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1. Introduction

The ARGO-YBJ [1] experiment has been
the only air shower array with a full-coverage
active area operated at high altitude, with the
aim of studying the cosmic radiation at an en-
ergy threshold of a few hundreds GeV. The
large field of view (~ 2sr) and the high duty
cycle (> 85%) allow a continuous monitoring
of the sky in the declination band from -10°
to 70° [2]. It stopped operation in February
2013.

Crucial requirements for ARGO-YBJ to per-
form such studies were the operation stability,
the pointing accuracy and the angular reso-
lution. The performance of the detector and
the operation stability were continuously mon-
itored by observing the Moon shadow, i.e. the
deficit of cosmic rays (CR) detected in its di-
rection. Indeed, the size of the deficit al-
lows the measurement of the angular resolu-
tion, while its position allows the evaluation
of the absolute pointing accuracy of the detec-
tor. In addition, positively charged particles
are deflected towards East due to the geomag-
netic field by an angle depending on energy:
AfO ~ 1.6°Z/E[TeV]. Therefore, the observa-
tion of the displacement of the Moon provides
a direct calibration of the relation between
shower size and primary energy. The Moon
was observed with a sensitivity of about 9 stan-
dard deviations (s.d.) per month for events

with a multiplicity Npe.q > 40 and zenith an-
gle # < 50° corresponding to a proton median
energy F, ~ 1.8 T'eV. The angular and energy
resolutions are in good agreement with the ex-
pected values obtained by Monte Carlo analy-
sis. In the energy range (1 —30) TeV the esti-
mated energy uncertainty is smaller than 13%.
The measured angular resolution is better than
0.5° for CR-showers of energies £ > 5 TeV
and is smaller by about (30 — 40)%, depend-
ing on the multiplicity, for y-rays due to the
better defined time profile of the showers. The
month analysis showed that the pointing accu-
racy was stable within 0.1° while the angular
resolution is stable at a level of 10%.

With all data from July 2006 to Novem-
ber 2010 ARGO-YBJ observed the CR Moon
shadowing effect with a significance of about
70 s.d. (Fig. 1). The data analysis and a full
account of the results are given in [3].

In the following sections the main results
concerning gamma-ray source observations
and cosmic ray astrophysics studies, achieved
after about 3 years of data taking, are re-
viewed.

2. Gamma-Ray Astronomy

In ~4 years of operation ARGO-YBJ has de-
tected and monitored the Crab Nebula, the ex-
tended galactic sources MGRO J1908+06 and
MGRJ2031+41, and the extragalactic sources
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Figure 1. Moon shadow significance map for
events with Npqq > 40 fired pads, observed by
the ARGO-YBJ experiment in the period July
2006 - November 2010. The colour scale gives
the deficit statistical significance in terms of
s.d.

Mrk 421 and Mrk501.

The spectrum of the Crab Nebula in the en-
ergy range 0.5-10 TeV is in good agreement
with other experiments, showing the reliabil-
ity of the ARGO-YBJ measurement, the sta-
bility of the detector and the accuracy of the
analysis and simulation procedures (Fig. 2 ).

A search for possible TeV flares on
timescales ranging from 1 to 20 days during
a period of ~3 years showed no statistical sig-
nificant flux variations. A particular attention
has been devoted to 4 time intervals in which a
flaring emission has been observed at energies
E > 100 MeV by satellite experiments[5]. In 3
out of 4 cases ARGO-YBJ detected an excess
of events of ~2.5-3 standard deviations in ad-
dition to the steady flux, in coincidence with
the lower energy emission. The moderate sta-
tistical significance of the single observations
are not enough to claim the detection, however
the presence of a small signal in three flares,
suggests the possibility of a flaring activity of
the Crab Nebula also in the TeV region, that
should be confirmed by other measurements.

For the extended sources MGRO J1908+4-06
and MGRO J2031+41 the measured flux are
in agreement with the Milagro detector, but
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Figure 2. The Crab Nebula spectrum obtained
by ARGO-YBJ, compared to measurements
by other detectors.

in both cases are larger than that reported by
Cherenkov detectors. The origin of this dis-
agreement is not yet clear (Fig. 3).

The blazar Mrk 421 underwent several ac-
tive periods during our observation time,
showing a high gamma ray flux variability. A
strong correlation between gamma rays and X-
rays has been observed over the whole observa-
tion period, with a hardening of both gamma
and X-ray spectra during the flares. Accord-
ing to our analysis, the spectral behavior dur-
ing the 4 different flux states is consistent with
the expectations of the one-zone Synchrotron
Self-Compton model (Fig. 4).

A similar analysis has been performed for
Mrk501, that after a long quiet phase, under-
went a flaring period where gamma rays of en-
ergy higher than 8 TeV have been detected.
Because of this unusual emission of energetic
photons, the observed SED cannot be satis-
factorily described by the above SSC simple
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Figure 3. Gamma ray flux from MGRO

J1908+06 measured by ARGO-YBJ and other
detectors.

model, that is consistent only with the data
recorded during the quiet phase[6].

The results presented here have been ob-
tained without any gamma-hadron discrimi-
nation. Methods to recognize and reject cos-
mic ray showers based on the different space-
time distributions of the particles of the shower
front with respect to gamma ray showers are
currently under study [7,8] in order to increase
the sensitivity of the detector.

3. Cosmic Ray Astrophysics

4. Interplanetary Magnetic Field mea-
surement by Sun shadow

CRs arrive mostly isotropically at the Earth
and can be recorded by detectors on ground.
Those coming from the Sun direction are ab-
sorbed and form a clear deficit, a shadow,
in a uniform sky map. The Interplanetary
Magnetic Field (IMF) deflects the cosmic rays
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Figure 4. Cumulative light curves of Mrk 421.
Red curve: ARGO-YBJ (the shaded region in-
dicates one standard deviation statistical er-
ror); black curve: RXTE/ASM; blue curve:
Swift/BAT, normalized to the RXTE/ASM

curve.

along their path to the Earth and shifts the
Sun shadow from its true position. Its y-
component, By, defined as lying in the eclip-
tic plane and perpendicular to the line of
sight Sun-Earth, moves the Sun shadow in the
north-south direction. At the YangBaJing site
the geomagnetic field has a declination angle
which is less than 0.5°, therefore it does not
contribute to the north-south shift of the Sun
shadow. Using this effect, ARGO-YBJ has
measured B, in the period July 2006 to Oc-
tober 2009, when the solar activity stayed at
its minimum for an unexpectedly long time.
This is a particularly good time window and
fits the stability requirement of B,. Indeed
the IMF is better studied in a quiet phase of
the Sun as it is strongly modulated by the so-
lar activity. Using this data set, namely 903
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Figure 5. Spectral energy distribution of

Mrk501. The solid lines represent the SEDs
according to the SSC model for the quiet and
active phases.

exposure days in total, the map of the Sun
shadow has a maximum significance of 45 s.d.
located at (0.17 £ 0.02)° toward north and
(0.26 £ 0.02)° toward west. As confirmed by
the moon shadow observation [12], the shift to-
ward north represents a systematic effect while
the westward one is exactly expected due to
the geomagnetic effect. By fitting the mea-
sured Sun displacement as a function of the so-
lar longitude, one can estimate B, with a min-
imal assumption on its model [13]. In simulat-
ing the Sun shadow displacement, the CR com-
position as measured by space/balloon born
experiments has been assumed [14]. Data have
been grouped in two sub-sample, namely G1
(January 2008 to April 2009) and G2, where
G1 contains data with the IMF showing a bi-
sector structure, while G2 is related to the 4-
sector structure of the IMF.

Then the Sun shadow displacement has been

plotted versus the solar longitude, or the Car-
rington period (27.3 days) which is the time
we need to observe one complete Sun rota-
tion, and finally the B, value extracted ac-
cording to the simple model in [13]. The re-
sults are shown in Fig.6: the solid curves, with
uncertainty represented by the shaded area,
are the results of the ARGO-YBJ experiment
shifted by 21° while the solid dots represent
the measurements by the orbiting detectors
[15]. The B, amplitudes measured in both
cases by ARGO-YBJ are of the same order of
magnitude, namely in the band of (2.0+0.2)
nT; the two B, profiles are consistent with the
alternating periodical pattern and agree with
the satellite measurements. The shift of 21°,
corresponding to 1.6 days ahead, comes from
a ray-tracing MC simulation used to track the
primary particle pattern and is due to two
causes: a) the speed difference between the
solar wind (400 km/s), which transports the
field, and the TeV particles (~ ¢) that we mea-
sure; b) the bending of the primary particle
trajectory by the IMF. Therefore, even more
importantly, this measurement could foresee
fluctuations of IMF which will sweep the Earth
about 2 days later, provided the detector has
the right sensitivity, so demonstrating a poten-
tial forecasting capability for magnetic storms
due to solar events.

5. p/p ratio measurement by Moon
shadow

As in the case of the Sun, a similar deficit of
the cosmic ray flux is observed in the Moon di-
rection. This effect can be used to estimate the
p/p ratio in the primary CR flux. Fig.7 shows
the statistical significance map of the Moon
region [12]. With all data from July 2006 to
December 2009 (about 3200 hours on-source in
total) we observed the CR Moon shadowing ef-
fect with a significance of about 55 s.d.. Two
ranges of pad multiplicity have been chosen
for the antiproton abundance measurement,
namely 40 < Np,q < 100 and Npqq > 100.



In the former bin the statistical significance of
the Moon shadow deficit is 34 s.d., the mea-
sured angular resolution is about 1°, the pro-
ton median energy is 1.4 TeV. In the latter
multiplicity bin the significance is 55 s.d., the
measured angular resolution about 0.6°, the
proton median energy is 5 TeV and the number
of missing events about 46500. The accuracy
of the energy scale determination is estimated
to be less than 18% in the rigidity range 1 — 30
TeV/Z. Using all data collected until Novem-
ber 2009, we set two upper limits (see Fig.8) on
the p/p flux ratio [16]: 5% at an energy of 1.4
TeV and 6% at 5 TeV with a 90% confidence
level. In the few-TeV range the ARGO-YBJ
results are the lowest available, useful to con-
strain models for antiproton production.

6. Anisotropy

Observation of the sidereal cosmic ray
anisotropy at energies of 1 - 100 TeV is a use-
ful tool for probing the magnetic field struc-
ture in our interstellar neighborhood as well
as the distribution of sources. Cosmic-rays at
these energies are almost entirely of Galactic
origin and are expected to be nearly isotropic
due to interactions with the Galactic magnetic
field [22]. ARGO-YBJ has measured a large
scale anisotropy [23] as shown in Fig.9 where
three distinct regions, respectively labeled as
I, IT and IIT , are reported. The region I is
the spread excess area called ”Tail-in”, which
is composed of two small discrete regions with
peak significance of about 20. s.d. and a rel-
ative intensity the order of 0.1%. Region II is
a large deficit area, identified as ”Loss-cone”;
last, the excess in Region III, which is close
to the Cygnus region. To quantify the scale
of anisotropy the 1-dimensional R.A. projec-
tions of the 2-dimensional maps have been fit-
ted with the first two harmonics at different
energies. The preliminary results on ampli-
tude (A1) and phase ¢; of the first harmonic,
shown in Tab.l, are in good agreement with
the results obtained by other experiments mea-

E (TeV) Ay ¢1 (°)

0.9 (6.12+£0.11) - 107* || (42.241.0)
1.5 (7.92+0.14) - 107* || (31.8 4 1.0)
2.4 (9.8440.22)-107* || (37.0£1.3)
3.7 (10.43 £0.27) - 10™* || (28.4 & 1.5)
7.2 (11.61 £0.37) - 10~* || (29.2 4 1.8)
12.5 (8.734£0.55)-10~* | (37.0 £ 3.6)
23.6 (3.824£0.49)-107* || (7.8+7.3)

Table 1

Values of amplitude and phase of the first har-
monic from the fit of the 1-dimensional R.A. pro-
jection at different energies.

suring atmospheric muons [24].  The helio-
sphere is suggested to be responsible for the
”Tail-in” excess and the local interstellar MF
for the "Loss-cone” deficit [25]. However, it
is argued that the observation of multi-TeV
anisotropy does not favour this interpretation,
as the heliosphere cannot influence CRs with
energy larger than 10 TeV [26,27]. The dis-
crete distribution of cosmic-ray sources is an-
other possible cause. Concerning the medium-
scale anisotropy, the two anisotropy hot spots
in Region I reported by Milagro at 10 TeV
[28], have been observed, at 2 TeV, also by the
ARGO-YBJ detector. The two excesses (Fig.
10) have significance greater than 10 s.d. and
correspond to a flux increase of about 0.1%.
The origin of these anisotropy regions is not
understood yet.

7. Measurement of the light component
of CRs in the 5-200 TeV region

By using a Bayesian approach, a measure-
ment of the light-component spectrum of the
primary CRs, in the energy region (5 - 200)
TeV, has been performed [29]. The energy
spectrum was obtained through a Bayesan un-
folding procedure [30] applied to the ARGO-
YBJ data collected in the period January -
May 2008. A full detector simulation was per-
formed in order to evaluate the relevant quan-



tities needed by the unfolding procedure. The
results are shown in Fig.11. The measured
spectrum refers to the energy region 5 - 200
TeV. The results are affected by a statistical
error of the order of 1%. Sources of system-
atic errors taken into account in the analysis
were: a) the selection cuts on the measured
quantities; b) the uncertainties of the detector
response; ¢) effects related to the the fraction
of the helium component used to evaluate the
Bayesian probabilities. We estimated the re-
sult to be affected by a total uncertainty of
the order of 10% The contribution of elements
heavier than helium nuclei to the energy spec-
trum has been estimated to be negligible. The
results have been compared both to the recent
results of the CREAM experiment [14] and to
the best fit provided by Horandel for the pro-
ton and helium experimental fluxes [31]. The
point at 80 TeV represents the "p + He” inten-
sity measured by the EAS-TOP and MACRO
experiments [32], at the Gran Sasso Labora-
tory, by combining the quantities simultane-
ously measured by different detectors, namely
the electromagnetic component of the shower,
the Cerenkov light and the high energy muons.
As can be seen, the ARGO-YBJ data are in
agreement with the recent CREAM measure-
ment.

8. Measurement of the proton-Air cross
section

ARGO-YBJ has performed a measurement
of the proton-air cross section by exploiting the
attenuation of the CR flux with the increas-
ing of zenith angles @ (i.e., atmospheric depth)
[33]. At fixed primary energy and shower age,
the flux goes like 1(0) ~ I(0)exp(—ho (secld —
1)/Aps), where hg is the vertical atmospheric
depth at the detector location and A,ps is re-
lated to the mean free path \;,; of the primary
particle through the parameter k = Agps/Nint-
This parameter, which takes into account the
fluctuations both in the shower development
and in the shower sampling, is calculated via

MC simulation and has a small dependence on
the hadronic interaction models in the consid-
ered energy region. Energy and shower maxi-
mum position have been fixed by using the spe-
cific features of the ARGO-YBJ detector (see
[33] for details) and five energy bins have been
considered in the range 1 —100 TeV. The mea-
sured p-air cross section is plotted in Fig.12;
the p-p total cross section, estimated by ap-
plying the Glauber theory, is shown in Fig.13.

9. Approaching higher energies with the
Analog Readout

The RPC charge readout [34,35], which has
been in operation on the entire central carpet
since December 2009, extends the energy range
of measurement, allowing the study of the cos-
mic radiation up to PeV energies. Fig.14 shows
a shower as seen by the analog readout system.
In the vertical scale is the number of parti-
cles measured in each BigPad, whose area is
about 1.7 m2. According to MC simulations,
the shower should be initiated by a proton pri-
mary of about 2 PeV. We stress that no ex-
periment has ever measured the shower core
with such a detail. Owing to the analog read-
out, the measurement of the proton-air cross
section and the composition studies will be ex-
tended to PeV energies. The differential rate
of the measured particle number at the shower
core (PMax) is shown in Fig.15; the two colors
refer to two different full scales of operation of
the system. To obtain this spectrum, events
with core in a fiducial area of the central car-
pet (the 6 x9 central clusters, corresponding to
2380 m2) and zenith angle 8 < 15° have been
selected. PMax has a good correlation to the
number of particles measured within 10 me-
ters around the shower core, which in turn re-
lates to the primary energy and to the primary
mass. In the small upper-right square the MC
expectation for PMax is reported, with respect
to the primary energy, for three different pri-
maries, namely proton, Helium and Iron.
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Figure 6. The solid curve represents the B,
component of IMF field as measured by the
ARGO-YBJ near the Earth; the shaded area
corresponds to an uncertainty of one standard
deviation. In the upper panel a), correspond-
ing to period G1 (see text), a clear bisector
pattern is observed. The solid dots represent
the measurements using the OMNI observa-
tional data downloaded from [15]. In the lower
panel b), the results with the 4-sector struc-
ture in period G2 are displayed. In both cases
a phase shift of 21° (see text) is applied to the
ARGO-YBJ profile.
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Figure 7. Moon shadow significance map for
events with Np,q > 100 fired pads. The co-
ordinates are R.A. o and DEC. § centered on
the Moon position (@, 6, ). The color corre-
sponds to the statistical significance according
to the color scale on the right, where the cor-
respondence is with the number of s.d..
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Figure 9. Large scale cosmic-ray anisotropy
observed by ARGO-YBJ at energies of ~ 2
TeV . In the upper plot the colour scale gives
the relative CR intensity, in the lower plot the
statistical significance in standard deviations.

Figure 10. Medium scale anisotropy of cosmic-
rays at energies ~ 2 TeV as measured by
ARGO-YBJ. The color scale gives the statis-
tical significance in standard deviations.
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Figure 13. Total p-p cross section, obtained
by ARGO-YBJ starting from the p-air cross
section; also results published by other CR ex-
periments as well as accelerator experiments
are shown.

Figure 14. Shower as recorded by ARGO-YBJ
through the analog readout system. Accord-
ing to MC simulations, the shower would cor-
respond to a primary proton of about 2 PeV.
In the vertical scale is the number of particles
measured in each BigPad, whose area is about
1.7 m?; nx and ny are the coordinate of the
BigPad.
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Figure 15. Differential rate of the particle
number at the shower core (PMax) for events
with core in a fiducial area of the carpet (2380
m?) and 6 < 15°. In the small upper-right
square square the MC expectation for PMax
is reported with respect to the primary energy
for three different primaries, namely proton,
Helium and Iron.
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