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The YangBaJing Cosmic Ray Observatory (Tibet, China)

Altitude 4300 m a.s.l. (~ 600 g/cm?)

ARGO-YBJ — cosmic-ray physics

— y-astronomy IJl *j 3

Astrophysical Radiation
with Ground-based
Observatory at YangBaJing

Tiibet AS-y
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<» Full coverage and high segmentation
<+ Digital and analog readout

% Active area :
central carpet ~ 5600 m?
sampling guard-ring ~ 1000 m?

<+ Data taking with complete setup:
November 2007 - February 2013



The digital readout

Number of Fired Strips

< el Time pixel
, s |x.e pad ( 56 x 62 cm?) is the OR of 8
single strip (7 x 62 cm?) strips, with a resolution of ~1.8 ns
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The RPC analog readout (I)

v Pixel = BigPad (half RPC chamber) T
v Extended energy range “ :
v' Access to the LDF down to the shower core Saturated digital signal

v’ Sensitivity to primary mass

v' Info/checks on Hadronic Interactions . :
Same event in analog view
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The RPC analog readout (IT)

Eight gain scales (G0, 61, ... G7) to get good linearity up

to about 2 x 10% particles/m?

G7 data overlap the digital-mode linearity range, and
have been used for intercalibration and cross checks

Here we use 64 and G1 scales
to cover the 50 TeV - 5 PeV
range with high efficiency
and without saturation
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The truncated size as energy estimator
(mass dependent)

Np8 (number of particles within 8 m from the core):

- well correlated with primary energy
- not biased by finite detector size
- weakly affected by shower fluctuations

5 IR I
3l Lo Looking for
- { ; q: information on
2.5 R [ —}- =) the shower age
Sienan | *—‘f— in order to get
2|~ T a mass
- %ﬁ—*— - Mcp independent
B MC He .
1.5 | . Mc Fe | €nergy estimator
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Lateral Distribution Function (LDF)

and shower age

LDF is well fitted by

With the analog data

the LDF can be studied
near the core
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Log(E/TeV)
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Mass-independent Energy reconstruction

' measurement
. energy range

{ MC sample following

Horandel spectra o
and composition 104 @

—
Similar results with e r:!‘:
Gaisser-Stanev-Tilav | i . w4 —

w .:”--.E.-E-._:-‘T.; : .- -_ : i F- _ -- 7. 1‘]-G

(6ST) model

Excellent agreement
with total-size-vs-E
theoretical plot

The truncated size
is simply shifted

The measurements of Np8 and LDF slope (s')
allow estimating the truncated size at the
shower maximum (Np8,,,.)

L Estimate of Mass independent Energy




The all-particle spectrum

- Picture consistent with models and previous measurements

- Nice overlap with the two gain scales (and different data)
- The plot suggests spectral index -2.6 below 1 PeV and -2.8 from 1 to 5 PeV

- 60 would extend the energy range up to ~15 PeV
- About a factor 5 should be gained by considering inclined events
- The higher energies would be the subject of a future work
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pg) Simple cut to select protons and He
(MC with Horandel spectra)
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The 15t light spectrum (p+He)

- Overlap of the points with different gain scales

- Overlap with direct measurements at low energy

- 6radual change of the slope starting around 700 TeV: possible proton knee !l!
- Consistent with previous hints (MACRO, CASA-MIA, Chacaltaya, EAS-TOP ..)

and YAC-Tibet spectrum
- Flux systematics + CNO contamination & Overall uncertainty < 20 %
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Phys. Rev. D 85, 092005 (2012)
Bayesian analysis

2nd p+He specTrum: for ARGO-YBJ digital data
Bayesian unfolding of analog data

The link of primary energy (E) and mass (ID) |D. =p./p
with observable quantities (Np8, D5 , Dyp) has ¥ s/ Pra
been simulated and studied

Dy, = plO/pmax

Simulation

P(E,ID|Np8,Ds,D,,) = P(Np8,Ds,D,,|E,ID) P(E,ID)

Bayesian theorem

Iter ative
P"'OCedUr-e

P(E.IDINp8,Ds,D;0) N(Np8,D5,D;p) = N(E,ID)

L)

Experimental data 13/19



2"d p+He spectrum:
Bayesian analysis of analog data

* The results are consistent with previous analysis

« The approach is fully Bayesian
 Different fiducial cuts, also more inclined events (6<35°)

= ||||||||||||||||||||||||||||||||||||||||
s
r
£
>
2 10°
&}
-
<
=
z|=
-
Fc"c
=
ﬁ H
x
- ARGO-YBJ RM3-G4
(]
=408 A ARGO-YBJ RM3-Gi
""" Horandel (p + He) 2003
Horandel (p+He) 2003
: knee at Z x 1 PeV
""" Gaisser et al. 2013 [p+ He
Lo b b b b e b e b e e

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Logm(EfT eV) 14 / 19



p+He hybrid measurement (39):
Cerenkov telescope + ARGO-YBJ array

Wide Field of view Cerenkov
Telescope Array (WFCTA)

5 m? spherical mirror
g/ 16x16 PMT array

B Field of View: 14° x 16°
Elevation angle: 60°

Cerenkov signal: energy measurement
Hillas parameters

ARGO-YBJ analog data: core position
particle number at maximum
shower direction

Light elements are selected according to particle density
hear the core and shape of the Cerenkov image (L, W) 15/19



Hybrid measurement (3"9):
Cerenkov telescope + ARGO-YBJ array

 The results are consistent
* Possible shape difference

with previous analyses

* Different data sample and introduction of another detector
» Different analysis cuts (also inclined events)
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Energy resolution ~ 25%
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ARGO-YBJ (+ WFCTA): p+He spectrum

.‘_.: IIIPub“shedARGOYBJ'III|IIII|IIII|IIII|IIII|IIII
o specfrum :
o
E
>
2 10
&)
=
G
~=
z| S
-«
= = SO OOt U SOOI St O, I 1. 0 4 o o OO SO,
=
= S S
X ® ARGO-YBJ LE-G4
ﬁ ® ARGO-YBJ LE-G1 i :
= 103 ARGO-YBJ RM3-G4 | e S, . S g e
ARGO-YBJ RM3-G1 o B -
ARGO-YBJWFCTA (p+ He)|
ARGO-YBJ St"p (p + He} .........................................
Horandel (p + HE} 2003 ..................................................
Horandel (p+He) 2003 Lo
knee at 7 x 1 PeV [ NN, i o R |
P mmmm- Gaisser et al. 2013 {p + He) ; :
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“III

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Logw(EfTeV)

> The results are consistent with published ARGO-YBJ
measurement (lower energies)

» The 3 new analyses are consistent within systematics
(further cross-checks in progress) 17/19



Comparison with some other p+He measurements
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These results are consistent with direct (i.e. below 200 TeV)
and YAC-Tibet measurements




Summary and Outlook

O The analog readout allows to reconstruct the EAS
front with unprecedent resolution

 Measured the CR spectrum in the TeV - 10 PeV range.
All-particle spectrum consistent with other experiments

 Evidence for a bending in the p+He spectrum below
1 PeV (two different analyses of ARGO-YBJ data in
agreement within quoted uncertainties)

[ Consistent results from a third independent
hybrid analysis ( RPC + Cerenkov signal)

Q Further cross checks, larger data sample and

MC statistics for the final results
19/19



More Stuff



CosnucRays
Bruno Rosst
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3-D view of a shower detected in ARGO-YBJ
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Status and
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Intrinsic linearity: test
at the BTF facility “"-~‘§

calorimeter

1%

beam pipe

Linearity of the RPC @ BTF 4 RPCs
in INFN Frascati Lab: 60 x 60 cm?2 A o
- electrons (or positrons) AR
Calorimeter: lead glass block from OPAL
« E=25-750 MeV (0.5% resolution) PMT a Hamamatsu R2238.

« <N=>=1+10%articles/pulse
+ 10 ns pulses, 1-49 Hz _ . _
The RPC signal vs the calorimeter signal

+ beam spot uniform on 3x5 cm )

S
=
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oy,
bn

particle density on RPC (1 0% /m? )

-> Linearity up to =2 + 104 particle/m?

RPC signal (ADC count)
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Absolute comparison Data - MonteCarlo

o 2 Differential rate of Pmax, shower core density, for 2 gain scales
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% Zenith angle < 15° Pmax spans over two and half decades, while the

event frequency runs over five decades.



The analog readout system

Eight gain scales (60, 61, ... 67) ensure good linearity up to
about 2 x 10% particles/m?

G7 data overlap the digital-mode linearity range, and have
been used for intercalibration and cross checks

Here we use G4 and G1 scales to cover the 50 TeV - 5 PeV
range with high efficiency and without saturation

Lateral Distribution Function (LDF)
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Efficiency of trigger and event selection
for the all-particle spectrum

Simulation of
larger sample
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The all-particle spectrum (IT)

- Picture consistent with models and previous measurements
- Nice overlap with the two gain scales (and different data)
- The plot suggests spectral index -2.6 below 1 PeV and -2.8 from 1 to 5 PeV

- 60 would extend the energy range up to ~15 PeV
- About a factor 5 should be gained by considering inclined events
- The higher energies would be the subject of a future work
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Finding the best A_,. parameter

abs

LogE resolution at 270 TeV vs A
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Energy reconstruction:
bias and resolution

The response function is Gaussian in LogkE.

The spectra are then given in LogE bins, much larger

than the estimated bias and well above the LogE

resolution, in the considered energy range.
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MC Energy distributions

MC sample following Horandel model
spectra and composition Measurement energy

ranges
Similar results with Gaisser-Stanev-Tilav g
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Systematic uncertainty evaluations

Flux

- Geometrical aperture : (5 % in/out contamination) @ (2.5% angular contamination) = 5.6 %

- Efficiency: (5% from MC samples) @ (<10% efficiency estimation of the mixture) =5.0-11.2 %
- Unfolding: 3 %

- Hadronic interaction model <5 %

-TOTAL: 8.1 % -13.8% TOTAL (conservative) = 14%

Energy scale

- Gain of the analog system: 3.7 %

- Energy calibration: 0.03 in LogE = 6.9 %

- Hadronic interaction model: 5 %

- TOTAL: 9.3 % TOTAL (conservative) = 10%

In the flux plots an over-conservative * 14% shaded area has been
temporarily drawn on the flux measurements

Error bars show the statistical uncertainties
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Systematics from the
hadronic interaction models

The dependence on the adopted hadronic interaction model is small.

The differences among the QGSJET-11.03 and Sibyll-2.1 are within few percent
in the explored energy range (no bias due to muon number).

All further results shown here were obtained with QGSJET-11.03.

LDF -p- Alog Npa = (3.7-4.0)- ©,,,=(0-15)°
i — QGS-jet
s Sibyl
E 1 [ | [ I N R R R A
0 5 10 15 20 25

Core distance (m)

% difference of SIBYLL from QGSjet

LDF - SIBYLL vs QGSjet A log Np8 = (3.7-4.0)
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The Bayesian unfolding method used for the analysis of data
below 200 TeV is adapted to the ARGO-YBJ analog data.

® NPmax > 500 6

* 10% < Np8 < 10B
® Theta < 35°

® Reconstructed shower core position in a fiducial area 40 X 40 m
centered on the central carpet
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Selection of the light component: shower topology

0

Light Component (p+Hse) sselection:

PA20 = PA42

s

aorLeg E i

A20 = 20 innermost clusters I_t
A42 = 42 outermost clusters - P e,
-1.1:— g g,

06—




Mass selection for the hybrid measurement

2
- -+ proton
- v
_ v oy v . # helium
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§° B * MgAlSi
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3
L/W - 0.0091 Rp — 0.14 Log(E)
Rp - shower impact parameter
E - reconstructed energy

RPC, .« - maximum RPC signal




e Energy resolution: ~25% R
® Uncertainty : ~25% on flux _weE .
@ [
Proton | Helium | CNO | MgAlSi | Iron SUM E- i . ¢ . * .
The initial fractions 209% 20% 20% 20% 209 | 100% é i
@ | —*— Before light component seleciion
The fractions after composi- | 69.1% | 25.8% | 3.8% 1.1% 0.2% | 100% g o After light component selection
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The selection efficiency SL0% | 19.1% | 2.7% 0.8% 0.1% “}:I_ . | | | |
i —35 2 25 3
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e Contamination of heavier component <5 %

L/W - 0.0091Rp - 0.14log10(E")

iog 10(Energy/TeV)



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

* CREAM 1.09 x 1.95 x 1011 (E/400 TeV) 252
" ARGO-YES 1.95x 107 (E/400 Tev) =°* Single power-law: 2.62 = 0.01
* Hybrid 0.92 x 1.95 x 101! (E/400 TeV) =23
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Flux at 400 TeV:

1.95 < 1011+ 9% (GeV-Im?2 sr!l sl

B WFCT02-ARGO P+He —“— KASCADE P+He QGSJET
¥ ARGO P+He 4~ KASCADE P+He SIBYLL

- Tibet-Phase 11 P+He QGSJET
— CREAM P+He Tibet-Phase 11 P+He SIBY LL

FluxxE*® (m%s.sr)"(GeV)"*®
>

- —®- CREAMP & Tibet-2000 PQGSJET+HD
B = CREAM He *— Tibet-2000 P QGSIET+HPD
[ 1 Ll i Ll 1 1 1 Ll 1 | 1 L 1 1 Ll L L 1 1 Ll |
4 5 6 7
10 10 10 10

Energy (GeV) The 9% difference in flux corresponds to a difference of

0. 0 o i i
Bartoli et al.,, Chin. Phys. C 38, 045001 (2014) + 3.5% In energy scale between different experiments.
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The overall picture
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