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cosmic-ray anisotropy and on the proton-air cross-section. The performance of the detector is also
discussed, and the perspectives of the experiment are outlined.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The requirement of lowering the detection energy threshold of
primaries (and therefore to increase the detector sensitivity) in a
ground-based experiment can be fulfilled by a full-coverage detector
at high altitude. Resistive Plate Chambers (RPCs) [ 1] were chosen for
this purpose due to their high time resolution (between 1 and 2 ns,
definitely suitable for a precise reconstruction of an extensive air
shower (EAS) front) and to their reasonable cost which makes them a
perfect choice for a large-area detector. The ARGO-YB] experiment
[2] exploits the features of RPCs for the detection of extensive air
showers. ARGO-YB] was designed to investigate a large number of
topics in astrophysics and cosmic-ray physics:

y—ray astronomy (search for point-like sources above few
hundreds of GeV);

search for very high-energy (VHE) tails of y—ray bursts above
~1GeV,

cosmic-ray physics;

Sun and heliosphere physics.
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Fig. 1. Schematic drawing of the ARGO-YB] experimental setup, with the details of
the structure of one cluster and one pad.
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2. The ARGO-YB] detector

The ARGO-YBJ experiment is installed at Yangbajing (PR of
China), 4300 m a.s.l., longitude 90° 31’ 50” East, latitude 30° 06’ 38’
North. The detector [3] is composed of 1560 RPCs (2.80 x 1.25 m?
each) in the central full-coverage region, plus 276 RPCs in the
“guard ring” area close to the outer wall of the experimental
building, as shown in Fig. 1.

Each of the ARGO-YB] RPCs is composed of two 2-mm thick plates of
plastic laminate with bulk resistivity of about 10'? Q cm, enclosing a
2-mm thick gas gap. A grid of PET spacers is placed between the plates
to fix the gap width over the whole chamber area. The electrical
contacts for the high voltage are provided by thin graphite layers on the
outer sides of the plates, protected by a PET foil. The readout strip panel
is placed on the ground face of the RPC. Eighty copper strips (6.5 x
62 cm? each) collect and transmit the signals generated by the passage
of charged particles across the RPC gas gap. At the outer end of the
strips, the front-end electronic boards [4] suitably amplify and shape
the signals for subsequent processing. A “pad” is the basic acquisition
unit of the ARGO-YB] detector, and it provides the logical OR of the eight
strips. Fig. 2 shows a reconstructed event, with the space pattern of the
hits (left) and the space-time structure of the shower front.

On the other side of the gas volume, two copper “big pads” are
placed in order to collect the analog signal from the detector. The
analog readout of the ARGO-YB] detector was put into operation in
2009. This information will be extremely useful for studying events
generated by primaries with energy = 100 TeV, when the digital
information from the readout strip starts to become saturated and it
would be hard to reconstruct the position of the air-shower core on the
carpet.

Fig. 3 shows a simulated event with primary energy of 10! eV:
the digital information (left) cannot easily identify the core
position, while the analog information from the big pads (right)
clearly does. This technique will allow to extend the ARGO-YB]
energy range above 1 PeV.

ARGO-YBJ started taking data with its complete layout in
October 2007. Since then it went on almost uninterruptedly with
a duty cycle of 90% and trigger rate of 3.6 kHz.
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Fig. 2. ARGO-YB] reconstructed event. Left: space map of the hit pads on the central carpet. Right: space-time structure of the shower front.
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ARGO-130

Fig. 3. Simulated ARGO-YBJ event for a proton with primary energy of 1 PeV. Left: space map of the hit pads on the detector. Right: bi-dimensional space profile for the

response of the analog readout.
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Fig. 4. Correlation plot of the average RPC chamber current versus the effective
voltage on the detectors. The best fit with an exponential function is superimposed
to the plot.
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Fig. 5. Experimental energy spectrum for the y—rays from the Crab Nebula in the
range from a few GeV up to 50 TeV. The ARGO-YB] experimental points are in perfect
agreement with the known results from HESS, MAGIC and Tibet AS-y.
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Fig. 6. ARGO-YB] significance map of MRK 421 during the flare of June 11-13, 2008.
The maximum significance was 4.2 standard deviations.

The environmental and operational parameters of the ARGO-YBJ
detector are constantly monitored. In Fig. 4 the correlation plot of
the mean chamber current versus the effective voltage [5] acting on
the ARGO-YB] RPCs at the same time is shown. The correlation is
maximized if a delayed effect of the temperature changes on the
effective voltage is accounted for [6]. The resulting high degree of
correlation confirms the stability of the whole detector.

3. ARGO-YB] results in gamma-ray astronomy

The analysis of the ARGO-YBJ data in y—ray astronomy in the
first two years of running was mainly focused on the study of
known sources, on the study of flares from active galactic nuclei
(AGN), and on the limits on very high-energy flux from y—ray
bursts. The background was evaluated by using two independent,
widely established procedures: the “time-swapping” method and
the “equi-zenith” method, which give equivalent results.

The y—ray emission from the Crab Nebula was detected with a
significance of about 14.5 standard deviations in 800 days. Fig. 5
shows the three experimental points measured by ARGO-YBJ on the
Crab Nebula energy spectrum, in perfect agreement with the
known experimental results obtained by the HESS [7], MAGIC
[8], and Tibet AS-y [9] experiments.
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Two remarkable flares from the MRK 421 active galactic nucleus
were observed in the X-ray range by the ASM X-ray telescope on
June 4-6 and June 11-13, 2008 [10]. ARGO-YB] investigated
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Fig. 7. Gamma-ray flux from MRK 421 measured by ARGO-YB] on 2008, June 11-13
(solid line). The shaded band represents one standard deviation error. The dot-
dashed line shows the flux according to the model by Donnarumma et al. [10] for the
second flare (June 12-13). The dotted line shows the spectrum measured by
Whipple [13] during a previous flare of similar intensity.
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Fig. 8. Medium-scale sky map obtained by ARGO-YB]. Two major excess regions are
clearly visible.
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Fig. 9. ARGO-YB] Moon-shadow significance maps for 2063 h of exposure time. Left:

standard deviations.

possible gamma emission on those days from the same source
[11]. In this analysis, the requirement for the selected events was a
number of hit pads greater than 100. Fig. 6 shows the significance
map of the sky region around MRK 421 for the flare of June 11-13,
2008. The peak significance for this flare was 4.2 standard
deviations.

Fig. 7 shows the ARGO-YB] experimental results for the MRK 421
spectrum from the flare of June 11-13, 2008.

The ARGO-YB]J data fully satisfy the relation between the spectral
index and the flux resulting from the Whipple measurements of a
similar flare of MRK 421 [13], suggesting that this relation is an
intrinsic property of the source.

A search for new possible y—ray sources is in progress.

4. ARGO-YB] results in cosmic-ray physics

The studies in cosmic-ray physics with ARGO-YB] were focused
so far on the following items: search for large-scale anisotropy at
TeV energies, study of the moon shadow and the corresponding
limit on the p/p flux ratio, proton-air interaction cross-section.
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Fig. 10. Angular resolution of the ARGO-YBJ detector versus the hit number and the
median energy scale.

4
=]

significance (s.d.)
g B

432

™ (%)

2D significance map. Right: 3D significance map. The maximum significance is 43



S54 G. Aielli et al. / Nuclear Instruments and Methods in Physics Research A 661 (2012) S50-S55

E
E *  Golden 79 4 BSP 81 @  ARGO-YBJ10-90%cl.
I~ *  Golden 84 O Stephens 85
~ A Bogomolov 87-90 O LEAP 90 P
-1 PBAR 90 Y MASS 91 ;
E
10 E A IMAX 95 W BESS 9597 ~
— [J Caprice 97 ® CAPRICE 98
- HEAT 01 X L3+03
, % MACRO 05 A Tibet-ASy07 é —
10°E = PAMELA10 é
o - =
2 L
2 ']0‘3 E
o =
2 E
I -
10"
-5
10°
10.6 IIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 1 1 1111
_ 3 5
10 1 10 10 10 10* 10
energy (GeV)

Fig. 11. Measurements and upper limits for the p/p flux ratio obtained by several experiments. The ARGO-YB] upper limit for a median energy of 2 TeV is 0.03 at 90% C.L.

The first ARGO-YB]J significance map of the whole visible sky
with cosmic rays was obtained using the data collected between
day 311 in 2007 and day 220 in 2009. A number of hit pads greater
than 40 were requested for this analysis (corresponding to a
median energy of about 2 TeV) and the map, shown in Fig. 8,
was obtained by using a smoothing window radius of 5°.

Two major excess regions in the cosmic-ray flux appear. In
principle this result is unexpected, since the interstellar magnetic
field should randomize the arrival directions of TeV cosmic rays.
However, possible explanations for flux anisotropy at TeV energies
have been proposed by some authors [12].

An important subject of study in cosmic-ray physics is the
shadowing effect exerted by the Moon on primary cosmic rays.
Ground-based experiments can measure three crucial quantities
related to this effect: the size, the position and the westward
displacement of the deficit. From these measurements, information
on the angular resolution, the pointing accuracy and the energy
calibration of the detector respectively can be extracted. Concern-
ing the last of these three issues, the basic procedure is based on the
angular bending A0 of a primary cosmic ray with energy E and
atomic number Z in the geomagnetic field between the Moon and
the Earth: A0 ~1.57° x Z/E (TeV).

The ARGO-YB] analysis of the Moon shadow used data collected
in the years 2006, 2007 and 2008, with 2063 h of exposure overall.
Events with a number of hit pads greater than 60 and shower axis
within 50° from the vertical direction were used in this study.

A limit on the p/p flux ratio can be obtained by looking for a
contribution of antiprotons in the Moon shadow. Fig. 9 shows the
ARGO-YBJ significance map of the Moon-shadow deficit obtained
with 2063 h of exposure time, with a maximum significance of 43
standard deviations with respect to the background.

The pointing angular resolution is related to the rms of the

deficit: rms ~ o/1+(R/20)?, where R is the Moon angular radius.

Fig. 10 shows the angular resolution of the detector versus the
number of hits and the scale for the median energy Esq. The overall
angular resolution is less than 0.5° for Esg/Z greater than about 10 TeV.

Fig. 11 shows a comparison of the measurements of the p/p flux
ratio obtained by satellite experiments at energies below 100 GeV,
and the upper limits on this ratio obtained by ground-based
experiments up to few tens of TeV. The present ARGO-YB] upper
limit is 0.03 at 90% C.L.
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Fig. 12. Experimental results and theoretical predictions for the proton-air cross-
section in the energy range between less than 10'" and 10'° eV. The ARGO-YB]
results, between 4 x 10'? and 10" eV, are in good agreement with the Glauber
model prediction.

Another significant issue is the measurement of the proton-air
interaction cross-section at energies ranging from a few TeV to
100 TeV. The expected flux of atmospheric showers versus the
zenith angle 0 is

1(0) = I(0) - e~ o/ Asect-T) "

where hg is the atmospheric depth of the experimental setup (606.7 g/
cm? for ARGO-YBJ) and A is the proton absorption length in air. It
differs from the proton interaction length A;;; mainly because of
collision inelasticity, shower fluctuations and detector resolution. It
can be shown that A =k/l;,, where k must be determined by
simulations. The proton-air interaction cross-section is given by

Tpair =24 x 10*/Zip; (g/cm?). )

This analysis was performed by selecting deep showers (smaller
distance between the shower maximum and the detector) and
exploiting the detector features (detailed space-time pattern) and
location (high altitude).
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Fig. 12 shows the measurements of the proton-air cross-section
performed by several experiments. The ARGO-YB] results at five
different energy values are in pretty good agreement with the
prediction coming from the Glauber model [14].

5. Conclusions

The results obtained by ARGO-YBJ in the first two years of
operation confirm the expectations, and the fact that the detector is
running smoothly. Over 2 x 10'! events have been collected so far.
The additional analog readout of the ARGO-YBJ RPCs will extend the
dynamical range of the experiment beyond 100 TeV, up to 1 PeV
and more. In addition, studies are in progress in view of the
possibility of obtaining a better hadron-gamma discrimination by
exploiting the unprecedented space-time structure of the air
showers that the ARGO-YB] detector can provide.
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