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We report the updated observational search for tau neutringauéing one of the Ashra light

collectors, which faces to Mauna Kea, on Mauna Loa at 3300 m above sea level on Hawaii

Island. The earth-skimming; technique of imaging Cherenkav showers was applied as a

detection method. We checked the detection sensitivity and the reconstruction procedure for the

Cherenkovr shower well with sufficient statistics, i.e. 824 events of ordinary cosmic-ray air-

shower Cherenkov images for a total of 1884 hours using the same instruments, but triggered

with the attached trigger pixel layout to view the sky field above the mountain. The analysis of

about 1863 hours of data taken towards the mountain of Mauna Kea and the Earth crust around it

leads to a 90% C.L. point source limit fof in the energy range from 3 PeV to 10 EeV of about
EZ. - @(Ev,) <3.2x 1077 GeV cnr? s~ assuming power-law spectrum with the index of -2.
The analysis status of about 5783 hours of optical transients data is also presented.
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1. Introduction

IceCube reported the detection of PeV scale astrophysical neutiitg)s Whereas the ori-
gin has not been clearly identified y@|.[ High-energy neutrinos uniquely provide indisputable
evidence for hadronic acceleration in the universe. The energy spectrum follows globally a bro-
ken E? power law, wherea = 2.7 ~ 3.1, which indicates shock acceleration. Several astro-
nomical object classes have been proposed as potential hadronic accelerators through charged
pion production in collisions with radiation fields or the ambient matter, in reactions such as:
p+y— AT — m+p, m+n; p+nucleus— m+ X (= n°, ") . Subsequent decay gives the
approximate neutrino flavour rati@ : v, : v = 1:2: Oat the sources, which is turned into the ratio
of ve: vy i vy =1:1:1by neutrino oscillation upon arrival at Earth. The photopipg)(reaction
is typically the main neutrino generation process where extra galactic sources like jets and cores
of active galactic nuclei (AGN) angray burst (GRB) jets have been widely studigid]. Some
sources like starburst galaxies (SBGs) may emit the neutrino fluxes mainly through the hadronu-
clear (pp) reactionfl]l. In a consequence, the high pointing-back accuracy detectiorsafith
energies in the PeV range or above can lead clearly identifying the physics mechanism as well as
the location of the accelerator. The GRB standard mdgelhich is based on internal/external
shock acceleration, has been used to describe the general features of a GRB and the observed
multi-wavelength afterglow. In some of GRBs, precursor activities were obsd@j.eddding to
the pointing-back of VHB/'s, search for optical transients associated with very-high energy accel-
erators such as GRBs through the precursor and afterglow activities using the large field-of-view
(FOV) of Ashra-1 can be a good probe to better understand the ambiguous acceleration mechanism.

The Earth-skimming; technique enjoys a large target mass by detecting extensive air-showers
produced by tau lepton decays in the atmosphere. The tau leptons, produced by VHE tau neutrinos
that interact with the Earth matter they traverse, emerge out of a mountain or the ground facing the
detector. This method has detection sensitivity in the PeV-EeV region, and can be used to search
for v;’s originating from hadron acceleration in astronomical objects. Additional advantages are
perfect shielding of cosmic ray secondaries, precise arrival direction determination, and negligible
background from atmosphencs [[].

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 & 4itameter FOV covering a large area of the
night sky with a resolution of a few arcminute8, [B [10. 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 lenEdpiri addition to an optical system to generate
convergent beams, enabling a very low cost and high performance image sensor, providing a high
resolution over a wide FOV. The electron optics use an image pipeline to transport the image from
the focal sphere of the reflective mirror optical system. After the light from the image is split, it
is transported to both a trigger device and high-gain, high-resolution complementary metal-oxide
semiconductor image sensor.
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Figure 1. Left The Ashra-1 light collector facing Mauna KeRight Boundary (large red circle) between

the inside (open circle) and outside (hatched area) of the FOV of the light collector and the layout of trigger
pixel FOVs (blue boxes) for Cherenkavshower observation. Attached array of the trigger pixel FOVs
(upper four blue boxes) to check the detection sensitivity with ordinary cosmic-ray air showers at a higher
elevation. A simulated image of a cosmic-ray air shower readout along the trigger (points). An extended
portion of the trajectory of GRB081203A counterpart (circular arc), the ridge lines of Mauna Kea (red) and
Mauna Loa (green) mountains, the horizon, and Mauna Kea access road are shown.

One of the Ashra light collectors built on Mauna Loa has the geometrical advantages of not
only facing Mauna Kea (FiflLeft), allowing it to encompass the large target mass of Mauna Kea in
the observational FOV, but has also an appropriate distans@@fkm from Mauna Kea, yielding
good observational efficiency when imaging air-shower Cherenkov lights which are directional
with respect to the air-shower axis. Using the advanced features, we performed observational
search for Cherenkov showers for 1863 hr between January of 2012 and March of 2013. We
served limited 58 channels of photomultiplier tubes (PMTSs) as trigger sensors prepared for the
search runs to cover the view of the surface area of Mauna Kea, maximizing the trigger efficiency
for Cherenkovr showers from Monte Carlo (MC) study, as shown in Big Adjacent-two logic
was adopted to trigger the fine imaging, by judging discriminated waveform signals from each
pixel of the multi-PMT trigger sensor.

Another Ashra light collector viewg2® circle region, of which center pointAlt,Az) =
(60.0°,0.0°). The Ashra acquired optical images exposure for 4 seconds every 6 seconds. We
have taken data over 3 observational period from 2008 to 2013, 1566(2319,1898) hours for the
observation 1(2,3).

3. Analysis

To investigate the features, selection criteria, detection efficiency, and background rate for the
observation of Cherenkow shower images, we generatedMC events with primary energies of
1 PeV to 100 EeV by 0.5 decade steps, which entered into the rock of Mauna Kea uniformly and
isotropically from a sufficiently large aperture. We used a geodetic database around Hawaii island
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[M12, and surveyed for ourselves the position of the observatory and the terrain of the mountain and
its surroundings. To study the generation and propagatios ofthe earth and in the mountain, we
used PYTHIA [[3 to simulate the charged current interactiorve$ with nucleons and GEANT4
[14] for the energy loss due to pair production and bremsstrahlumgimpagation. Photonuclear
interaction was estimated using the differential crosssection givefith ahd [1§. TAUOLA
[I7 was used for decays and CORSIKAIG for air showers induced by decays. To simulate
the Ashra detector, we took into account the geometry, light collection area, mirror reflection,
corrector lens transmittance, and the quantum efficiency of the photoelectric tubes, so that the fine
images corresponding to the trigger judgement were simulated in an event-by-event mM#hner.
the deflection angle of with respect to the primary;, was estimated to be significantly less
than 1 arcmin at energies above 1 PeV due to the physical processes occurring in the rock of the
earth and of the mountaifif][ In addition, the reconstructedshower axis can point toward the
object within an accuracy d@il° if the resolution of the image is sufficiently high. Therefore, the
Cherenkowvr shower induced by PeV-Ee¥ is a fine probe into VHE hadron accelerators once an
image is obtained with sufficient resolution. Such images can be obtained with the Ashra detector.
The photometric and trigger sensitivity calibration of the Ashra light collector was based on a
very stable YAP(YAIQ:Ce)-light pulser [[9 which was placed at the center of the input window of
the photoelectric lens image tube mounted on the focal sphere of the optical system and illuminated
it. Non-uniformity in the detector gain due to the input light position was relatively corrected
by mounting a spherical plate uniformly covered with luminous paint on the input window. To
correct for the time variation of the photometric and trigger sensitivity because of variations in
atmospheric optical thickness, which were mainly due to clouds and hazes during the observation
period, we performed careful cross-calibration to compare the instrumental photoelectric response
with the photometry of standard stars such as BD+75D325 of B-magnitude 9.2, for which the
detected images passed through the same optical and photoelectric instruments except for the final
trigger-controlled readout device. We estimated the systematic uncertainty on the basis of our
understanding of the detector sensitivity to be 30% after applying a combination of the above three
complementary calibration procedures.
To check the detection sensitivity and the reconstruction procedure for the Cherestimwer,
we detected and analyzed 824 events of ordinary cosmic-ray air-shower Cherenkov images for a
total of 1884 hrs almost simultaneously with thesearch using the same instruments used in the
Ashra light collector, but triggered with the attached layout of four trigger pixels to view the sky
field above Mauna Kea (Fiff). In the cosmic-ray observation, the trigger pixel layout is centered
at zenith angle of~65°. Due to the directionality of the air-shower Cherenkov lights, the photo-
metric detection of the Iighiﬁly was strongly dependent upon the impact parani@ién addition
to the primary energf§. From a detailed study of MC simulated proton shower events generated
with CORSIKA, we obtained a correction function to estimate the observed primary efergy
a function ofN, and the long axis length calculated using Hillas analysi€{], wherel was
used as an estimator Bb. As a result, the total MC reconstructed energy resolution was estimated
to be 62% by evaluating the rms of ti€ /E = (E — E)/E distribution, for which the error was
dominated by the ambiguity iRe. The same reconstruction procedure was applied both to the
observed data and the MC data. The observed and MC cosmic-ray flux spectra are showd in Fig.
in which the MC prediction used the typically observed cosmic-ray flux &ith3 PeV given by
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Figure 2: Observed cosmic-ray flux spectrum (filled circles) with bars indicating statistical and systematic
errors and the MC predictions for proton primary (red histogram) and iron primary (blue histogram) assump-
tions. The width of the bands shows the evaluated systematic error of 30% of the MC prediction (see the
text).

dN/dE = (3.7£ 1.1) x 1PE~39(m?srsGeVj 1 fitting to the cosmic-ray flux observations in the
knee region 21, 22 with the power-law indices-2.7 E <3 PeV) and-3.0 (E >3 PeV) assuming
continuity at the knee point. We gquote systematic uncertainties of 30%, mainly due to cosmic-ray
flux spectrum observations around the knee (20%—28%), and partly due to their parameterization
(~14%). Since the primary cosmic-ray components are observationally undefined, we present the
MC prediction of cosmic-ray flux spectra, assuming either only protons or irons as the primary
cosmic rays in Figld In comparison with commisioning; runs in the first observation period
(Obs01) 23], the product of observation time and solid angle for Obs03 is larger by a factor of
2.7. According to the MC study, the effective detection area of Obs03 was 1.7 times better than
that of Obs01 due to the more optimized trigger electronics. The total ratio of the observed events
is expected 4.4. The observed data from Obs03 and the MC prediction agreed well on the normal-
ization and the shape of the distribution within the expected errors. The estimation of the detection
sensitivity of the Ashra light collector and the validity of the reconstruction procedure were well
demonstrated.

For thev; search, we used image data acquired using the trigger for 1863 hrs in only case of the
data status defined as good out of the total observation time of 1950 hrs. To ensure the quality of the
observation, we filtered the data requiring the total amount of photoeledr250, converted
in the photoelectric lens image tube. Using a Source Extra@df, yve extracted “clusters” by
requiring that of fired pixelsNpx) assigned to the cluster satisfidlly >4, where accumulated
charge Qpx) in the fired pixel pX) was required to b&px >6 ADC units. The primary clustet,
defined as the cluster with the largest accumulated charge of fired pixels in the cligdtends
chosen as a pre-selected shower candidate for the event. To ens@envidmatvithin the effective
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Figure 3: Precursor candidates, that is, GRB objects across the FOV prior to each triggetp fifrem
to — 24totg+ 1 hours during 2008-2013 observations.

fiducial FOV, the coordinates of the center of gravity (the center of the FOV was (BN of

C were required to satisfyc| < 13’8, and ¥c, Yc) could not overlap any obstacles such as rocks

or the Mauna Loa surface within the FOV. Sometimes, “car light events” were triggered when the
light beams of a car on the Mauna Kea access road entered the FOV. We determined the coordinates
of the original positionXcar, Ycar) by averagingXc, Yc) for events that were apparently identified as

car light events in the FOV. The geometric distabgg: in the FOV betweenXc, Yc) and Kcar, Year)

had to satisfyDcar > 0.2°. Remaining night sky backgrounds (NSBs) were rejected by requiring
that>c > 10 X/, whereC’ was defined as the second largest cluster. The NSB rejection was also
fairly effective at removing contamination from cosmic-rayevents, in which Cherenkov lights

from cosmic-rayus passing through the input window glass (8 mm thick) of the photoelectric
lens image tube tended to separate into two or more clusters in the same image frame. In the
MC study, the total selection efficiency for Cherenkoshowers after satisfying all requirements

was estimated to be 99.9% out of the filtered events with requiNipgand the expected number

of events of cosmic-ray contamination was 26102 events. We evaluated a small residual
contamination of the final candidate samples from secondary particles in large angle cosmic-ray
air showers of 5.210~* events using CORSIKA with the curved earth option. The 1863 hrs of
observation yielded a null result.

In the optical transient analysis, we search for precursors, optical emissions prior to GRB.
GRB candidates are extracted from alert informations of Swift satellite and Fermi Gamma-ray
Space Telescope. The time window of this search is figpm24 to tg + 1 hours wherdg is GRB
trigger time. We require angular distance from the center of FOV to GRB including 3 sigmas of
the angle error of GRB position to be less tl2dfA We extracted 84(Swift:35, Fermi:49) candidates
shown in Figl@ The precursor analysis is in progress.

4. Results

Fig.[d shows the effective aperture for Cherenkoghowers induced by;s from sources
behind the mountain and the Earth clust within the Ashra-1 light collector FOV as a functign of
energieskE,,) as obtained from an MC study as changing the offline filter cutd@nOn the basis
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Figure 4: Left: Effective aperture for Cherenkow showers induced by;s from sources behind the
mountain and the Earth crust with in the Ashra-1 light collector FOV as a function ehergy E,,), as
changing the offline filtering cuts requiring the total amount of photoelectidgam the photoelectric image
tube. The improved sensitivity of the Ashra-1 light collector observation is also shown (filled squares),
achieved due to halved trigger pixel size, full coverage of light collector’'s FOV by trigger pixlight:

Ashra 90% C.L. limit (thick continuous line (red)) on flux from sources in the PeV-EeV region (see the
text). For comparison, MAGIJZG], IceCube [Bg], Auger 27, LUNASKA [2§ limits as well as model
predictions [£9 [BJ are shown. Plots adopted frof2q].

of the above null result and the estimated effective areas, we placed 90% confidence level (C.L.)
upper limits:EZ - @(Ey,) <3.2x 1077 GeV cnm? s™! on thev; flux of sources in the PeV-EeV
region, for 1863 hours observation, as shown in Blig.

As sources of systematic uncertainty in the MC estimates of the effective detection areas,
we considered the; charged current interaction cross section, the energy logsibyhe earth
and the mountain, the geological model around the observation site, and the gain calibration of
the light collector, which were evaluated to be 50%, 50%, 10%, and 30%, respec{iel¥he
conservatively combined systematic sensitivity error was obtained from the square sum of the above
uncertainties as 77%, which affects the result of the 90% C.L. upper limit shown i Ridnere
we assumed a typic&l; 2 flux to ensure unbiased constraints on observationally undefined physical
mechanisms of GRBs and AGN flares. There are several models which predict MixEluring
our observation periods. Detailed discussions on physics interpretation from the comparison of our
results with theoretical models will be made in a paper that is to be published soon. For comparison,
Fig. 4 shows other observational limits on tlefluxes from point sources with MAGIGZH],
IceCubel[Pq], Auger [27], LUNASKA [[28] as well as theoretical model predictior29[[2J.

Our results are the most stringent in the PeV—EeV region and complementary to other obser-
vational results for the sub-PeV and over-EeV energy regions, and indicate the advanced sensitivity
of the system. Our search for PeV-EgYreported in this Letter complements other experiments
in energy range and methodology.
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