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Outline

% Gamma-Ray Astronomy

® Northern sky survey (-10° < 6 < 70°) at TeV photon energies at 0.25 Crab units

® Study of the Cygnus region (Cygnus Cocoon and diffuse emission)

% Cosmic Ray Physics

® CR Light component (p+He) Energy Spectrum (2.5 TeV - 5 PeV)

® Hybrid measurement ARGO-YBJ / WFCTA

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014 2



he ARGO-YBJ experiment
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The basic concepts

...Tor an unconventional air shower detector

** HIGH ALTITUDE SITE
(YBJ - Tibet 4300 m asl - 600 g/cm?2)

¢ FULL COVERAGE
(RPC technology, 92% covering factor)

** HIGH SEGMENTATION OF THE READOUT

(small space-time pixels)

Space pixels: 146,880 strips (7x62 cm?)
Time pixels: 18,360 pads (56x62 cm?)

... In order to
® image the shower front with unprecedented details

e get an energy threshold of a few hundreds of GeV

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014
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The RPC analog

| ARGO-YBJ (154 CL) - Event 242653 |
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Extend the covered energy range
Access the LDF in the shower core
Sensitivity to primary mass
Info/checks on Hadronic Interactions




he ARGO-YBJ layout

time resolution ~1-2 ns (pad)

space resolution = strip
RPC
CLUSTER = = /
— - 3| 4
- Central Carpet: i oo PAD
S N 130 Clusters  _| ! ][ —
Local e
—  1560RPCs | N ™~ station e —
124800 Strips  — 9 | 10 | e—
= = 8 Strips
10 Pads (6.5 x 62 cm?)
1 CLUSTER=12RPCs (56x62cm?)  foreach Pad
(5.7 x 7.6 m?) for each RPC
78 m Gas Mixture: Ar/ Iso/TFE = 15/10/75
111m HV = 7200 V

Single layer of Resistive Plate Chambers (RPCs)
with a full coverage (92% active surface) of a large area (5600 m?)
+ sampling guard ring (6700 mZ2in total)
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Collaboration Institutions:
Chinese Academy of Sciences (CAS)

he ARGO-YBJ Collaboration
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INEN and Dpt. di Fisica Universita’, Napoli

INEN and Dpt. di Fisica Universita’, Pavia

INFN and Dpt di Fisica Universita “Roma Tre”, Roma
INEN and Dpt. di Fisica Univesita “Tor Vergata”, Roma
INAF/IFSI and INFN, Torino

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014

IHEP, Beijing

Shandong University, Jinan

South West Jiaotong University, Chengdu
Tibet University, Lhasa

Yunnan University, Kunming

Hebei Normal University, Shijiazhuang



S_t _t d ::o a1 176 23 355 605 12.2 26|.o ExlTeVIZ
a US ar . 142 ¥ o  Energy calibration
é’: | o -o.zz— e
performance T
i 0.6
° .} -oa;—
2 A
: a2E e MC
K * (Ra-lgamm)czs(Dec;(Deg) ’ -1 _4;— T MChestfit
® |n observation since July 2006 (commissioning phase) R/ MC best ft10%
. . .80 e e —
e Stable data taking since November 2007 10 10 utiplicity
® End/Stop data taking: January 2013 B f W —
am:— —y .17 Maan 1488
® Average duty cycle ~87% 2,..;_ e - e
® Trigger rate ~3.5 kHz @ 20 pad threshold et % S
® N. recorded events: = 510" from 100 GeV to PeV wF-
® 100 TB/year data “E
:; E: 2008 | 2009 | 2010 | 2011 | 2012 o 3'3 3" 3'5 ‘6 3.7 3.8 3-9 ‘
T os b rate (kHz)
ET EE Intrinsic Trigger Rate stability 0.5%
S = (after corrections for T/p effects)
2: 1— 2008 ; 2009 ; 2010 ; 2011 ; 2012
I =B oo '
= —— 0.8
- I I B N o °7E
iy %: : - - O 0.6
= 1.: 5: 5 0.5;
2 LE S, 0.4F
E : : : ! '? 03
e o BT O T TR TR O ..t
54400 54600 54800 55000 552;0‘, D55400 55600 55800 56000 56200 o —

g4400 54600 54800 55000 55200 55400 55600 55800 56000 56200
MJD

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014 8




Outline

% Gamma-Ray Astronomy

® Northern sky survey (-10° < 6 < 70°) at TeV photon energies at 0.25 Crab units

® Study of the Cygnus region (Cygnus Cocoon and diffuse emission)

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014 9
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Ray Astronomy
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® Energy threshold: few hundreds of GeV
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ARGO-YBJ 5-years survey of the Northern Sky

® |ntegrated sensitivity in 5y at ~1 TeV: 0.25 Crab for dec 15° - 45°
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ARGO-Y

BJ 5-years Survey of Inner Galactic

20° <1<90°,Ibl < 10°

Eso = 0.7 TeV

Eso = 1.8 TeV
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Detected Sources
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Fig.4: Average 95% C.L. flux upper limit at energy above
500 GeV, averaged on the right ascension direction, as a
function of declinations. Different curves indicate sources
with different power-law spectral indices —2.0, —2.6 and
—3.0. The Crab unitis 5.77x10~ " cm=2 571 |

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014

Table 2. Location of the excess regions

ARGO-YBJ Name Ra Dec 1 b S Associated

(deg) (deg) (deg) (deg) (s.d.) TeV Source
ARGO J0409-0627 62.35 -6.45 198.51 -38.73 4.8
ARGO J0535+2203 83.75 22.05 184.59 -5.67 20.8 Crab Nebula
ARGO J1105+3821 166.25 38.35 179.43 65.09 14.1 Mrk 421
ARGO J1654+3945 253.55 39.75 63.59 38.80 9.4 Mrk 501
ARGO J1839—-0627 279.95 -6.45 2587 -0.36 6.0 HESS J1841—-055
ARGO J1907+0627 286.95 6.45 40.53 -0.68 5.3 HESS J1908+4-063
ARGO J1910+0720 287.65 7.35 41.65 -0.88 4.3
ARGO J1912+1026 288.05 10.45 44.59  0.20 4.2  HESS J19124101
ARGO J2021+4038 305.25 40.65 78.34  2.28 4.3  VER J20194-407
ARGO J2031+4157 307.95 41.95 80.58  1.38 6.1 MGRO J2031+41

TeV J20324-4130

ARGO J1841-0332 280.25 -3.55 28.58  0.70 4.2 HESS J1843—033

Apd 779 (2013) 27
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The Cygnus Region

Very important region populated by
many unidentified strong sources

The brightest diffuse y-rays source in the northern hemisphere
9 supernova remnants

>20 Wolf-Rayet starts

6 OB associations

® shocked gas

® 6 0 O
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Natural site for cosmic-ray acceleration

% Fermi data (1-100 GeV):
A cocoon of freshly accelerated CRs ?

4
3
2
1
0
-
2
-3
-4
5

% Milagro detected 2 sources at 20 TeV
v MGRO J2019+37 (12.4 o)
v' MGRO J2031+41 (7.6 0)
Both consistent with Fermi source locations

PRELIMINARY

% Complex emission observed by VERITAS
consistent with location of MGRO J2019+37

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014



Galactic latitude (deg)
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VERITAS recently resolved it in two different sources: the faint
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NO signal from the MGRO J2019+37 below 10 TeV

v Insufficient exposure above 5 TeV ?
v’ Variability ?

point-like VER J2016+371 and the extended (~1°) VER J2019+368

VER J2019+368 likely contributes to the bulk of the emission observed by Milagro
and coincides with the PSR J2021+3651 and the star formation HII region Sh2-104
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ARGO J2031+4157 as
the Cygnus Cocoon

The emission of ARGO J2031+4157 can be identified
as the counterpart of Cygnus Cocoon at TeV energies.

The ARGO-YBJ view at TeV energies
after reanalysis with the full data

Gal. latitude (deg)

The Fermi/LAT view
in the 10-100 GeV band

82 81 80 79 78 77

Science 334 (2011) 1103

‘B J e A cocoon of freshly accelerated cosmic rays
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4_— O s
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> L - —==— Milagro
s o0 - —— Model:E_=150 TeV
S [ARGO J2031+4157 il . o A L Model:E =40 TeV
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with a power law and a cutoff energy Ec

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014

Energy (eV)

Spectrum of ARGO J2031+4157: AN/dE o« E-2:62£0.27
Combined LAT&ARGO spectrum: dN/dE o E-216+0.04
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Diffuse y-rays from the Galactic Plane

Diffuse y-rays are produced by relativistic electrons by bremsstrahlung or inverse Compton scattering on bkg radiation
fields, or by protons and nuclei via the decay of n° produced in hadronic interactions with interstellar gas.
The space distribution of this emission can trace the location of the CR sources and the distribution of interstellar gas.

Cygnus region: 65° <1< 85°% |bl<5"

107
= § ¥ This result is obtained after masking all the sources detected
N *{ j_}j —*~ARGO-YBJ in the region (in particular the TeV counterpart of the Cygnus
L * N\ i :;‘Tg‘rt“ Cocoon) and removing the residual contamination.
T N
£ E r ) -, \
E : +. \\
] N N \‘\
E i AN The TeV diffuse flux in the Cygnus region does not show
§ AN a strong excess like that reported by Milagro at 15 TeV.
10°F R A
- PRELIMINARY ! {
i " The difference may be due to the Cygnus Cocoon, not
0505 10¢  10°  10° 10" . o 102 Yyetdiscovered at the time of the Milagro measurement.
Energy(TeV)

The different lines indicate the energy spectra expected
from the Fermi/LAT template (with spectral index -2.6) in
the different sky regions investigated by the detectors. paper in preparation

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014 17



Outline

% Cosmic Ray Physics

® CR Light component (p+He) Energy Spectrum (2.5 TeV - 5 PeV)

® Hybrid measurement ARGO-YBJ / WFCTA

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014
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Galactic Cosmic

Rays

* CRs below 107 eV are predominantly galactic.

* The bulk of CR is produced by shock acceleration in SN

explosions.

* Diffusion of accelerated CRs through non-uniform, non-

homogeneous ISM.

* Galactic CRs are scrambled by galactic magnetic field

over very long time.

Different models to explain the ‘knee’ and different signature...

® Acceleration in SNRs:

finite lifetime of shock Emax Z - 107 eV '

e Diffusion process:

probability of escape from Galaxy = f(2) _}

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014
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The main feature: the ‘knee’ in the all-particle spectrum

- Eknee «Z

- Eknee « Z

- No anisotropy change

- Anisotropy «E?

® Interaction with bckg particles:

Photo-disintegration -

in galactic

interaction with
halo etc.

e Change in particle interaction

v

- Eknee «< A

Key elements: mass composition and anisotropy
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E, ..~7Z10"% eV

Approaching the knee

How well do we know the structure of the primary
spectrum around the knee (10’4 - 10 eV) ?

The standard model:

ENERGY
—
(proton)

® Knee attributed to light (proton) component (iron) =26 - E

Emax

max

® Rigidity-dependent structure (Peters cycle): cut-offs at
energies proportional to the nuclear charge

E;=2-4.5PeV

" [ M @BASJE Cherenkov lateral dist. (L), (H)
C O BASJE equi-intensity cut 2000

4 [ O BASJE Cherenkov time structure
O RUNJOB i===F
35 [ @ JACEE - Q$E*]

C A CASA-DICE Pof.
LV CASA-BLANCA I
A 3 [ ¥ KASCADE (non-parametric) | - ¢§> ¢ R
[ -- EAS-TOP dls A
< - [p— ,l |
c PV
v + "

Fe

® The sum of the flux of all elements with their individual
cut-offs makes up the all-particle spectrum.

® Not only does the spectrum become steeper due to such
a cutoff but also heauvier.
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Experimental results still conflicting !
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G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014 20



Outline

® Measurement of the CR energy spectrum (all-particle and light component) in the energy

range few TeV - 5 PeV by ARGO-YBJ with different ‘eyes’

» ‘Digital readout’ (based on strip multiplicity) below 200 TeV

> ‘Analog readout’ (based on the shower core density) up to 10 PeV —

talk by De Mitri

» Hybrid measurement with a Wide Field of view Cherenkov Telescope 200 TeV - PeV

9
10 Sy — | | .
108 | Fe = Eo [eV]
: : : e T R T
® \Working at high altitude (4000 m asl): » 10" | Ea 107 M
73 100 s ;,,f..-____....ﬂs1-bTa' - “%
1. p and Fe produce showers with similar size g * xﬁ* T .
2. Small fluctuations: shower maximum n ) * [T
a i :_:_.-:EK'//, 14 - e 1-1. |
3. Low energy threshold: overposition with direct <10 ,gf* 10 T ’
3 £/ . m* |
measurements — check of the energy scale 107+ . Rlbe’[
2
1 0 1 | | |

0 200 400 600 800 1000
Atmospheric Depth g/cm?

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014
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he light-component spectrum (2.5 - 300 TeV)

Measurement of the light-component (p+He) CR spectrum in the
energy region (2.5 — 300) TeV via a Bayesian unfolding procedure

o - ballons/satellites )
T B v = —2.61 +0.02 B ground-based exp
O 10°
Q) =
1 - CREAM (p+He C
. - PrHel . *o% 30‘%;’#"
"0 . ek okok sk sk Aok ok 4 % m® "0 ?
c}.E 10 = ick **Wwwww
o~ __**
0 ¥ PAMELA (P) B CREAM(P)
W 0P PAMELA(He) [0 CREAM(He)
X = % AVS((P) ® ARGO-YBJ Light 2013
E - $¢ AMS (He) ® ARGO-YBJ PRD 2012
LL |
| | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | 11 1 111
2 3 4 5 6
PRD 85, 092005 (2012) 10 10 10 10 10
Energy [GeV]

Direct and ground-based measurements overlap for a wide energy range thus making
possible the cross-calibration of the experiments.
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ARGO-YBJ and AMS-02 (ICRC13)

ARGO-YBJ (2012)
ARGO-YBJ (2013)
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—xtending the energy range

To extend the energy range up to 10 PeV we use different eyes:

“ ARGO-YBJ Analog Readout

“ Wide Field of view Cherenkov Telescope (WFCTA)

» 5 m? spherical mirror
» 16 X 16 PMT array

> pixel size 1°

» FOV: 14° x 14°

» Elevation angle: 60°

I eI e
...to performe 2 different analysis: pSSosossovesee
U el el Jel@/e]el -] ] -I-]
(JJ I J L JeJeJ@e/e]-]-[-] [ ]
L ]eje/e]-1-J -1 I J

< ARGO-YBJ Analog Readout alone  — |talk by De Mitri A e T Y

aI’XIV14086739 ol o e JeJele e e J - J )

oo Hybnd measurement ARGO_YBJA/VFCTA 9000000000000 000

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014 24



ARGO-YBJ + WFCTA

3
“* ARGO-YBJ: lateral distribution " _}”
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Hylorid observation data set

» Period

e Dec 2010 — Feb. 2012
e (Good wheater: 728,000 sec

» Criteria for reconstruction

e Shower cores well inside the ARGO-YBJ central carpet

e Cherenkov images well contained in the telescope, i.e. space angle with respect to
the telescope axis < 6°

® Number of fired PMTs > 6

» Cherenkov image cleaning

e Single channel threshold: S/N>3.5.

e Arrival time: all triggered pixels in a window of At = 240 ns.
® |solated pixels rejected

=) 8218 events well reconstructed above 100 TeV

G. Di Sciascio, ECRS 2014, Kiel, Sept. 02, 2014
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Light component (p + He) selection - (1)

According to MC, the largest number of particles Nmax recorded by a RPC in an given shower is a useful
parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.

Nmax IS @ parameter useful to select different primary masses ¥ o0
E103 = proton
Z }\ iron
Nmax X Erec!*4, where Erec is the shower primary g F\
T 10E
energy reconstructed using the Cherenkov telescope. 2 f\
0
L " Proton - 1=
4'5:_ - Helium v §
a4 = Mgalsi wE
~ L = Jron - T I R R —T)
s - R (m)
ZE 3.5
=% -
- |
o 3— :
o N We can define a new parameter
55 - to reduce the energy dependence
-
ol Vv PL = loglO(Nmax) — 1.44 - logIO(Erec/TeV)
e v L
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Light component (p + He) selection - (2)

According to MC, the ratio between the length and the width (L/W) of

Typical Cherenkov footprint

the Cherenkov image is another good estimator of the primary mass.

Elongation of the shower image proportional
to impact parameter L/W ~ 0.09 (R,/ 10m)
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The shower impact parameter Ry is calculated
with 2 m resolution exploiting the ARGO-YBJ
characteristics.

We define a new parameter to reduce the Rp
and energy dependence
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Light component (p + He) selection - (3)

® Contamination of heavier component < 4 %
® Energy resolution: ~25% constant with energy

® Uncertainty : ~25% on flux

PL = lOgIO(Nmax) —1.44 - loglO(Erec/Tev)

pc = L/W = 0.0091(R,/1m)—0.14 - log1o(Eec/TeV)

Events for which pL <-0.91 and pc < 1.3 are rejected
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Light component (p + He) selection - (4)

After selection Befor selection
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Number of events

Number of events

180 Mean -0.01643
160 :_ RMS 0.2672
1402 %2 [ ndf 151.3/78
— Constant 154.3+ 3.0
120 :_ 2 2 Mean  -0.02669 + 0.00401
100 :_ * Sigma 0.2415 + 0.0027
80[-
60
401
20
:I | 1 1 rL =1
0 -1 -0.5 0 0.5 1
(Erec-El'eal),Ereal
o Mean -0.02449
200 L RMS 0.2529
o %2/ ndf 71.5/57
L 3 . O Constant  204.6= 3.8
o Mean -0.023 = 0.004
150 — Sigma  0.249 = 0.003
1001
50
0 L el b b b L el
-1 -08 -06 -04 -02 0 02 04 06 0.8
(E - EVE
31




he light-component (p+He) spectrum (2 - 700) TeV

® CREAM:  1.09 X 1.95 X 10! (E/400 TeV)262

® ARGO-YBJ: 1.95 x 10-!1 (E/400 TGV)'2‘61 Single power-law: 2.62 = 0.01
® Hybrid: 0.92 X 1.95 X 10-'1 (E/400 TeV)~>©°
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The 9% difference in flux corresponds to a difference

of + 4% in energy scale between different experiments.

Bartoli et al., Chin. Phys. C 38, 045001 (2014)
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Approaching the all-particle knee

To extend the measurement of the ARGO-YBJ/WFCTA hybrid experiment to the PeV, we modified the selection
cuts in the pL - pc space: events for which pL < -1.25 and pc < 1.1 are rejected.

The aperture increases by a factor of 2.4 and the number of (p+He) events increases from 490 to 1162 above 200 TeV.

The contamination increase and the purity of the p+He sample below 700 TeV reduces to 93% with respect to 98%
estimated with the original cuts.
At 1 PeV the contamination is less than 13%. About 72% of p+He events survive the selection criteria.
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Light component knee with A
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ

Observation of gradual change of the slope starting around 700 TeV
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ

Comparison with direct measurements and with Tibet ASgamma (SYBILL)
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he overall picture
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Some conclusions on CR spectra measurements

e The CR energy spectrum has been studied by the ARGO-YBJ experiment in a wide energy range
(TeVs — PeVs) exploiting different approaches.

e The light component (p+He) energy spectrum measured below 200 TeV is in good agreement with
the CREAM results.

e The Moon shadow technique and the overposition with the CREAM data allow to fix/check the
absolute energy scale of ARGO-YBJ down to 4\% level.

e The all-particle spectrum measured in the energy range 100 -- 3000 TeV is in good agreement with
well-known parametrizations, making us confident about the selection and reconstruction of the
analog data.

e The light component (p+He) has been reconstructed up to about 5 PeV.

e The ARGO-YBJ results show an indication of a knee-like structure starting at about 700 TeV.

e The results obtained with a hybrid measurement is consistent with the measurements carried out by
ARGO-YBJ.

e Preliminary results obtained with the last analog gain scale (able to extend the energy range of the
charge readout by a factor of 2 at least) are consistent with the results obtained at lower energies.
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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 unprecedented resolution and detail.

The digital and analog readout are allowing a deep study of the CR physics in the wide TeV - PeV
energy range.

A number of interesting results have been obtained

First Northern sky survey (-10° < 6 < 70°) at 0.25 Crab Units
Observation of the TeV counterpart of the Cygnus Cocoon
Measurement of y-rays diffuse emission from Galactic Plane
Detailed study of flaring and extedend TeV gamma-ray sources

vV vy vy

Measurement of CR all-particle and light component energy spectrum up to PeVs
Study of EAS phenomenology up to PeVs

Study of the CR anisotropy at different angular scales

Measurement of the CR antip/p flux ratio in the TeV energy range

Measurement of the p-air and p-p cross sections up to 100 TeV

vvyvyyvyy

“Main physics results of the ARGO-YBJ experiment”, 80 pages, invited review, Int. J. of Mod. Phys D, in press
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ARGO-YBJ + WFCTA: all-particle spectrum

Analysis under way with different event selections
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Intrinsic linearity: test
at the BTF facllity .

calorimeter

1111%

beam pipe
Linearity of the RPC @ BTF 4 RPCs
in INFN Frascati Lab: 60 X 60 cm?2 s oMT
« electrons (or positrons) R
Calorimeter: lead glass block from OPAL,
« E=25-750 MeV (0.5% resolution) PMT a Hamamatsu R2238.
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10 ns pulses, 1-49 Hz _ _ _
The RPC signal vs the calorimeter signal
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4 different gain scales used to cover a
wide range in particle density:

~ 20 particles/m2

P max—strip

Pmax—analog ~ 10 particles/ m

4 data sample:

0: 10 = 104 part/m?
Event selection:

« Core reconstructed in a fiducial
area of 2400 m2

« Zenith angle < 15°

Performance evaluation
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showers spanning over three decades
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Absolute comparison Data - MonteCarlo
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J.R. Horandel , Astrop. Phys. 19 (2003) 193

Event selection:

% Core reconstructed in a fiducial
area of 2400 m2

% Zenith angle < 15°
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Differential rate of Pmax, shower core density, for 2 gain scales
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