos measurement [13].
The main experimental requirement for such studies is

a good angular resolution in order to reject the background
provided bymis-reconstructed conventionalCR showers at
smaller zenith angles. The ARGO-YBJ experiment is well
suited for this analysis due to its good angular resolution
and high segmentation of the read-out.
In this paper a study of EAS reconstructed by ARGO-

YBJ with zenith angle greater than 60◦ is reported.
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1 Introduction
The CR flux is a steeply falling function of zenith angle
because the depth of atmosphere traversed by a shower
reaching the sea level rises rapidly from 1030 to about
36000 g/cm−2 as the zenith angle varies from zero to 90◦.
Thus near the horizon the interaction point is separated by
about 1000 radiation lengths of matter from the detector.
Most secondaries such as electrons, pions and kaons are
absorbed in the dump and only penetrating particles, such
as muons and neutrinos produced in the initial interaction,
are able to reach the detector. Therefore, to CRs incident
near the horizon the Earth’s atmosphere represents a beam
dump.
The observation of extensive air showers in nearly hori-

zontal directions provides a “well shielded laboratory” for
the detection of penetrating particles: high energy muon-
s, cosmic neutrinos, possible weakly interacting particles
produced in the decays of cosmological superheavy parti-
cles, will leave a clear signature in this dump.
Measurements of the CRs rate at different zenith an-

gles give information on the relative number of muons in
a shower, which is dependent on the CR elemental com-
position, thus providing an important tool to probe the CR
mass distribution [1]. Hadronic interaction models do not
reproduce correctly the number of muons in EAS therefore,
the study of HAS is useful to investigate the characteris-
tics of muons production and interaction. In addition, for
very high energy interactions the decay of charm particles
is the dominant source of high energy secondary muons.
So counting high energy muons at large zenith angles de-
termines the charm cross section [2, 3, 4]. There is no back-
ground from the semi-leptonic decay of pions and kaons
which, as a result of time dilation, interact and lose energy
rather than decay into high energy muons.
The detection of extensive air showers at large atmo-

spheric zenith angles (Horizontal Air Showers, HAS) has
been firstly reported in 1965 at an energy above 1014 eV
[5]. In the seventies their origin has been studied by Bohm
and Nagano [6], but their interpretation was not straightfor-
ward, due to the contradiction between the expected and
detected muon contents [7]. The EAS-TOP experiment s-

tudied in detail the phenomenology of HAS, finding that
they are mainly due to muon-dominated showers produced
by UHE cosmic rays interacting at very large distance in
the atmosphere [8]. In the last years a big effort has been
made to study in detail the phenomenology of these events
with accurate MC simulations (see, e.g., [9, 10, 11, 12]).
HAS are believed to be mainly due to the atmospheric

muons and their interactions, as an example:

(a) high energy single muons can interact through
bremmsstrahlung, pair production or deep inelastic
scattering and initiate showers at the depth appropri-
ate for detection. Such showers are essentially elec-
tromagnetic, since the remnant muons from the ini-
tial shower are dispersed over a very large area.

(b) Ultra high energy CRs interacting at the top of the
atmosphere, at very large zenith angles, produce a
“large” amount of muons through the pion decays
(favoured, at large angles, with respect to pion inter-
actions due to the low atmospheric density at the in-
teraction altitude). Such showers are therefore com-
posed essentially of muons since the electromagnet-
ic component is completely absorbed.

Neutrino induced showers have some intermediate ty-
pology, being more similar to conventional CR air show-
ers or to events (a), when a large amount of their ener-
gy is transferred to the electromagnetic cascade. EAS ar-
rays must have the capability of discriminating between
the different typologies of events through µ /e identifica-
tion. Therefore, the study of HAS is a possible tool for
UHE cosmic neutrinos measurement [13].
The main experimental requirement for such studies is

a good angular resolution in order to reject the background
provided bymis-reconstructed conventionalCR showers at
smaller zenith angles. The ARGO-YBJ experiment is well
suited for this analysis due to its good angular resolution
and high segmentation of the read-out.
In this paper a study of EAS reconstructed by ARGO-

YBJ with zenith angle greater than 60◦ is reported.
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Temporal profiles
Spatial distributions

θ = 82.24° 

θ = 80.50° 
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MonteCarlo simulation proton = 80° - 3367 g/cm2
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Profile of the mountains around ARGO-YBJ
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The dependence of the barometric effect on the zenith angle clearly shows a deviation from the secθ behaviour 
for secθ > 2. 

In fact, the barometric coefficient  

where n = counting rate and x = atmospheric pressure, is related to zenith angle as: β(θ) = β(0◦) secθ. This can 
be explained by the presence of a "non-attenuated" EAS component that dominates for angles larger than 70◦.
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zenith angle > 80◦ (red dashed line) compared to the mountain
profile seen by ARGO-YBJ (black continuous line).

spectrum of the light component (p + He nuclei) in the en-
ergy range (5 - 200) TeV [17]. The spectrum measured
by ARGO-YBJ is compared with other experimental re-
sults in Fig. 7. Systematic effects due to different hadronic
models (Corsika 6.710 with QGSJet-II and SYBILL) and
to the selection criteria do not exceed 10%. The ARGO-
YBJ data agree remarkably well with the values obtained
by adding up the p and He fluxes measured by CREAM
both concerning the total intensities and the spectral in-
dex [18]. The value of the spectral index of the power-law
fit to the ARGO-YBJ data is -2.61±0.04, which should be
compared with γp = -2.66±0.02 and γHe = -2.58±0.02 ob-
tained by CREAM. The present analysis does not allow
the determination of the individual p and He contribution
to the measured flux, but the ARGO-YBJ data clearly ex-
clude the RUNJOB results [19]. We emphasize that for the
first time direct and ground-based measurements overlap
for a wide energy range thus making possible the cross-
calibration of the different experimental techniques.

3.2 Horizontal Air Showers

At zenith angles θ > 60◦ an excess of events (the so-
called HAS, horizontal air showers) is observed above the
rate of EAS as expected from the exponential absoprtion
(with ΛEAS ≈ 220 g/cm2) of the air shower electromag-
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Figure 10. The barometric coefficient for different zenith angles
as measured by ARGO-YBJ.

Figure 11. Events observed by ARGO-YBJ with a reconstructed
zenith angle θ > 70◦. Only showers with more than 500 fired
strips on the central carpet are shown. The pixels represent 4×4
pads (about 2×2 m2).

netic component in the large atmospheric depth (see Fig.
8), which implies a decrease of the EAS counting rate with
Λc ≈ 130 g/cm2.

The physical nature of these showers is confirmed by
the absence of events from the direction of the sky shaded
by the mountains around the ARGO-YBJ detector, as can
be seen in the Fig. 9 where the shower rate as a function
of the reconstructed azimuthal angle is compared to the
shadow angle due to the surrounding mountains. The ex-
pected anti-correlation is clearly visible and the mountain
profile is reproduced quite well.

Moreover, the dependence of the barometric effect on
the zenith angle, shown in Fig. 10, clearly shows a de-
viation from the secθ behaviour for secθ > 2. In fact,
the barometric coefficient β = 1

n
dn
dx (n = counting rate,

x = atmospheric pressure) is related to zenith angle as:
β(θ) = β(0◦)secθ. This can be explained by the presence
of a "non-attenuated" EAS component that dominates for
angles larger than 70◦. Due to the small ARGO-YBJ effec-
tive area at large zenith angles, we expect that the observed
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 Moon: 2007 - 2011, theta  60 DEG, CUT = 0, NSTRNF> 60
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Fig. 4: Moon shadow significance map. The event multi-
plicity is N>60 and the zenith angle is θ > 60◦. The col-
or scale gives the statistical significance in standard devia-
tions.

Fig. 5: Events observed by ARGO-YBJ with a reconstruct-
ed zenith angle θ > 70◦. Only showers with more than 500
fired strips on the central carpet are shown. The pixels rep-
resent 4×4 pads (about 2×2 m2). The color scale refers to
the number of particles per pixel.

induced showers in horizontal events. This result makes
us confident about the angular resolution and the selection
procedure of inclined showers.
Due to the small ARGO-YBJ effective area at large

zenith angles, we expect that the observed HAS are due to
high energy single muons which interact through bremm-
strahlung (which dominate 10:1) or deep inelastic scatter-
ing and initiate showers at the appropriate depth (few hun-
dreds g/cm2 above the detector) for detection, as shown
in Fig. 5 where some typical events observed by ARGO-
YBJ are displayed. The characteristic elliptical shape of the

!

Fig. 6: Time distribution in ns of a HAS shower detected
by ARGO-YBJ at a zenith angle of about 82◦.
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Fig. 7: Differential strip spectra measured by ARGO-YBJ
for different zenith angles.

showers, well contained in the central carpet, is clearly vis-
ible. Such showers are essentially electromagnetic, since
the remnant muons from the initial showers are dispersed
over a very large area.
A typical HAS time distribution is shown in Fig. 6. The

shower has been detected by ARGO-YBJ at an angle of
about 82◦. A particle (muon or neutrino) with θ > 70◦
interacting deep will present a young shower front. At the
ground level, young showers induce signals spread in time
over hundreds of nanoseconds in the pads fired by the
shower particles, while old showers induce narrow signals
spreading over typically tens of nanoseconds,
In Fig. 7 the shower rate measured by ARGO-YBJ is

shown, as a function of the fired strips number, for different
primary zenith angles. The spectra soften with increasing
angle up to about 70◦, as can be appreciated in Fig. 8 where
the best-fit spectral indices are plotted. In the zenith angle
region 50◦ - 70◦ a quick transition to a value of about -3.6,
characteristic of the EAS muon component, is observed.
The rate of HAS measured by ARGO-YBJ in the zenith

angle interval [70◦ - 75◦], in which there are no shadow
effects due to the surroundings mountains, is compared
to expectations in Fig. 9. In this preliminary calculation
we have simulated showers induced by muons with the
energy spectrum measured by Allkofer and collaborators
in 1979 at 75◦ [20]. The standard errors associated to the
counting rates at different muon energies is few percent. In

The significance map of the Moon region observed at a zenith 
angle θ > 60◦ It contains all the events collected by ARGO-
YBJ in 5-years data taking with bin N> 60 fired strips on the 
central carpet. The significance of the maximum deficit is 
about 5 s.d.  

We stress that this is the first time that an air shower array 
detected the Moon shadow mainly due to muon-induced 
showers in horizontal events.  

This result makes us confident about the angular resolution 
and the selection procedure of inclined showers.
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γ ≈ -3.70
spectral index muons  in EAS

Strip multiplicity for different zenith angles e.m. - dominated

muon - dominated
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Fig. 8: Best-fit spectral indices calculated for the spectra of
Fig. 7.

Fig. 9: Comparison between HAS rate measured by
ARGO-YBJ and MC expectations for 70◦ < θ <75◦. The
upper scale shows the corresponding muon median energy.

the figure the contribution due to muons with energy below
and above 400 GeV is separately shown. The spectra have
been normalized to study the slope.
Detailed simulations to reproduce the absolute flux are

under way, nevertheless, the fair agreement with the ex-
pected spectral index makes us confident that the bulk of
HAS observed by ARGO-YBJ are due to muon-induced
showers.

4 Conclusions
The study of HAS has been long recognized as a useful
tool to investigate the interactions of high energy muons
and to detect ultra high energy neutrinos.
In this paper the largest sample of HAS never record-

ed by an EAS array has been analyzed to demonstrate the
physical origin of showers with an anomalous arrival direc-
tion distribution above 60◦. The high segmentation of the
ARGO-YBJ readout allows to study with unprecedented
detail the space-time characteristics of HAS. For the first
time the shower beam dump in the Earth’s atmosphere is
clearly observed studying the size spectrum as a function
of the zenith angle.
The Moon shadow is observed for the first time with

showers above 60◦ demonstrating the capability of the
ARGO-YBJ detector in reconstructing HAS.
Further studies are under way to discriminate and select

HAS induced by neutrinos. A preliminary analysis of a
possible emission of neutrinos from GRB with ARGO-
YBJ is described in [13].
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account a possible slight non-collinearity of the produced
electron with respect to the ν direction. About 70% of the
signal is expected in this search cone. Since the spectrum
of the background showers is softer than that predicted for
the ν-induced showers, the choice of the threshold N0 is
crucial to improve the signal to background ratio. In this
preliminary analysis this optimization has not been carried
out and a threshold N0 = 500 has been set. This cut as-
sures an easy recognition of the elongated shape of the
shower pattern, a high quality shower reconstruction and a
very low level of the background rate, Nbkg(> 500) = 2.0 ·
10−3ev/s. With this integral analysis the median energy
of the sampled ν spectrum is about 300 TeV. No event is
found in the 26 signal time windows T90 of the GRBs list-
ed in Table 1, so we find no evidence for ν-induced cas-
cades in coincidence with the prompt phase of these GRB-
s. The expected number of background events in the to-
tal on-time window is 2.6±0.3. Assuming that the sum of
all GRB spectra follows the Waxman-Bahcall model, a s-
tacked analysis has been performed. Converting the upper
limit obtained by using the unified Feldman & Cousins
[16] approach to a fluence limit from 26 standardWaxman-
Bahcall bursts, we obtain the black line shown in Fig. 4.
The uncertainties in both background (10%) and signal

expectation (7%, mainly due to the limited statistics of the
simulation) are not included. This measurement extends
the search to the TeV region but the upper limit lies a factor
≃ 5× 105 above the Waxman-Bahcall prediction, hence
does not allow us to constrain the model.
This study shows the capability of ARGO−YBJ to im-

age small size HAS from TeV ν , the main limitation of
this detection being the small conversion probability, about
10−9 in this energy range for the quoted selections. Baryon-
rich mildly relativistic jets could interact inside the stellar
envelope while still burrowing their way out of the star and
before successfully escaping to produce a GRB. This kind
of jets could be quite common in type II SNe and source
of high fluence bursts of TeV ν [17].

6 Conclusions
A search for HAS produced by νe associated in time and
space with the prompt phase of 26 GRBs has been carried
out using the ARGO-YBJ data collected from Novembre
2007 to January 2013. Some of these GRBs are not includ-
ed in the list of those observed by IceCube. The search has
been conducted in a model-dependent way based on the
Waxman-Bahcall power law spectrum taking into accoun-
t the CC ν interaction with the atmosphere nucleons. A s-
tacked analysis has been carried out to calculate an upper
limit in the energy range 6 TeV−6 PeV to the νe fluence
from the whole burst population. Thus this result (slightly
conservative since we neglected other interaction channel-
s inducing atmospheric showers) is complementary to that
of IceCube, which is obtained at energies >80 TeV. How-
ever, our 90% confidence level (c.l.) upper limit rejects a
flux many orders of magnitude larger than the prediction
of the Waxman-Bahcall prompt emission model (Fig. 4).
The sensitivity of this approach is limited by the reduced
dimension of the effective volume. Indeed, apart from the
small size of the ARGO-YBJ detector, there is an intrinsic
limitation due to the short longitudinal development of the
shower soft component. However, two interesting features
emerge from this analysis. Firstly, the capability of reach-
ing TeV energies by imaging small size showers with a suf-
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Fig. 4: 90% c.l. upper limits on the ν fluence for different
experiments and GRB phases.

ficiently dense array, and then the low level of the back-
ground mainly due to the radiative processes of horizon-
tal atmospheric muons whose spectrum decreases as E−3.6.
This technique could represent a complementary method-
ology to search with large area arrays for νe associated to
buried GRB jets which are predicted to generate a soft ν
spectrum with a fluence at TeV energies a few orders of
magnitude greater than that characterizing the GRBs ob-
served in γ-rays.
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construction of the shower direction. Then, for a given ν
direction and impact parameter on the ground, the effec-
tive depth interval is basically the range of positions of the
interaction point fromwhich showers firing Nstrip >N0 are
generated. In the present analysis, in order to save com-
puting time, we only take into account showers with core
landing on a fiducial area A f = 72m× 75m internal to the
detector surface. Horizontal air showers with core on the
detector surface exhibit a typical configuration with a pat-
tern elongated along the reconstructed direction of arrival,
as shown in Fig.2. In this case the effective volume for ν
interaction is given by A f · cosθ ·Def f , where Def f is the
effective slant depth. Clearly, this choice reduces the expo-
sure to large size showers with core falling outside the de-
tector, showers that can be imaged by ARGO-YBJ and effi-
ciently reconstructed [10]. The number of ν-induced show-
ers with more than N0 strips is given by:

Nev(> N0) = Af · cosθ
∫
dEν

dF(Eν)
dEν

P(Eν ;> N0) (1)

where dF(Eν)/dEν is the ν energy spectrum and P(Eν ;>
N0) is the probability that a ν of energy Eν can generate
a shower with core inside the area A f and a number of
charged particles firing more than N0 strips. The ν-shower
conversion probability P(Eν ;> N0) is obtained by a full
simulation in which we use the cross section for the CC
ν interaction given in [1] with the CTEQ4-DIS parton
distribution, while the shower development is handled by
the CORSIKA code and the detector response is simulated
with the ARGOG package based on the GEANT3 code.
For the present model-driven analysis we use the Wax-

man & Bahcall double broken law spectrum as a reference
hypothesis, that is, dF(Eν )/dEν =K(E/105GeV )−γ , with
γ=1 for E < E1 and γ=2 for E1 < E < E2. The first break
energy E1 corresponds to the break in the parent photon
spectrum, the second at very high energy E 2 comes from
synchrotron losses of muons and pions. For the standard
Waxman & Bahcall spectrum with the Lorentz boost fac-
tor Γ = 300 of the GRB jet, we have E1 = 105 GeV and
E2 = 107 GeV and K = 3 ·10−9GeV−1m−2 [12].
Air showers generated by muon radiative processes are

indistinguishable from the ν-induced showers and repre-
sent the background for this search. The background events
do not need to be simulated, their rate is measured using
the off-time windows where no signal is expected. We ob-
tain mean values integrating in time and azimuth on the w-
hole data collected at zenith angles 73◦ ≤ θ ≤ 77◦. This
allows a precise experimental determination of the back-
ground rate with a negligible statistical error. ARGO−YBJ
exhibits an excellent stability [13] and both on-time and
off-time tests have been carried out to check the normal be-
haviour of the detector during the GRB events. A mild az-
imuthal modulation of about 1.5% is observed in the data
up to θ = 60◦, well explained as the combination of geo-
magnetic deflection and detector effects due to its geom-
etry [14]. A larger modulation is found for reconstructed
events with θ > 70◦. Indeed, HAS are produced by muon-
s which travel long distances (about 120 km at θ = 75◦
[15]), with a non-negligible geomagnetic deflection. For
the present work, addressed to a stacking analysis, we have
neglected the small deviations from the quoted average val-
ues. A systematic uncertainty < 10% can be estimated to
take into account this approximation.

GRB T0 (UT) T90 (s) θ (deg) z IC
080205 07:55:51 106.5 73.4 – n
080413 02:54:19 46 74.1 2.43 y
080613 09:35:21 30 76.0 – y
080625 12:28:31 80 73.8 – y
080925 18:35:55 29 73.9 – y
081221 16:21:11 34 73.1 2.26 y
090112B 17:30:15 12 76.9 – y
090113 18:40:39 9.1 75.5 1.75 y
090227 07:25:57 50 73.3 – y
090323 00:02:43 150 74.1 3.57 y
090427 23:26:27 15 74.1 – y
090610B 17:21:32 202.5 76.0 – y
090625 05:37:00 51 74.6 – y
090701 05:23:56 12 75.5 – y
090915 15:35:36 8 74.8 – y
100213B 22:58:34 48.0 73.0 – y
100331B 21:08:38 30 75.7 – y
100425A 02:50:45 37.0 72.3 1.76 y
100906A 13:49:27 114.4 73.4 1.73 n
100915B 05:49:38 4 75.0 – n
110529A 00:48:43 0.41 75.0 – n
110708A 04:43:22 50 75.2 – n
120602A 05:00:01 54 75.3 – n
120712A 13:42:27 14.7 74.6 4.17 n
120803B 11:06:06 37.5 74.3 – n
121201A 12:25:42 85 76.8 3.39 n

Table 1: List of GRBs with zenith angle 73◦ ≤ θ ≤ 77◦
(November 2007 - January 2013) in the ARGO−YBJ field
of view.

4 The GRB sample
ARGO-YBJ has been operational in its final configuration
from November 2007 until January 2013 with a duty cycle
greater than 86%. During this data taking time 436 GRBs
occurred in the detector field of view (θ < 90◦), of which
148 at θ > 70◦. In order to avoid “edge” effects and any in-
terference from the surroundingmountains, we restrict our
analysis to the 32 GRBs exploded in the angular window
73◦ ≤ θ ≤ 77◦, well inside the horizontal range where the
soft component of proton-induced showers is completely
absorbed. Considering the periods of inactivity or malfunc-
tion of the detector, data are available for 26 of these GRB-
s, which are listed in Table 1, where some of their proper-
ties2 are reported, including the start time T0, the duration
T90 of the prompt phase emission, and, if measured, the
redshift z. Only GRB110529A is of the short type (T90≤ 2
s), and 9 of these GRBs are not included (“n” in the last
column) in the catalog used in the IceCube (IC) analysis.

5 Analysis results
In order to search for prompt ν-induced showers from the
selected GRBs, we opened a cone with a 4.0◦ radius cen-
tered on the GRB positions. The angular window is deter-
mined by the ARGO−YBJ angular resolution taking into

2. taken from the GCN Circulars Archive at
http://gcn.gsfc.nasa.gov/gcn3 archive.html.
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ABSTRACT

We report the first observational search for tau neutrinos (ντ ) from gamma-ray bursts (GRBs) using one of the Ashra
light collectors. The Earth-skimming ντ technique of imaging Cherenkov τ showers was applied as a detection
method. We set stringent upper limits on the ντ fluence in PeV–EeV region for 3780 s (between 2.83 and 1.78 hr
before) and another 3780 s (between 21.2 and 22.2 hr after) surrounding GRB081203A triggered by the Swift
satellite. This first search for PeV–EeV ντ complements other experiments in energy range and methodology, and
suggests the prologue of “multi-particle astronomy” with a precise determination of time and location.

Key words: gamma-ray burst: individual (GRB 081203A) – methods: observational – neutrinos
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1. INTRODUCTION

Gamma-ray bursts (GRBs) eject the most energetic outflows
in the observed universe, with jets of material expanding rela-
tivistically into the surrounding interstellar matter with a Lorentz
factor Γ of 100 or more. Energy dissipation processes involving
nonthermal interactions between particles are thought to play
an important role in GRBs, but remain observationally unre-
solved. The detection of PeV–EeV neutrinos (ν’s) from a GRB
provides direct evidence for the acceleration of hadrons into
the EeV range, and of photo-pion interactions in the GRB. The
GRB standard model (Mésźaros 2006, and references therein),
which is based on internal/external shock acceleration, has been
used to describe the general features of a GRB and the observed
multi-wavelength afterglow. However, the standard model can-
not well reproduce recent observational results. The early X-ray
afterglows detected by Swift exhibited a canonical behavior of
steep-flat-steep in their light curve (Nousek et al. 2006). In
10%–15% of GRBs, precursor activities were observed (Burlon
et al. 2008). In some cases, the precursor preceded the main burst
by several hundred seconds with significant energy emission.
In the Fermi observations of GRB090510 and GRB090902B,
spectral fits revealed a hard power-law component (Abdo et al.
2009). The Swift and Fermi observations of GRB090510 de-
tected gamma rays (γ s) in the GeV range up to 200 s after
the lower energy trigger (De Pasquale et al. 2010). Although
many authors have proposed theoretical models to reproduce
the complicated time evolution of GRBs and the high energy
components in the prompt emission, none of these models are
conclusive (Ackermann et al. 2010). To better understand the
ambiguous mechanisms of GRBs, observational probes of the
optically thick region of the electromagnetic components, as
well as hadron acceleration processes throughout the precursor,
prompt, and afterglow phases are required. Very high energy
(VHE) ν’s can be used as direct observational probes, which are

effective even in optically thick regions. A monitor search with
sufficient time and spatial resolution and survey capability for
VHEνs associated with GRBs is plausible.

The Earth-skimming tau neutrino (ντ ) technique, which de-
tects extensive air showers (Fargion 2002), has the advantage
of a large target mass, since it uses air showers produced by
decay particles of tau leptons (τ ’s) in the atmosphere as the
observed signals. τ ’s emerge out of the side of the mountain
or the ground facing the detector; they are the product of in-
teractions between VHE ντ and the Earth matter they traverse.
Above 1 EeV, air fluorescence observations based on the Earth-
skimming ντ technique have been reported (Abraham et al.
2008). No air Cherenkov observation has been made to date
based on the Earth-skimming ντ technique with air showers
induced by τ decays (hereafter referred to as the Cherenkov
τ shower method). But it can achieve sufficient detection sen-
sitivity in the PeV–EeV region to be useful in the search for
ν’s originating from hadrons accelerated to EeV at astronomi-
cal objects. Additional advantages of the Cherenkov τ shower
method are its perfect shielding of cosmic-ray secondary parti-
cles, highly precise arrival direction determination for primary
ντ , and negligible background contamination by atmospheric
ν’s in the PeV–EeV energy range.

2. ASHRA EXPERIMENT AND OBSERVATION

The all-sky survey high-resolution air-shower detector
(Ashra) is a complex of unconventional optical collectors that
image VHE air showers in a 42◦ diameter field of view (FOV)
covering 77% of the entire night sky with a resolution of a
few arcminutes (Sasaki 2008; Aita et al. 2008a; Sasaki et al.
2008). The first phase of the Ashra experiment (Ashra-1) was
constructed on Mauna Loa at 3300 m above sea level on Hawaii
Island, and includes an observatory. Ashra-1 uses electrostatic
lenses (Asaoka & Sasaki 2011) in addition to an optical system
to generate convergent beams, enabling a very low cost and high

1

The all-sky survey high-resolution air-shower detector (ASHRA) is a complex of unconventional optical 
collectors to detect UV, Cherenkov and fluorescence light that image VHE air showers in a 42◦ diameter field of 
view covering 77% of the entire night sky with a resolution of a few arcminutes.

Proposal to study the sensitivity of WFCTA at PeV energies
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• In the multi-messenger era observation of neutrino events from flaring/explosive 
phenomena crucial.


• Due to the lack of detailed knowledge of the evolution of the accelerated proton 
spectrum in the forward shocks, there is huge ambiguity in calculation of 
neutrino fluxes. It is important to set observational limit especially on each burst 
due to much different environment burst by burst. 


•Observation of HAS important for a number of reasons (increase effective area, 
study of hadronic interactions, neutrinos, …).


•Good opportunity for LHAASO with unprecedented muon detector area and 
array of Cherenkov telescopes.


•With WFCTA, LHAASO could complement the IceCube results for the sub-PeV 
energy region.
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g = -1.25

g = -2.60

YBJ altitude: 606 g/cm2

Showers with zenith angle >80° - 3367 g/cm2

MonteCarlo simulation 
proton = 80° - 3367 g/cm2


