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The data recorded by ARGO-YBJ in more than 5 years have bealyzau to determine the
diffuse gammaray emission from the Galactic plane. Thaaghstribution of the diffuse gamma
rays and their energy spectra at Galactic longitudés2b< 100° and Galactic latitudefh| < 5°
have been studied. The study has been focused on the re@iord 4 100° and 65 < | < 85°,
where Milagro observed an excess with respect to the predscof current models. The energy
range investigated runs from 350 GeV to 2 TeV, connectingefen explored by Fermi-LAT
with the multi-TeV energies studied by Milagro. Great caas been taken in masking the TeV
point sources observed by ARGO-YBJ and other experimentsr&3ults are consistent with the
predictions of the Fermi model and do not show any excess sarodd by Milagro. From the
measured energy distribution spectral indices and difteakfluxes at 1 TeV are derived.
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1. Introduction

The diffuse gamma-rays from the Galactic plane are prodincgbcesses as the interaction of
cosmic nuclei with the interstellar gas through the produmcand decay of secondary mesons,
the bremsstrahlung of high energy cosmic electrons andithairse Compton scattering on low-
energy interstellar radiation fields. The spectrum of tifilese gamma-rays can provide insight into
the propagation and confinement in the Galaxy of the paresthiworays, their source distribution
and their energy spectrum at source. The knowledge of thesdijamma-rays is necessary for the
accurate detection of gamma-ray sources. In addition-tigtity data on diffuse gamma-rays in
the Galactic center region are needed to constrain the datiermmodels[1].

At low energies, from 100 MeV to a few GeV, the Galactic diflugamma-rays were first
detected by the space-born detectors SAS-2[2] and COS-B[8th revealed the noticeable cor-
relation between the flux of gamma-rays and the density oifntieestellar medium. Then COMP-
TEL and EGRET provided the first maps of diffuse gamma-rayh emnergy from 1 MeV to 10
GeV[4][5]. In the GeV range, a significant excess was obskivéhe EGRET data with respect to
the predictions based on the cosmic ray flux observed at Eddtvever, the excess has not been
confirmed by the Fermi-LAT[6] with a sensitivity more thaneoarder of magnitude better than
EGRET[7].

At higher energy, due to their low fluxes, the diffuse gammngsrcan be efficiently detected
only by ground-based detectors that have large effectaasarThe Imaging Atmospheric Cherenkov
Telescopes (IACT) H.E.S.S. has carried out the survey ofcdal plane covering the region
—75° < | < 6 in Galactic longitude at an energy threshold of about 250,@ed has presented
the latitude profile of diffuse gamma-rays withj < 2°[8]. The spatial correlation of gamma-rays
with the giant molecular clouds in the inner Galaxy has bdsm studied, the hardness of gamma-
ray spectrum favouring their hadronic origin[9]. Howeuanited by their field of view (FOV), the
IACTs are not well suited to observe the large-scale straadfidiffuse gamma-rays.

Air shower arrays providing a large FOV and a very high dutgleyare more adequate for
sky survey purposes. The Milagro detector made the firstipesibservation of diffuse gamma-
rays above 3.5 TeV from the Galactic plane in the region 40 < 100 and |b| < 5° [10]. In
a following analysis, Milagro reported a clear excess ofudé gamma-rays at 15 TeV median
energy in the region 65< | < 85°[11]. The Milagro measurements are higher than the fluxes
expected from the conventional model. The "TeV excess" neagolbbnected with the "GeV excess"
observed by EGRET[12]. However, the Fermi-LAT data do natficon the excess in the GeV
range. Instead, an extended source &t&@ 0°.3 called "Cygnus cocoon" has been found[13],
and its TeV counterpart has been recently identified by th6&ARYBJ experiment[14]. To better
clarify the interpretation of these results, the data ctdld by ARGO-YBJ were used to study the
diffuse gamma-rays in the 25¢ | < 100, |b| < 5° region.

2. The ARGO-YBJ experiment

The ARGO-YBJ detector, hosted in a building at the YangBa@iosmic Ray Observatory
(Tibet, China, 9031'50" E, 30°06'38" N),4300 m above sea level, has been designed for Very
High Energy (VHE) gamma-ray astronomy and cosmic ray olagiems. It is made up of a single
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layer of Resistive Plate Chambers (RPCs) operated in stiearmade, 2.850 nx 1.225 m each,
organized in a modular configuration to cover a surface oftiab600 nf with an active area of
about 93%][15]. More chambers are deployed around thisaerdrpet up to an area of 100 m
110 m. Atrigger is obtained when at least 20 pads in the desarpet are fired in a time window of
420 ns, which corresponds to an energy threshold of 300 G&Vani effective area depending on
the zenith angle. More details about the detector, the RIPfGrpegance and the off-line calibrations
can be found in [16][17][18][19].

The event reconstruction follows a standard procedurevadtp a detailed space time recon-
struction of the shower front. The reconstruction algonishcan be found in [20] [21] [22][23].
The angular resolution depends on the number of fired Nagls The opening anglgq contain-
ing 71.5% of the events from a point source is abdufa?2 Npag > 20, 1.36 for Npag > 60 and
0.99 for Npag > 100. The number of hit padsy,q is related to the primary energy. However, it is
not a very accurate estimator of the primary energy due tdatige fluctuations in the shower de-
velopment and to its partial sampling with the limited déte@rea. The relation between, and
energy can be found in [23]. The angular resolution, pognéincuracy, absolute energy calibration
and detector stability are tested by measuring the Mooncstiad ].

3. Data analysis

The ARGO-YBJ has been operated stably for 5.3 yr, with anaseduty cycle of 86%, for
a total effective time of 1670.45 days. For the present amalgvents with zenith angles less than
50°, andNpaq > 20 are used. A set of standard cuts, applied to the recotetrishower core
and to the time spread of the shower front, have been usedeitt bggh-quality data. With these
data selections, the fraction of survived events is abot,8Nnd more background cosmic rays
than gamma-rays are rejected, with a corresponding inereathe sensitivity[22]. The selected
data are used to study the diffuse gamma-rays from the Gajdane regions 25< | < 100° and
130 < | < 200. The region 100< | < 130 is excluded since in the high declination region
the Galactic plane is parallel the right ascension axis,thactontribution from the signal could
affect the background estimation. All the events are divioito 3 pad groups, 2& Npag < 59,
60 < Npad < 99 andNpag > 100 and fill, for each group, a grid of D x 0.1° bins according to
their reconstructed directions. The background of cogmds estimated by the direct integration
method[24]. Then the excess map is obtained by subtradtengackground map to the event map.

The effect of cosmic ray anisotropy on the background eti@lnehas been estimated and
corrected by applying the normalization given in [20]. Thiecedure is applied to each map bin
using a surrounding region of 1& 16° in which the estimated background is renormalized to the
detected events. The5° region around the Galactic plane and thex4l° /cogb) region around the
Crab Nebula position are excluded from the normalizatiacedure. However, since the diffuse
gamma-ray emission extends to more than-= 5°, its contribution causes an overestimation of the
correction related to the cosmic ray anisotropy. This ¢ffecs been evaluated using the latitude
profile provided by the Fermi-LAT model for the diffuse Galaemission smeared out with the
ARGO-YBJ Point Spread Function (PSF). The box size has baged/from 12 x 12° to 20° x 20°
to study the systematic errors, obtaining an excess \amiati about 10%.
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Figure 1. left:Galactic longitude profile of the diffuse gamma-ragsthe latitude beltb| < 5°. right:
Galactic latitude profile of the diffuse gamma-rays in thegitude belt 25 <1 < 100°. The fluxes are given

at 600 GeV. The filled circles show the results after maskiregsources, while the open circles show the
results without the masking. The solid line represents #tgevquoted by the Fermi-DGE model at the same
energy, smeared out with the ARGO-YBJ PSF.

Many TeV sources have been detected in the Galactic planarc&docations as given in
the TeVCat are excluded. Considering the angular resolution of theaflet and the extension
of the sources, the contribution from a regioh>44° /cogb) centered at the source location is
removed. Sources distant less tharRlas for instance HESS J1857+026 and HESS J1858+020,
have been masked with a unique box centered at the mediah @iince the extension of the
Fermi Cocoon is about®PL3], this region has been masked with a b6x<8°/cogb) centered
on the position found by ARGO-YBJ[14]. The chosen dimensibthese boxes is a compromise
between a desired large excluded region, in order to mirfie contamination from the sources,
and the requirement of not reducing the statistics. With dhioice the solid angle of the region
25° < | <100, |b| < 5° is reduced of about 22%. The contribution of the sourcesidrithe
masked regions is estimated by tracking their path insidARGO-YBJ FOV. The contamination
is calculated bin by bin and subtracted from the event excegs For ARGO J1839-0627/HESS
J1841-055, ARGO J1907+0627/MGRO J1908+06 and ARGO J20&A#&he Cygnus cocoon)
the fluxes measured by ARGO-YBJ have been considered[Z2]8idce the PSF broadens with
decreasing energy, this contamination is found higher Herfirst energy bin , with an average
value of 14%, while it is 21% in the Cygnus region°65| < 85°.

4. Results

The Galactic longitude profile of the diffuse gamma-raysft 6eV in the latitude belb| <
5° is shown in the left plot of Fig. 1 by filled circles, repredagtthe fluxes obtained with the
spectral analysis. The flux of all the events withag > 20 is calculated by using the effective
areas estimated by the full Monte Carlo simulation of extenair showers[25] and of the RPC
array [26]. The excess significance measured in te<2b< 100, |b| < 5° region is 6.9 s.d..
The right plot in Fig 1 shows the Galactic latitude profile fbe region 25 < | < 100°. The
line in the plots shows the flux at 600 GeV provided by the stathd=ermi-LAT model for the
diffuse Galactic emissiogal_2yearprvé_VO.fits (hereafter Fermi-DGEJ. This is the first time

Ihttp://tevcat.uchicago.edu
2http://fermi.gsfc.nasa.gov/ssc/data/access/lat/GackndModels. html
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that a ground-based measurement of diffuse gamma-raytapsedhe direct ones. They are in
fair agreement in the region 25 | < 100°, mostly in the range 40< | < 90°. The maximum
deviations<2.5 s.d. are observed at three values outside this intetmahddition to statistical
fluctuations, systematic uncertainties related to the dpackd evaluation, imperfect modeling
of the Galactic diffuse emission and other effects, fordanse, an energy-dependent diffuse flux
from unresolved sources, can contribute to this discrgpdndhe following sections, the spectral
analyses concerning two selected subregions,<4D< 100 and 65 < | < 85°, and the upper
limit to the diffuse flux in the outer Galaxy are reported aigtdssed.

4.1 The Galaxy Region 25° < | < 100, |b| < 5°

The energy spectrum is shown in the left plot of Fig 2. The speanalysis uses the number
of excess events measured in e&bg group[27]. A differential spectral index2.80+ 0.26 is
obtained. The corresponding median energies in the MWgggintervals are 390 GeV, 750 GeV
and 1.64 TeV, with an uncertainty of about 30%. Upper limitsyf Whipple, HEGRA and Tibet
ASy experiments are also shown[28][29][30]. The solid lineresgnts the expectation according
to the Fermi-DGE model extended to TeV energies with a sgkiciiex -2.6 shown by the dashed
line.

It is difficult to estimate the uncertainty of the model, whis in the range from 15% to 30%
according to [31] [32]. Two main systematic uncertaintiffec the ARGO-YBJ flux estimate,
one on the background and the other on the absolute scatgyeiinor contributions come from
the uncertainty on the residual contamination of the maskeunices, from the uncertainty on the
detector efficiency and on the effective area. The resutttal systematic error is27%[33]. The
estimated ARGO-YBJ flux at 1 TeV i$.041.3) x 107 Tev-tecm 2 s71 sr1, 13% lower than
the prediction based on the Fermi-DGE extrapolation. Takito account the whole uncertainties,
we deem the ARGO-YBJ data set consistent with the model gtieds. It is worth noting that
part of the detected signal could originate in faint soutbas are unresolved. A treatment of these
unresolved sources is discussed in[33], pointing out thalievthe main contribution from discrete
sources has been removed, a residual contribution fromsalwel sources could still affect the
measured fluxes.

4.2 The Galaxy Region 40° < | < 100°, b< 5°

An excess with a statistical significancd 6.d. is observed in this region. The energy spectrum
is shown in the right plot of Fig 2. A differential spectradiex —2.90+ 0.31 is obtained with a
predicted flux at 1 TeV of5.24+ 1.5) x 10719 Tev-! cm 2 s ! srl. The median energies in
the threeNpoq intervals are 350 GeV, 680 GeV and 1.47 TeV, with uncertagndf about 30%.
The fluxes measured by ARGO-YBJ below 1 TeV ar20% larger than what expected by the
Fermi-DGE model, however consistent within the experiralemhcertainties.

Milagro made the first measurement of diffuse TeV gamma-fey® this region, showing
a “TeV excess” anomaly. The differential flux at 3.5 TeV isodpd in the right plot of Fig. 2
(triangle)[10]. This flux is only 34% greater than the valupected from the Fermi-DGE extrapo-
lation, therefore within the experimental uncertaintigBreover, the Milagro result does not take
into account the contributions from sources such as the @ygocoon, TeV J2032+4130, VER
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Figure 2: left: The energy spectrum of the diffuse gamma-rays in thia&ia region 25 < | < 100,

|b| < 5° (dots). right: The energy spectrum of the diffuse gamma-nayhe Galactic region 40< | < 100,

|b| < 5° (dots).The solid line shows the flux in the same region adngrtb the Fermi-DGE model. The
short-dashed line represents its extension following agudaw with spectral index -2.6. The EGRET
results (squares) in the same Galactic region are also shidverupper limits quoted by HEGRA (99% C.L.,
38 < | <43, |b| < 2°), Whipple (99.9% C.L., 3%° < | < 415 |b| < 2°), and Tibet AS eA (99%C.L.,
20° < | < 55° |b| < 2°) are also shown.

J2019+407 and VER J2016+372. Taking into account theseat@ns, we can conclude that the
ARGO-YBJ and Milagro data are in fair agreement with the RdDGE predictions, ruling out the
evidence of any “TeV excess”.

4.3 The Cygnus Region

An excess with statistical significancer6.d. is found in the Galactic region 65 | < 85°,
|b| < 5°. After masking the discrete sources and the Cygnus cocods@tracting the residual
contributions, an excess ofl.d. is left. The spectral energy distribution is shownhe keft
plot of Fig 3. A differential spectral index2.65+ 0.44 is obtained with an estimated flux at 1
TeV of (6.24+1.8) x 1071 Tev—t cm=2 s71 sr1, resulting about 10% lower than the Fermi-DGE
extrapolation. The median energies in the thiggy intervals are 440 GeV, 780 GeV and 1.73
TeV, with uncertainties of about 40%. Milagro measured the fh the region 65 < | < 85°,
|b| < 2° at a median energy of 15 TeV that is shown in fig 3 by a filled giefi1]. The Milagro
flux is about 75% higher than the extrapolation of the Fermigiate. One possible explanation of
this discrepancy is that the contribution of all the diserghmma-ray sources was not completely
removed from the Milagro data.

An alternative explanation could be considered. Indeedjnadthe data from the regions
25 <1 < 65 and 85 < | < 100, we found an excess of 5.6 s.d with an index -2:883 and
aflux at 1 TeV of(6.0+1.7) x 1010 Tev—1 cm=2 s~ sr. Thus there is an indication that the
spectrum of the diffuse emission in the Cygnus region coaltidrder than that in the complemen-
tary part of the 25< | < 100° interval. The Cygnus region could contain a mixture of cagyn
background cosmic rays and young cosmic rays with a har@etrspn not yet steepened by diffu-
sion. The superposition of these two components may proclhuoeave spectra at TeV energies[34]
accounting for the Milagro result.

4.4 Outer Galaxy

No excess has been measured in the outer Galaxy regioh<186< 200", |b| < 5°, after
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Figure3: left: The energy spectrum of the diffuse gamma-rays in thacdia region 65 < | < 85°, |b| < 5°.

The solid line shows the flux according to the Fermi-DGE mpd#ile the short-dashed one represents its
extension following a power law with spectral index -2.6.eTBGRET results (squares) are also shown.
The Milagro result (triangle) is for the Galactic region°65| < 85°, |b| < 2°. The long-dashed line and
its short-dashed extension represent the flux in this regéaording to the Fermi-DGE model. The energy
distribution of gamma-ray emission measured by Fermi-LiAthie Galactic region 7 | < 88, |b| < 15°

is also reported (stars). The flux expected from the FermkDdel is shown as a dot-dashed line. right:
The 99% C.L. upper limit at a median energy of 700 GeV as obthiny ARGO-YBJ for the Galactic
region 130 < | < 200, |b| < 5°. The solid line shows the flux according to the Fermi-DGE nhodhile

the short-dashed line represents its extension followipgveer law with spectral index -2.6. The EGRET
results (squares) are also shown. The upper limit from Midgg§5% C.L., 136 < | < 216, |b| < 2°) and
those from Tibet ASgamma (99% C.L., ¥4 | < 225, |b| < 2°) are also reported.

masking the Crab Nebula. Assuming a spectral index -2.7 #dian energy of all the events with
Npad > 20 is 700 GeV. The corresponding upper limit at 99% confidéewa (C.L.) is 57 x 1010
TeV~1cm2s1sr!andis shown in Fig.3, where the limits obtained at highergias by the
Tibet ASy (3 and 10 TeV) and Milagro (15 TeV) experiments are also fegorThe Fermi-DGE
flux and its extrapolation are shown for comparison. The AR@EJ upper limit is compatible
with the Fermi model, providing an useful constraint to theddstic diffuse emission around 1 TeV.

5. Summary and conclusions

More than five years of ARGO-YBJ data have been used to stuglyliffuse gamma-rays
from the Galactic plane. A spectral analysis of the dataérégion 25 < | < 100, |b| < 5° has
been carried out, showing an energy spectrum softer thamthiae Fermi-DGE model, however
consistent within 1 s.d.. On the other hand, the TeV flux ayedeover the Cygnus region 65
| < 85 shows a marginal evidence of a harder spectrum, indicatiagaossible presence of young
cosmic rays coming from a nearby source. Only an upper liastlieen set to the diffuse emission
in the outer Galaxy region 130< | < 200, |b| < 5°, however compatible with the extrapolation
of the Fermi-DGE model.
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