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ABSTRACT. The ARGO-YBJ experiment has been gathering data steadily since November 2007 at
the YangBaJing Cosmic Ray Laboratory (Tibet, P.R. China, 4300m a.s.l., 606 g¢/cm?). ARGO-YBJ
is confronting various open problems in Cosmic Ray (CR) physics. The search for CR sources is
carried out by observing TeV gamma-ray sources, both galactic and extra-galactic. The CR spectrum,
composition and anisotropy are measured in a wide energy range (TeV + PeV), thus overlapping direct
measurements for the first time. This paper summarizes the current status of the experiment and

describes some of the scientific highlights since 2007.

KEYWORDS: cosmic rays, extensive air showers, gamma-ray astronomy.

1. INTRODUCTION

Exploiting the full coverage approach at high altitude,
the ARGO-YBJ experiment is an air shower array able
to detect cosmic radiation with an energy threshold of
a few hundred GeV. The detector has been gathering
data steadily since November 2007 with a duty cycle
larger than 86 %. The trigger rate is 3.5kHz. The
detector characteristics and performance are described
in detail in [I,[2]. The main results obtained by ARGO-
YBJ are described in [3]. This paper summarizes the
status of the experiment and reviews some highlights.

2. GAMMA-RAY ASTRONOMY

From November 2007 the ARGO-YBJ experiment col-
lected about 4 x 10! events in 1543 days of total
effective observation time. Five known VHE y-ray
sources were detected with a statistical significance
greater than 5 standard deviations (s.d.), i.e. Crab
Nebula, Mrk421, Mrk501, MGRO J1908+4-06 and
MGRO J2031+41. A number of flares from Mrk421
and Mrkb01 were observed and studied in detail. Evi-
dence of TeV flaring activity from the Crab Nebula in
coincidence with AGILE/Fermi observations is also
reported. Details on the analysis procedure (e.g., data
selection, background evaluation, systematic errors)
are discussed in [4 [5].

2.1. CrAB NEBULA

With all the data recorded in 3.5 years ARGO-YBJ
observed a TeV signal from the Crab Nebula with a
statistical significance of about 17 s.d., proving that
the cumulative sensitivity of the detector was 0.3 Crab
units.

The observed flux is consistent with steady emis-
sion, and the observed differential energy spec-
trum in the 0.330 TeV range can be described by
dN/dE = (3.04£0.30) x 10~ (E/TeV) 2574009 pho-
tonsecm 257! TeV~!, in good agreement with other
observations. According to MC simulations, 84 % of
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the detected events come from primary photons with
energies greater than 300 GeV, while only 8 % come
from primaries above 10 TeV. We evaluate systematic
error on the flux less than 30 %, mainly due to the
background estimaation and to the uncertainty on the
absolute energy scale.

According to the AGILE and Fermi data, 4 major
flaring episodes at energies ' > 100 MeV occurred
during ARGO-YBJ data acquisition [6HI].

Flare 1 Starting time MJD 54857 (Feb. 2009), du-
ration At ~ 16 days, maximum flux Fi,.x ~ 5 times
larger than the steady flux [7]. During this flare no
excess is present in our data, for any multiplicity
threshold.

Flare 2 Starting time MJD 55457 (Sept. 2010), du-
ration At ~ 4 days, maximum flux Fj.x ~ 5 times
larger than the steady flux [6] [7]. According to tempo-
ral data analysis, the y-ray emission is concentrated
in 3 narrow peaks of ~ 12 hours duration each [8], [10].
Integrating the 3 transits we observe for Npaq > 40
an excess of 3.1 s.d. over the expected steady flux
(0.55 s.d.). If the excess were due to a flare, the y-ray
flux would be higher by a factor of ~ 5 with respect
to the steady flux at energies around 1TeV. Integrat-
ing the data over 10 transits (from MJD 55456/57
to MJD 55465/66) the signal significance is 4.1 s.d.
(pre-trial), while 1.0 s.d. is expected from the steady
flux [II]. No measurement from Cherenkov telescopes
is available in coincidence with our observations and
in coincidence with the various spikes to confirm this
excess. Sporadic measurements performed by the
MAGIC and VERITAS telescopes at different times
from MJD 55456.45 to MJD 55459.49 show no evi-
dence for flux variability [12] [13].

Flare 3 Starting time MJD 55660 (Apr. 2011) [14],
duration At ~ 6 days, maximum flux Fa.x ~ 14
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times larger than the steady flux [§]. Integrating the
ARGO-YBJ data over the 6 days in which AGILE
detected a flux enhancement, i.e. from MJD 55662
to MJD 55668, we find evidence for an excess for
events with Npaq > 100 at a level of about 3.5 s.d. No
measurement from Cherenkov telescopes is available
during these days, due to the presence of the Moon
during the Crab transits.

Flare 4 Starting time MJD 56111 (July 3, 2012) [9],
duration At ~ 3 days. The daily-averaged emission
doubled from (2.4+0.5) x 1075 phem =2 57! on July 2
to (5.540.7) x 107 phem=2s7! on July 3. A pre-
liminary analysis of the ARGO-YBJ data shows an
excess of events with statistical significance of about
4 s.d. from a direction consistent with the Crab Neb-
ula on July 3, corresponding to a flux ~ 8 times
higher than the average emission at a median energy
of ~ 1TeV [I5]. The expected steady flux corresponds
to 0.33 s.d. No significant excess is detected in the
following days from July 4 to 6. Once again, no
measurement from Cherenkov telescopes is available
during these days.

In conclusion, the ARGO-YBJ data show marginal
evidence of a TeV flux increase correlated to the
MeV +GeV flaring activity, with insufficient statistical
significance to draw a firm conclusion (the post-trial
probability is of order 1073 for each flare). Neverthe-
less, the probability of observing 3 flares out of 4 in
coincidence with the satellites by chance is very low.
A detailed analysis of the Crab Nebula TeV emission
is under way, and a paper is in preparation.

2.2. BLAZAR MRK421

ARGO-YBJ is monitoring Mrk421 above 0.3 TeV,
studying the correlation of the TeV flux with X-ray
data. We observed this source with a total significance
of about 14 s.d., averaging over quiet and active peri-
ods. It is well known that this AGN is characterized
by strong flaring activity both in X-rays and in TeV
v-rays. Many flares are observed simultaneously in
both bands. The y-ray flux observed by ARGO-YBJ
has a clear correlation with the X-ray flux. No lag
between X-ray and y-ray photons longer than 1 day
is found. The evolution of the spectral energy distri-
bution (SED) is investigated by measuring spectral
indices at four different flux levels. Spectral harden-
ing is observed in both X-ray and y-ray bands. The
v-ray flux increases quadratically with the simultane-
ously measured X-ray flux. All these observational
results strongly favor the Self-Synchro Compton (SSC)
process as the underlying radiative mechanism. The
results of Mrk421 long-term monitoring are summa-
rized in [16].

2.3. BLazarR MRK5H01

The long-term observation of the Mrk501 TeV emission
by ARGO-YBJ can be described by the following
differential energy spectrum:
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FiGure 1. Gamma-ray flux from MGRO J1908+06
measured by ARGO-YBJ (red line) compared to other
measurements. The dashed area represents the 1 s.d.
error. The plotted errors are purely statistical for all
the detectors. For details and references, see [18].

AN/dE = (1.92 £ 0.44) x 10712 (E/2TeV)~2:59+0.27
phem=2s7 ! TeV~!, corresponding to 0.312 & 0.076
Crab units above 1 TeV.

The largest flare since 2005 started in October
2011. During the brightest y-ray flaring episodes
from October 17 to November 22, 2011, an excess
of the event rate over 6 s.d. was detected by
ARGO-YBJ, corresponding to an increase of the
vy-ray flux above 1TeV by a factor of 6.6 + 2.2
from its steady emission [I7]. During the flare,
the differential flux is dN/dE = (2.92 + 0.52) x
10712 (E/4TeV)~207%0-21 photonscm =2 s~ TeV 1,
corresponding to 2.05 4+ 0.48 Crab units above 1 TeV.
Remarkably, y-rays with energies above 8 TeV are
detected with statistical significance of about 4 s.d.,
which had not happened since the 1997 flare. The
average SED for steady emission is well described by
a simple one-zone SSC model. However, the detection
of y-rays above 8 TeV during the flare challenges this
model due to the hardness of the spectra [I7].

2.4. MGRO J19084-06

The y-ray source MGRO J1908+06 was discovered by
Milagro at a median energy of ~ 20 TeV and confirmed
by HESS at energies above 300 GeV. The Milagro and
HESS energy spectra are in disagreement, the Milagro
result being higher by a factor of about 3 at 10 TeV.

ARGO-YBJ observed a TeV emission from MGRO
J19084+-06 with a maximum significance of about
7.3 sd. for Np.a > 20 in 6867 hours on-
source [I8]. The intrinsic extension is determined
to be oext = 0.49° £+ 0.22, consistent with the HESS
measurement (oo = 0.34°750%). The best fit spec-
trum obtained is:
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FIGURE 2. Significance map of the Cygnus region as
observed by ARGO-YBJ for Npaa > 20. The four
known VHE vy-ray sources are reported. The errors on
the MGRO source positions are marked with crosses,
while the circles indicate their intrinsic sizes. The
cross for VER J2019+4-407 indicates its extension. The
source VER J2016+372 is marked with a small circle
without position errors. The small circle within the
errors of MGROJ2031+41 indicates the position and
extension of source TeV J2032+44130, as estimated by
the MAGIC collaboration. The open stars mark the
location of the 24 GeV sources in the second Fermsi
LAT catalog. For details and references, see [19].

dN/dE = (6.1+£1.4) x 10713 (E/4TeV)~2:54%0:36 pho.
tonscm 257! TeV~!, in the energy range 1 + 20 TeV
(see Fig. . The measured y-ray flux is consistent
with the Milagro results, but is ~ 2 + 3 times larger
than the flux derived by HESS at energies of a few
TeV. Given the reduced significance of the excess at
high energies, we are not able to constrain the shape
of the spectrum above 10 TeV and to definitively rule
out a possible high energy cutoff.

The continuity of the Milagro and ARGO-YBJ ob-
servations and the stable excess rate observed by
ARGO-YBJ throughout 4 years of data collecting
support the identification of MGRO J19084-06 as a
stable extended source, likely the TeV nebula of PSR
J19074+0602, with a flux at 1 TeV ~ 67 % that of the
Crab Nebula. Assuming a distance of 3.2kpc, the
integrated luminosity above 1TeV is ~ 1.8 times that
of the Crab Nebula, making MGRO J1908+4-06 one
of the most luminous Galactic y-ray sources at TeV
energies [18].

2.5. MGRO J2031+41 AND THE CYGNUS
REGION

The Cygnus region contains a large column density of
interstellar gas and is rich in potential CR accelera-
tion sites as Wolf~Rayet stars, OB associations and
supernova remnants. Several VHE y-ray sources have
been discovered within this region in the past decade,
including two bright extended sources detected by the
Milagro experiment.
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FIGURE 3. Energy spectrum of MGRO J2031+41/TeV
J2032+4130 as measured by ARGO-YBJ (magenta
solid line). The spectral measurements of HEGRA
and MAGIC are also reported for comparison. The
solid black line and the shaded area indicate the differ-
ential energy spectrum and the 1 s.d. error region, as
recently determined by the Milagro experiment. The
two triangles give the previous flux measurements by
Milagro at 20 TeV and 35 TeV. For details and refer-
ences, see [19].

The y-ray source MGRO J2031+41, detected by
Milagro at a median energy of ~ 20TeV, is spatially
consistent with the source TeV J2032+4-4130 discovered
by the HEGRA collaboration and likely associated
with the Fermi pulsar 1IFGL J2032.24+4127. The exten-
sion measured by Milagro, 3.0° & 0.9°, is much larger
than that initially estimated by HEGRA (about 0.1°).

The bright unidentified source MGRO J2019+37 is
the most significant source in the Milagro data set,
apart from the Crab Nebula. This is an enigmatic
source, due to its high flux not being confirmed by
other VHE vy-ray detectors. Recently, a deep survey
carried out by VERITAS with sensitivity of ~ 1%
Crab units showed a complex emitting region with
different faint sources inside the MGRO J2019+37
extension. The estimated flux is much weaker than
that determined by Milagro.

The Cygnus region has been studied by ARGO-YBJ
with data collected in a total effective observation time
of 1182 days [19]. The results of the data analysis are
shown in Figs.[2land[3] A TeV emission from a position
consistent with MGRO J2031+441/TeV J2032+4130
is found with a significance of 6.4 s.d. Assuming the
background spectral index —2.8, the intrinsic exten-
sion is determined to be ooy = (0.279:5)°, consistent
with the estimation by the MAGIC and HEGRA ex-
periments, i.e., (0.083 & 0.030)° and (0.103 £ 0.025)°,
respectively.

The differential flux is AN/dE = (1.40 + 0.34) x
10711 (E/TeV)~2:83+037 phem =25~ TeV—! (Fig. [3)),
in the energy range 0.6 +7 TeV. Assuming ooy = 0.1,
the integral flux is 31 % that of the Crab at energies
above 1TeV, which is higher than the flux of TeV
J203244130 as determined by HEGRA (5%) and
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MAGIC (3%). Again, this measurement is in fair
agreement with the Milagro result.

The reason for the large discrepancy between the
fluxes measured by Cherenkov telescopes and by EAS
arrays (ARGO-YBJ and Milagro) is still unclear. Pos-
sible contributions from diffuse y-ray emission, nearby
sources, and systematic uncertainties are not enough
to explain the discrepancy [19].

No evidence of a TeV emission above 3 s.d. is found
at the location of MGRO J2019+37, and flux upper
limits at 90 % c.l. are set. At energies above 5TeV,
the ARGO-YBJ exposure is still insufficient to reach
a firm conclusion, while at lower energies the ARGO-
YBJ upper limit is marginally consistent with the
spectrum determined by Milagro. The observation
by ARGO-YBJ is about five years later than that by
Milagro. A flux variation over the whole extended
region cannot be completely excluded. If the flux
variation were dominated by a smaller region in the
source area, the picture could be more reasonable. In
such a scenario, however, identifying MGRO J2019+4-37
as a PWN could be a dilemma, because it otherwise
should have a steady flux.

3. Cosmic RAY PHYSICS

Several interesting results have been obtained by
ARGO-YBJ in CR physics, as discussed in [3]. In the
following sections, measurements of the anisotropy in
the CR arrival direction distribution and of the light
component (p + He) spectrum of CRs are described.

3.1. LARGE SCALE CR ANISOTROPY

The observation of the CR large scale anisotropy by
ARGO-YBJ is shown in Fig. 4] as a function of the
primary energy up to about 25 TeV.

The so-called ‘tail-in’ and ‘loss-cone’ regions, corre-
lated to an enhancement and a deficit of CRs, respec-
tively, are clearly visible with statistical significance
greater than 20 s.d. The tail-in broad structure ap-
pears to break up into smaller spots with increasing
energy. In order to quantify the scale of the anisotropy
we studied the 1-D R.A. projections integrating the
sky maps inside a declination band given by the field
of view of the detector. For this, we fitted the R.A.
profiles with the first two harmonics. The result-
ing amplitude and phase of the first harmonic are
plotted in Figs. [f and [6] where they are compared
to other measurements as a function of the energy.
The ARGO-YBJ results are in agreement with those
of other experiments, suggesting a decrease of the
anisotropy first harmonic amplitude at energies above
10 TeV.

3.2. MEDIUM SCALE ANISOTROPY

Figure [7] shows the ARGO-YBJ sky map in equa-
torial coordinates containing about 2 x 10! events
reconstructed with a zenith angle < 50°.
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FIGURE 4. Large scale CR anisotropy observed by
ARGO-YBJ as a function of the energy. The color
scale gives the relative CR intensity.
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FIGURE 5. Amplitude of the first harmonic as a

function of the energy, compared with other measure-
ments.

The zenith cut selects the declination region
0 ~ —20° + 80°. According to simulations, the me-
dian energy of the isotropic CR proton flux is
B30 ~ 1.8 TeV (mode energy = 0.7 TeV).

The most evident features are observed by ARGO-
YBJ around the positions a ~ 120°, § ~ 40° and
a ~ 60° § ~ —5° positionally coincident with the ex-
cesses detected by Milagro [20]. These regions, named
“1” and “2”, are observed with a statistical significance
of about 14 s.d. The deficit regions parallel to the ex-
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FIGURE 6. Phase of the first harmonic as a function
of the energy, compared with other measurements.

Cygnus regioy/{f/ﬁym

FIGURE 7. Medium scale CR anisotropy observed by
ARGO-YBJ. The color scale gives the statistical sig-
nificance of the observation in standard deviations.

cesses are due to a known effect of the analysis, which
uses also the excess events to evaluate the background,
overestimating this latter.

The left side of the sky map seems to be full of
few-degree excesses not compatible with random fluc-
tuations (the statistical significance is more than 6 s.d.
post-trial). The observation of these structures is re-
ported here for the first time and together with that of
regions 1 and 2 it may open the way to an interesting
study of the TeV CR sky.

To figure out the energy spectrum of the excesses,
the data have been divided into five independent
shower multiplicity sets. The number of events col-
lected within each region is computed for the event
map (Ev) as well as for the background map (Bg).
The relative excess (Ev—Bg)/Bg is computed for each
multiplicity interval.

The result is shown in Fig. [§] Region 1 seems to
have a spectrum harder than isotropic CRs and a
cutoff around 600 shower particles (proton median
energy ESO = 8TeV). On the other hand, the excess
hosted in region 2 is less intense and seems to have a
spectrum more similar to that of isotropic CRs. We
point out that, in order to filter the global anisotropy,
we used a method similar to that used by Milagro and
Icecube. Further studies using different approaches
are under way.
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3.3. LIGHT COMPONENT (P + HE) SPECTRUM
oF CRs

Requiring quasi-vertical showers (8 < 30°) and ap-
plying a selection criterion based on particle density,
a sample of events mainly induced by protons and
helium nuclei with the shower cores inside a fiducial
area (with radius ~ 28m) has been selected. The
contamination by heavier nuclei is found to be negli-
gible. An unfolding technique based on the Bayesian
approach has been applied to the strip multiplicity
distribution in order to obtain the differential energy
spectrum of the light component (p + He nuclei) in
the energy range (5 + 200) TeV [23]. The spectrum
measured by ARGO-YBJ is compared with other ex-
perimental results in Fig. [0] Systematic effects due
to different hadronic models and due 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,
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concerning both the total intensities and the spectral
index [2I]. 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 v, = —2.66 £ 0.02
and vy, = —2.58 £ 0.02 obtained 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 exclude the
RUNJOB results [22]. We emphasize that for the first
time direct and ground-based measurements overlap
for a wide energy range thus making it possible to
cross-calibrate the different experimental techniques.

4. CONCLUSIONS

The ARGO-YBJ detector exploiting the full coverage
approach and the high segmentation of the readout is
imaging the front of atmospheric showers with unprece-
dented resolution and detail. The digital and analog
readout will allow a deep study of the CR phenomenol-
ogy in the wide TeV = PeV energy range. The results
obtained in the low energy range (below 100 TeV) pre-
dict an excellent capability to address a wide range
of important issues in Astroparticle Physics.
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