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Questions to the knee energy range
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Overlap direct – indirect 
measurements ? 

Still missing 

Composition at the knee ? Still open 

Hadronic interaction models ? Still uncertain 

End of galactic spectrum ? 
Transition galactic – xgalactic ? 

Open 

Anisotropy ? Totally open 

Rigidity – dependent knee ? Probably established 
A. Haungs, 2011!

Cosmic Ray Sources ? Still open 
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Tibet ASγ 
ARGO 

The Yangbajing Cosmic Ray Laboratory 

Longitude  90° 31� 50� East 
Latitude     30° 06� 38� North 
 
90 Km North from Lhasa (Tibet) 

4300 m above the sea level  
~ 600 g/cm2 
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The basic concepts
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…for an unconventional air shower detector
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❖HIGH ALTITUDE SITE                             
(YBJ - Tibet 4300 m asl - 600 g/cm2)

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

❖HIGH SEGMENTATION OF THE READOUT 
(small space-time pixels)

Space pixels: 146,880 strips (7×62 cm2) 
Time  pixels: 18,360 pads (56×62 cm2)     

 … in order to

• image the shower front with unprecedented details

• get an energy threshold of a few hundreds of GeV
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The basic concepts
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…extending the dynamical range up to PeV

❖ ANALOG READOUT → PeV 
(3672 1.40 × 1.25 m2 “big pads”)
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Lateral Distribution Function 
 With the analog data we can study the LDF without saturation  
near the core. Well fitted by  modified NKG function 
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• Extend the covered energy range • Access the LDF down to the shower core • Sensitivity to primary mass• Info/checks on Hadronic Interactions
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The ARGO-YBJ layout
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Experimental Hall & Detector Layout

Vulcano Workshop 2010 G. Di Sciascio 4

Single layer of Resistive Plate Chambers (RPCs) 
with a full coverage (92% active surface) of a large area (5600 m2)

+ sampling guard ring (6700 m2 in total)

time resolution ~1-2 ns (pad)
space resolution = strip

10 Pads 
(56 x 62 cm2)
for each RPC

8 Strips 
(6.5 x 62 cm2) 

for each Pad1 CLUSTER = 12 RPCs

78 m
111 m

99
 m

74
 m

(5.7 7.6 m2)

Gas Mixture: Ar/ Iso/TFE = 15/10/75

HV = 7200 V

Central Carpet:
130 Clusters
1560 RPCs

124800 Strips
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The birth of an idea
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THE FIRST

INTERNATIONAL SYMPOSTUM

ON COSIdIC RAY PHYSICS

IN TIBE"T
August  I2- I7 ,  1994 LHASA, CHINA

requiring any information about shower features. The conicity parameter CI is deter-

mined by data itself as well as the time offset and the direction cosines. The angular
spread in the reconstructed arrival direction is shown in Fig. 8 for 500 GeV showers,
/fo > 20, and I crn thick lead converter. The opening angle ú(70%) including 70%
of events is about 0.600. In the energy range we have explored (300 + 700 GeV)
the angular resolution depends essentially on the number of hits as shown in Fig. g

where the opening angle tl:$O%) is plotted as a function of the number No of fired
pads. The horizontal bars indicate the bin size. Results not significantly diferent
are obtained with 0.5 crn of lead. For comparison, the dependence of $(70%) "o I{o
in the case of no shielding is also reported. Thus, the use of the converter allows
one to improve the angular resolution of a factor two at least. On the contrary,
present results show that no substantial gain is obtained at the triggering level. A
systematic study will be carried out by considering also the use of an iron converter.

Conclusions

Preliminary calculations indicate that an RPC's carpet operating at high alt i tude
could achieve excellent performances in detecting air showers initiated by photons of
energy > 300GeV. At this energy the minimum detectable integral f lux at 4a levelin
1 yr of  data taking is expected to be about 6.10-t t .  (v{193).à *"-2s-r ,  comparable
to fluxes expected from extragalactic sources. Ilere I it a rejection factor resulting
from the capabil i ty of discriminating photon/hadron induced showers (Q - ;ft,
N^,, Nn - fraction of 7, À, showers, respectively, retained after the selection). Since
at these energies the muon content can not be exploit (as envisaged in the originai
ARGO proposal) to select electromagnetic cascades against the hadron induced ones,
this capability is essentiully related to differences in the space-time pattern. Work is
in progress to identify peculiar features allowing one to distinguish 7-showers from
background showers initiated by cosmic ray hadrons.
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improve the charged particle time profi.le, the effect being due to the removal of low

energy part icles which exhibit  large t ime f luctuations respect to the shower front.

The efiect of a lead converter 1 cm thick on 500 GeV showers has been evaluated

processing the shower part icles by means of the EGS4 code [6].  In Fig. 4 the size

distr ibution of electrons inside a circle of 50 m radius with (a) and without (b) the

converter are compared. The average size is increased of a factor 1.9 . Likewise, the

integral time distributions of electrons at distances 20 + 30 rn from the shower core

are compared in Fig. 5. The spread in arrival time delay is clearly reduced.

E*p er imenta l  set -uP

An RPC's carpet of 120 x 120 m2 has been considered with a g5% active area.

Mr,reover a 95% eff iciency has been take into account. Each RPC (1 x 2 mz) is

equipped with a read-out system of 3 cm wide, 50 cm long str ips. Signals from

the str ips are OR-ed in order to get the t ime of the f irst part icle hit t ing each 50 x

50 crnz ,pud'. This time is smeared out with the detector response and assigned

to a conventional part icle hit t ing the center of the pad. The detector response is

described by fold. ing the 'shower t ime' to a gaussian with c _ 1 ns (the typical

RPC t ime resolut ion) and then adding the transit  t ime in the str ip (up to 2.5 ns

depending on the crossing point).  Accidental signa.ls are simulated by sampling hits

from a Poisson distr ibution with rn :  10, randomly distr ibuted on the whole area

in a t ime window of 500 ns. Pseudo-experimental t ime patterns obtained in this

way are compared to the t ime patterns of the shower electrons in Fig. 6. Signals

from 50 x 50 un2 pads are OR-ed again to define a ' logic pads' 1 x 1rn2 wide. The

information from these 'logic pads' can be easily managed for triggering PurPose.

Preliminary îesults concerning efficiency and angular resolution can be summarized

as follows:

r0
ra

s i r

lot

e a

( r

l o

of

ef

a

b '

P i

p i

n r

h

a

t l

f r

v

( j

o

l

nI

286

Detect ion of  smal l  s ize air  sho$'ers at  high al t i tude: the expected

per formances o f  an RPC's  carpet

B.  DtEt tor re  P iazzo l i (1) ,  G.  D i  Se iase io"  ,  E .  Pornp" i (z ) ,  A .  Surdo(3)

(l) Dipartimento di Scienze Fisiche dell'Untuersrúà dt !{opoli and

Istituto Nazionale di Fisica Nucleart,, sez. di Napoli, Itoly

(2) Dipartimento di Fisica dell'Uniaersità di Roma II "Tor l'ergato", Italy

(3) Dipartimento di Fr,sica dell'Uniuersità, di Lecce ond

Istituto Nazionale di Fisica )'lucleare, sez. di Lecce, Italy

Abstract

The detection of small size air showers initiated by photons of a few hun-

dreds GeV is of great importance for extragalactic gamma-ray astronomy.

The performan.ces - triggering efficiency and pointing accuracy - of a full cov-

erage RPC's carpet (as proposed for the ARGO detector) operating at high

altitude have been calculated.

fn t roduc t ion

The ARGO detector  was proposed 11]  to  operate wi th h igh sensi t iv i ty  in  the

energy range 5+100TeV, a region marginal ly  accesib le to  the t radi t ional  techniques

(Cerenkov te lescope and E.A.S.  arrays) .  The design of  the detector  is  very s imple:

i t  consists of a layer (^, 95% of act ive area) of Resist ive Plate Counters covering

a ^./  i0 2 area and providing a detai led space-t ime picture of the shower front

with f ine granulari ty and < 1.5 ns t ime resolut ion (the performances of the RPC's

are presented in an accompanying paper at this Symposium). The site original ly

proposed to locate ARGO was in I taly at an alt i tude of 1200 m above sea level. This

location was chosen as that one realizing a good compromise among the scientific,

technical and economical requirements. This choice determines an energy threshold
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The main stages
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• ARGO proposal (1996)

• Approval of a successfull test in Tibet (ARGO-TEST, 1997-1998) 

• Approval of the ARGO-YBJ experiment (1999)

• Inauguration of the ARGO-YBJ laboratory (June 2001)

• Central carpet in data taking (2006)

• Full layout in stable data taking (2007)

• End/Stop data taking: January 2013
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Status and 
performance
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• In observation since July 2006 (commissioning phase)

• Stable data taking since November 2007

• End/Stop data taking: January 2013

• Average duty cycle ~87%

• Trigger rate ~3.5 kHz @ 20 pad threshold 

• N. recorded events: ≈ 5·1011 from 100 GeV to PeV

• 100 TB/year data

Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects)

Energy calibration!
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The Moon shadow 
analysis
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Angular resolution!

Energy calibration!

★A  tool to evaluate the detector performance 

• Pointing accuracy
• Angular resolution                
• Absolute energy calibration

The$energy$scale$uncertainty$is$estimated$to$be$smaller$
than$13%$in$the$energy$range$1$–$30$(TeV/Z).?PRD 84 (2011) 022003 

PRD 85 (2012)  022002  
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Cosmic Rays and γ-Ray Astronomy connection
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★Hadro-production (CR sources)
     p + p/γ ⇒ n  (π+ + π- + π0 ) + h

ν    Neutrino Astronomy

γ   Gamma-Ray Astronomy

CRs, photons and neutrinos strongly correlated 

ONLY charged CRs observed at E > 1014 eV so far !
Recent observations of PeV neutrinos by Icecube

★Electro-production (Inverse Compton)
     e + γ ⇒ e’ + γ’  

SSC model: photons radiated by high energy  (1015 eV)  
electrons boosted by the same electrons 

Gammas (and neutrinos) point back to their sources (SNR, PWN, BS, AGN ..)
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Gamma-Ray Astronomy 
with ARGO-YBJ
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• Energy threshold: few hundreds of GeV 
→ Overlaps with Cherenkov detectors

• Large duty cycle: 86%

• Large field of view: ~2 sr

• Declination band from -10° to 70°

• Integrated sensitivity in 5 y at ~1 TeV: 
0.25 Crab for dec 15° - 45°                   
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Fig. 6.— Sensitivity curve of the ARGO-YBJ detector estimated using its observation results

on the Crab Nebula. The integrated sensitivity curve is obtained using 5 years of ARGO-

YBJ data. The one-year sensitivity curve is scaled from the this result. The duty cycle of

the ARGO-YBJ detector has been taken into account.
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Fig. 1.— ARGO-YBJ effective areas for γ-rays as a function of the energy for the three

zenith angles θ = 10◦, θ = 30◦ and θ = 50◦. The solid lines are obtained with all the

triggered events (Npad ≥ 20), while the dotted lines with the selected events as listed in

Table 1.
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ARGO-YBJ Sky Survey at 1 TeV
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Sky Survey at ~ 1 TeV                                  

CRAB  
Nebula Mrk421 Mrk501 Cygnus region 

MGRO J1908+063 HESS J1841-055  

• Integrated sensitivity in 5 y at ~1 TeV: 0.25 Crab for dec 15° - 45°  
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ARGO-YBJ 5-years Survey of Inner Galactic Plane
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E50 ≈ 0.7 TeV

E50 ≈ 1.8 TeV

20◦ < l < 90◦, |b| < 10◦

MGRO J2031+41

HESS J1912+101

MGRO J1908+06

HESS J1841-055
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Detected Sources
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– 16 –

Table 1. Event Selections and Number of Events

Npad range R TS σres Median energy Number of Events Surviving Fraction

(m) (ns2) (deg) (TeV) (×109) (%)

[20, 40] No cut <80 1.66 0.36 128 73.0

[40, 60] No cut <80 1.34 0.56 102 74.2

[60, 100] <90 <80 0.94 0.89 39.3 53.4

[100, 130] <70 <80 0.71 1.1 8.87 45.1

[130, 200] <65 <80 0.58 1.4 8.62 43.9

[200, 500] <60 <80 0.42 2.8 8.06 45.9

[500, 1000] <50 <80 0.31 4.5 2.19 48.8

[1000, 2000] <40 <80 0.22 8.9 0.806 45.5

[> 2000] <30 <80 0.17 18 0.317 34.7

Table 2. Location of the excess regions

ARGO-YBJ Name Ra Dec l 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 25.87 -0.36 6.0 HESS J1841−055

ARGO J1907+0627 286.95 6.45 40.53 -0.68 5.3 HESS J1908+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 J1912+101

ARGO J2021+4038 305.25 40.65 78.34 2.28 4.3 VER J2019+407

ARGO J2031+4157 307.95 41.95 80.58 1.38 6.1 MGRO J2031+41

TeV J2032+4130

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

ARGO-YBJ sky survey
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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upper limits and the expected flux for 663 AGNs within
ARGO-YBJ FOV. More details about the expected flux can
be found in text. Both fluxes are the differential flux at 1
TeV. The two red square points indicate Mrk 421 and Mrk
501.

by the EBL. By applying the model proposed in [20], the
effect of an EBL absorption on the upper limits is summa-
rized in Fig.6. The absorption factors are about 1.5∼2.2 for
sources with a redshift of z=0.03. It increases by a factor of
10 for sources at a distance z=0.3. The absorption is larg-
er for sources with harder spectrum, while it is slight for
sources with softer spectrum. The redshift has been mea-
sured for 68 AGNs out of 135. Taking into account the E-
BL absorption, for 10 sources out of 68, the limits sen in
this work constrain the intrinsic spectra to have steeper s-
lopes.

4 Summary
In this paper the most sensitive survey of the Northern
sky in the declination band -10◦ − 70◦ by using 5-years
ARGO-YBJ data has been presented. With a cumulative
sensitivity of 24%−1 Crab flux, depending on the declina-
tion, six sources have been observed with a statistical sig-
nificance greater than 5 S.D.. These sources are associat-
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Fig. 6: Effect of EBL absorption on the flux upper limits
for sources with spectrum of E−2.6. The vertical axis shows
the absorption factor for a source at a given redshift with
respect to a source at a redshift zero.

ed to well known TeV γ-ray emitters. Evidence for possi-
ble TeV emission from 5 hot-spots is also reported. Three
sources out of 5 cannot be associated to known sources
and are potential new TeV emitter. Of particular interest
the possible source ARGO J1910+0720, positionally co-
incident with a high mass x-ray binary. Observations of
these hot-spots by IACTs are suggested. The 95% C.L. up-
per limits to the γ-ray flux from all directions are also set.
The integral flux limits above 0.5 TeV vary from 0.09 to
0.44 Crab unit for Crab-like source depending on the dec-
lination. The limits set by ARGO-YBJ in this work are the
lowest so far available. Specific upper limits for GeV γ-ray
AGN are also presented.
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Why gamma-ray extended sources ?

19

• TeV gamma-ray extended sources an important tool to investigate the sources of 
cosmic rays.

• The observed degree-scale extended emission could be produced by high-energy 
cosmic rays escaping from the source and diffusing in the interstellar medium. 
The gamma-ray emission should result from the interaction of these cosmic rays 
with the ISM particles.

• 80% of TeV galactic gamma ray sources are extended.

• Many of them are still unidentified.

• To study degree-scale sources we need instruments with a large field of view and 
able to correctly evaluate the cosmic ray background over a large solid angle

• Sensitivity to an extended source is relatively better for an EAS than an IACT 
because angular resolution is not as important

detector

source
pointextended σ

σSS ≈
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The Cygnus Region

20

Very important region populated by 
many unidentified strong sources

• The brightest diffuse γ-rays source in the northern hemisphere

• 9 supernova remnants

• >20 Wolf-Rayet starts

• 6 OB associations

• shocked gas

Natural site for cosmic-ray acceleration

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

★ Milagro detected 2 sources at 20 TeV  
✓ MGRO J2019+37 (12.4 σ) 
✓ MGRO J2031+41 (7.6 σ)

Both consistent with  Fermi source locations   

CYGNUS X star forming region 

Fermi Cocoon 
Ackermann et al., 
Science 334, 2011 
 

Fermi data 

(1-100 GeV) 

A cocoon of freshly 
accelerated cosmic 
rays ? 
 

★ Fermi data (1-100 GeV): 
A cocoon of freshly accelerated CRs ?
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The Cygnus Region 
by ARGO-YBJ

21

ApJL 745 (2012) L22 

NO signal from the MGRO J2019+37 below 10 TeV 
✓ Insufficient exposure above 5 TeV ?
✓ Variability ?

MGRO 
J2031+41!

MGRO 
J2019+37!

ARGO-YBJ

Milagro

Fermi

Fermi Cocoon
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Observation of extended 
sources with ARGO-YBJ

22

MGRO J2031+41!

ApJL 745 (2012) L22 

MGRO 
J1908+06!

ApJ 760 (2012) 110 

HESS J1841-055!

ApJ 767 (2013) 99 
FERMI Cocoon spectrum

Fermi

ARGO-YBJ

Milagro

Measured extensions consistent with IACTs
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Comments on 
extended sources

23

Possible systematics in ARGO-YBJ

• CR background evaluation: checked with the distribution of the excesses (Gauss with s=1)
• Pointing accuracy (at 0.1∘ level checked with the Moon Shadow)

• Error in energy scale < 13%
• Contribution from the diffuse emission of the Galactic plane < 15%

Overall systematics on the flux < 30%

★The discrepancy could origin from the different techniques used in the 
background estimation for extended sources.

★Maybe the extended excess is due to the contribution of different sources

ARGO-YBJ Coll., ApJ 767 (2013) 99 

Zoom of the HESS J1841-055 region 

ARGO position : 
displaced by 0.4° 
from the center of 
HESS J1841-055  
 
Extension: 
0.40           deg 
 
Maybe the excess 
is due to the 
contribution of  
different sources 
 

+ 0.32 
 - 0.22 

 

HESS J1841-055

• CRAB
• MGRO J2031+41 
• MGRO J1908+06 
• HESS J1841-055

point source 
extended 
extended
extended

flux agrees with IACTs
flux ~ 10 X IACTs
flux ~ 4 X IACTs
flux ~ 3 X IACTs

Systematic disagreement for extended sources ! 
ARGO-YBJ (and MILAGRO) measure higher fluxes
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The flaring sky: AGN 
variability

24

• AGNs are characterized by a strong flaring activity 
both in X-rays and in TeV γ–rays.

• Lack of continuous long-term  monitoring at VHE. 

RXTE!
2 – 12 keV !

ARGO-YBJ!

>1TeV!

200920001992
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Mrk421 long-term monitoring

25

RXTE/ASM)))2+12)keV0
Swift/BAT)))15+50)keV)0
ARGO+YBJ)))))TeV))0

•ARGO-‐‑YBJ  cumulative  light  curve  (>TeV)  compared  with  Swift  and  Rossi/RXTE  data.  

•Good  correlation  between  TeV/X-‐‑ray  data.

•No  other  continuous  observation  at  TeV  energies

ARGO-YBJ coll., ApJ 734 (2011) 110!
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Mrk421 long-term monitoring
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Swift/BAT)))15+50)keV)0
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Mrk 421 SED: electromagnetic scenario

26

Feb. 16, 2010! Apr. 28, 2010!

★ Both X-ray and TeV spectra are observed to harden as the flux increases

★ Observations are compatible with a SSC model with flares being due to 
hardening of the electron injection spectrum
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Mrk 501

27

A strong X-ray flare in 1997 followed by a long “quiet” period
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Mrk 501

27

A strong X-ray flare in 1997 followed by a long “quiet” period

★New strong X-ray flare took place 14 years later: 
Oct 2011

★Flare associated to a strong TeV emission 
detected by ARGO-YBJ
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Mrk 501 Spectral Energy Distribution

28

★ During the flare flux > 1 TeV a factor 6.6 above the steady emission

★ For steady state, the SSC model is favored

★ During flare, the spectrum is hardened. Simple SSC model is not favored

Oct. 2011 flare!
6 σ�

ApJ 758 (2012) 2 
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Questions to the knee energy range

29

Overlap direct – indirect 
measurements ? 

Still missing 

Composition at the knee ? Still open 

Hadronic interaction models ? Still uncertain 

End of galactic spectrum ? 
Transition galactic – xgalactic ? 

Open 

Anisotropy ? Totally open 

Rigidity – dependent knee ? Probably established 
A. Haungs, 2011!

Cosmic Ray Sources ? Still open 
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Approaching the knee

30

How well do we know the structure of the primary 
spectrum around the knee (1014 – 1016 eV) ?

The standard model:

• Knee attributed to light (proton) component 

• Rigidity-dependent structure (Peters cycle): cut-offs at 
energies proportional to the nuclear charge                    
EZ = Z · 4.5 PeV

• 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 heavier.

Z = 1

Z = 2

Z = 3

FLUX

ENERGY

Emax ~ Z·1015 eV

Emax(iron) = 26 · Emax(proton)

But with increasing altitude the proton component no more dominant at knee
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Increasing the 
altitude

31

BASJE-MAS (5200 m asl):    MgSi - Fe

Tibet ASγ (4300 m asl):   MgSi - Fe

EAS-TOP (200 m asl):   He - CNO

KASCADE (sea level):    p - He

• Knee attributed to light component since shower 
detected at sea level are mainly due to protons !?

Same efficiency to all masses in 
the knee region at 4000 m asl:

p and Fe produce showers with similar size

altitude
mass
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Cross-calibration

32

“The calibration of the ground arrays by an overlap with direct measurements is a 
crucial goal to pursue, not only to understand the origin of the knee but also to 
describe correctly the transition from galactic to extragalactic cosmic rays. 
The two problems are tightly related to each other”.
 
ICRC 2007 Rapporteur Talk

...but also to reconcile 
different measurements

Proton'(Hydrogen)'Spectrum'

So
la
r'm

od
ul
aG

on
'

p+He'

proton spectrum

direct meas

ground-bsed
proton: the key component
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The light-component spectrum (2.5 - 300 TeV)

33
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410

510

PAMELA (Light)
MACRO+EAS-TOP
CREAM (Light)
ARGO-YBJ (2012)
ARGO-YBJ (2013)

ballons/satellites

ground-based exp

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

PRD 85, 092005 (2012)
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ARGO-YBJ and AMS-02

34
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AMS-02 (p+He)

extrapolation
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The RPC analog read-out

35

Readout of the charge signal on 1.39 × 1.23 m2 “big pads” (two / RPC)

Different gain scales used to cover
a wide range in particle density:

ρmax−strip  ≈ 20 particles/m2

ρmax−analog ≈ 10
4
particles/m

2

Intrinsic limit at about one particle per cm2, 
due to space charge effects of the streamer 

discharge: the so called dead zone.

Air Shower Detection at High Altitude - 2013 I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 27 

Multicore events with analog data 
Preliminary results show the feasibility of these studies. 

Hadronic physics, pt distributions,.. 

Analysis under way

Shower maximum distribution 

ARGO Meeting, Lecce   17-19, April 2013 S. Mastroianni 

MC:  
•  CORSIKA QGSJETII 
6.7.20 
•  ARGOG 3.0.7 (npart up 
to 700k) 
•  primary: P-He-CNO-Fe /
HORANDEL 
•  Pad mask   

Trigger selection:  
•  Core in 54 Cl 
•  Theta ≤ 15° 
•  10 ≤ PMax ≤ 50000  

DATA:  
•  fs. 2.1 V 
•  f.s. 16 V 

Good agreement 

Shower maximum distribution
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WFCTA + ARGO-YBJ

36

Hybrid measurement of the light-component (p+He) 
CR spectrum  in the energy region (0.1 - 1) PeV

Extension to 100 TeV -1 PeV @ light spectrum

Un-biased measurement

✦ ARGO-YBJ: lateral distribution         
size in the core region ⇒ mass sensitive

✦ Cherenkov Telescope:                   
Hillas parameters  ⇒ mass sensitive 
Energy ricontruction

Wide Field of View 
Cherenkov Telescope  

 
!  5 m2 spherical mirror�
!  16 × 16 PMT array  
!  Pixel size 1° 
!  FOV: 14°× 16° 
!  Elevation angle: 60° 

martedì 17 settembre 13



G. Di Sciascio, Meeting INFN/IHEP, LNGS Italy, Sept. 16-17, 2013 37

• Contamination of heavier component < 5 %
• Energy resolution: ~25%
• Uncertainty : ~25% on flux
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Figure 5: The solid color lines are the primary energy distribution of the five primary particle groups before light compo-
nent selection. The two dashed color lines are the light component (blue dashed) and the heavy component (red dashed)
respectively after light component selection. The pre-injected primary energy spectrum (black solid line) is also shown
in the figure. After comparing to the pre-injected primary energy spectrum, they are almost full trigger efficiency for five
primary particle groups above 100 TeV before light component selection. And the contamination of heavy component is
changed small over energy after light component selection.
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Figure 6: Two mass sensitive parameters from the ARGO-YBJ and the WFCTA-02 are intuitively showed in a two
dimensional graph. The E’ is the reconstruction energy from the Cherenkov telescope. Pleas sea text for details.
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Figure 6: Two mass sensitive parameters from the ARGO-YBJ (pL) and the WFCTA-02 (pC) are shown in a two dimen-
sional graph. See text for details.
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and the aperture after composition selection is shown in red dots.

11

cosmic ray components, as shown in Fig.6 in which all simulated events are plotted as scattered234

points on a map of the two parameters. As mentioned above, primary particles are divided into235

five groups: protons, helium, CNO group, MgAlSi group and iron with the ratio of 1:1:1:1:1 in236

the simulation. At first, no strong correlation between the two parameters is observed, indicating237

that the parameters are quite independent. Second, a rather significant separation among the238

composition groups is clearly observed, although the di↵erent groups overlap each other. Third,239

the lighter components, e.g. protons and helium, are in the upper-right-most region while the240

iron showers are mainly concentrated in the lower-left corner. Finally, it is rather significant241

that the fluctuation in showers initiated by heavier nuclei is much less than in those initiated242

by lighter ones. This o↵ers a great opportunity to pick out a light composition sample with243

high purity by simply cutting o↵ the concentrated heavy cluster in the lower-left region in the244

map, i.e. getting rid of the heavy cluster by excluding the region pL  �0.91 and pC  1.3.245

The nonlinearity of the RPC charge measurement is less than ±3% as the multiplicity of an246

RPC is greater than 50 [20]. A good linear measurement of RPCmax when RPCmax is greater247

than 100 is also applied in the light composition sample selection process. After the above248

cuto↵s are applied, the contamination of the heavy component (CNO group, MgAlSi group and249

iron) is less than 5.1% in total. About 34.6% of protons and helium nuclei are picked out from250

proton and helium samples. More details about the selection are shown in Table.1. The ratio of251

protons to helium changes from 1 to 2.68 after the selection. Clearly, this indicates the selecting252

e�ciency for proton is higher than for helium. Therefore, the selection e�ciencies listed in253

Table.1 are composition assumption dependent. For instance, using the CREAM measurement254

results (100 TeV) [2] as a simple extrapolation, Horandel composition model [1] or even the255

heavy dominant model and the proton dominant model [24], a systematic e↵ect not greater than256

14.3% is found. However, the contamination by heavier nuclei is quite stable, from 5.1% to257

2.3% as the composition assumption changes from one extreme to the other.The SIBYLL model258

has a selecting e�ciency about 2.3% higher than the QGSJET model. Even for the low-energy259

hadronic interaction models, the di↵erence between the GHEISHA and the FLUKA is about260

3.5% in their selecting e�ciency.261

The energy distribution of the light component after composition selection and the energy re-262

construction is shown in Fig.5. The aperture of the light component before composition selection263

and the aperture after composition selection are shown in Fig.7. No extra bias is introduced in264

the spectrum measurement due to the composition selection and energy reconstruction when the265

primary energy more than 100 TeV. The spectral index remains as it was before the selection and266

reconstruction. The simulation is applied only for overall e�ciency correction, in other words,267

only on the normalization of the spectrum.268

Table 1: The composition model of P:H:CNO:MgAlSi:Iron=1:1:1:1:1 is applied. The results of before and after the light
component selection are shown in the table.

Proton Helium CNO MgAlSi Iron SUM

The initial fractions 20% 20% 20% 20% 20% 100%

The fractions after composi-
tion selection

69.1% 25.8% 3.8% 1.1% 0.2% 100%

The selection e�ciency 51.0% 19.1% 2.7% 0.8% 0.1%

10
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• Contamination of heavier component < 5 %
• Energy resolution: ~25%
• Uncertainty : ~25% on flux
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cosmic ray components, as shown in Fig.6 in which all simulated events are plotted as scattered234

points on a map of the two parameters. As mentioned above, primary particles are divided into235

five groups: protons, helium, CNO group, MgAlSi group and iron with the ratio of 1:1:1:1:1 in236

the simulation. At first, no strong correlation between the two parameters is observed, indicating237

that the parameters are quite independent. Second, a rather significant separation among the238

composition groups is clearly observed, although the di↵erent groups overlap each other. Third,239

the lighter components, e.g. protons and helium, are in the upper-right-most region while the240

iron showers are mainly concentrated in the lower-left corner. Finally, it is rather significant241

that the fluctuation in showers initiated by heavier nuclei is much less than in those initiated242

by lighter ones. This o↵ers a great opportunity to pick out a light composition sample with243

high purity by simply cutting o↵ the concentrated heavy cluster in the lower-left region in the244

map, i.e. getting rid of the heavy cluster by excluding the region pL  �0.91 and pC  1.3.245

The nonlinearity of the RPC charge measurement is less than ±3% as the multiplicity of an246

RPC is greater than 50 [20]. A good linear measurement of RPCmax when RPCmax is greater247

than 100 is also applied in the light composition sample selection process. After the above248

cuto↵s are applied, the contamination of the heavy component (CNO group, MgAlSi group and249

iron) is less than 5.1% in total. About 34.6% of protons and helium nuclei are picked out from250

proton and helium samples. More details about the selection are shown in Table.1. The ratio of251

protons to helium changes from 1 to 2.68 after the selection. Clearly, this indicates the selecting252

e�ciency for proton is higher than for helium. Therefore, the selection e�ciencies listed in253

Table.1 are composition assumption dependent. For instance, using the CREAM measurement254

results (100 TeV) [2] as a simple extrapolation, Horandel composition model [1] or even the255

heavy dominant model and the proton dominant model [24], a systematic e↵ect not greater than256

14.3% is found. However, the contamination by heavier nuclei is quite stable, from 5.1% to257

2.3% as the composition assumption changes from one extreme to the other.The SIBYLL model258

has a selecting e�ciency about 2.3% higher than the QGSJET model. Even for the low-energy259

hadronic interaction models, the di↵erence between the GHEISHA and the FLUKA is about260

3.5% in their selecting e�ciency.261

The energy distribution of the light component after composition selection and the energy re-262

construction is shown in Fig.5. The aperture of the light component before composition selection263

and the aperture after composition selection are shown in Fig.7. No extra bias is introduced in264

the spectrum measurement due to the composition selection and energy reconstruction when the265

primary energy more than 100 TeV. The spectral index remains as it was before the selection and266

reconstruction. The simulation is applied only for overall e�ciency correction, in other words,267

only on the normalization of the spectrum.268

Table 1: The composition model of P:H:CNO:MgAlSi:Iron=1:1:1:1:1 is applied. The results of before and after the light
component selection are shown in the table.

Proton Helium CNO MgAlSi Iron SUM

The initial fractions 20% 20% 20% 20% 20% 100%

The fractions after composi-
tion selection

69.1% 25.8% 3.8% 1.1% 0.2% 100%

The selection e�ciency 51.0% 19.1% 2.7% 0.8% 0.1%

10
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The light-component spectrum (100 - 800) TeV 
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PRELIMINARY !ARGO+WFCTA (p+He)

• Spectral	  index: γ =	  -‐2.69	  ±	  0.06	  	  (ARGO:	  -‐2.61±	  0.02)
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HE-CR: ICRC2013 Spectra
Many thanks to the groups for providing the (prelim.) data points!

ICRC2
013

ICRC2
013

ICRC2
013

(light
)

(light)

2013 prelim.

2013 prelim.

2013 prelim.

(Heavy)

9

ARGO-YBJ
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ARGO-YBJ vs Tibet ASγ
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HE-CR: ICRC2013 Spectra
Many thanks to the groups for providing the (prelim.) data points!

ICRC2
013(ligh

t)

(light)

2013 prelim.
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2013 prelim.

(Heavy)

9

1013 eV 1014 eV 1015 eV

Tibet ASγ 
(p+He) ICRC 2013

ARGO-YBJ
digital read-out

ARGO-YBJ + 
WFCTA 

preliminary
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HE-CR: ICRC2013 Spectra
Many thanks to the groups for providing the (prelim.) data points!

ICRC2
013(ligh

t)

(light)

2013 prelim.

2013 prelim.

2013 prelim.

(Heavy)

9

1013 eV 1014 eV 1015 eV

Tibet ASγ 
(p+He) ICRC 2013

ARGO-YBJ
digital read-out

ARGO-YBJ + 
WFCTA 

preliminary

Paolo Desiati

cosmic ray anisotropy large scale
IceCube

arrival times

relative intensity equatorial coordinates

20 TeV

400 TeV

360˚

-90˚

0˚

-90˚

0˚360˚

IC59 Abbasi et al., ApJ, 746, 33, 2012

20 TeV 400 TeV

IceCube-59

IceCube-59

X

IC22 Abbasi et al., ApJ, 718, L194, 2010

mixed
composition

deficit
6.3 σpost

NOTE: anisotropy is not a dipole
topology changes at high energy

20

Wednesday, January 30, 2013
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ARGO-YBJ vs Tibet ASγ
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HE-CR: ICRC2013 Spectra
Many thanks to the groups for providing the (prelim.) data points!

ICRC2
013(ligh

t)

(light)

2013 prelim.

2013 prelim.

2013 prelim.

(Heavy)

9

1013 eV 1014 eV 1015 eV

Tibet ASγ 
(p+He) ICRC 2013

ARGO-YBJ
digital read-out

ARGO-YBJ + 
WFCTA 

preliminary

Analysis with the analog read-out + Bayesian unfolding (10 TeV - few PeV) under way

Analog read-out

martedì 17 settembre 13



G. Di Sciascio, Meeting INFN/IHEP, LNGS Italy, Sept. 16-17, 2013

The knee region

41  

T. Stanev Ricap 2013
  

It is easy to re-implement the idea thinking of the 1961

paper of Bernard Peters stating that both cosmic ray

acceleration and propagation in the Galaxy have to be

discussed in terms of rigidity (R = p/Z). If a proton can

be accelerated up to energy E_max then a nucleus of

charge Z could achieve Z times higher energy. 

We did use the Peters cycle trying to fit the shifted 

air shower spectra. There was no restriction on the 

number of populations of cosmic rays (presumably due

to different types of sources) in the fit. The fitting 

procedure came up with four population where the fourth

one describes the extragalactic cosmic rays. It is highly

uncertain because the differences in the UHECR

composition derived by HiRes (and TA) and Auger.

T. K. Gaisser, T. Stanev, and S. Tilav, Front. Phys. 7

with the “iron knee” reported by KASCADE-Grande
in their electron rich sample [45] and also noted by
GAMMA [37]. A tendency for increasing mass above the
knee has been noted for a long time (for example by
CASA-MIA [46]), which seems now to be confirmed with
higher resolution.

Another noteworthy feature is the possibility illus-
trated in this fit of explaining the ankle as a Peters cy-
cle containing only protons and iron. This possibility is
also suggested in Ref. [32] as an example of their “disap-
pointing” model [47] of the end of the cosmic-ray spec-
trum. Such a picture is disappointing because the end of
the spectrum would correspond to the highest energy to
which cosmic-ray acceleration is possible, rather than to
the Greisen–Zatsepin–Kuz’min effect in which higher en-
ergy particles lose energy in interactions with the cosmic
microwave background [48, 49].

4.3 Comments on fitting with several populations

In both fits above we refer to three populations of par-
ticles, with spectral indices for each nuclear component
and a single characteristic maximum rigidity for each
population. The latter assumption has the effect of mak-
ing the composition become heavier as each population
approaches its maximum, as illustrated in the left panel
of Fig. 5. Another important point is that the higher en-
ergy populations can contribute significantly to the flux
in the region dominated by the lower population. The
right panel of Fig. 4 shows the overlap of the three pop-
ulations of the global fit of Table 3.

The hardening of the spectrum observed by PAMELA
and CREAM around 200 GV is suggestive of the onset of

a new population [50]. In this interpretation, the Popula-
tion 1 of our global fit would be a higher energy popula-
tion which becomes dominant above 200 GV, but which
still contributes significantly at lower energies. Other ex-
planations have been suggested. For example, Ref. [51]
suggests that the hardening reflects the concave spec-
trum characteristic of non-linear diffusive shock acceler-
ation. In Ref. [52] it is suggested that a dispersion in the
injection spectra of different SNR is responsible for the
hardening of the spectrum. Ref. [53] shows how the hard-
ening of the spectrum could be attributed to a change
in the type of turbulence responsible for diffusion of the
cosmic rays.

A general feature illustrated by the various parameter-
izations discussed here is that a Peters cycle of cutoffs of
elemental components with rather hard spectra before
the cutoff can produce regions of the all-particle spec-
trum that can be described approximately by steeper
power laws. The differential spectral index between 100
GeV and one PeV is close to 2.6 while the index above
the second knee, between 2 × 1018 and 5 × 1019 eV is
approximately 3.35. The individual spectra in the global
fit of Table 3, for example, have differential indices below
their cutoffs ranging from 2.2 to 2.4 (except for hydrogen
and helium below 200 GV).

In the case of the ankle structure, there is one model
in which the absolute energy of the feature is fixed by
the physical assumptions of the model. That is the orig-
inal work of Berezinsky et al. [27], which explains the
dip in the plot of E3dN/dE as a consequence of physical
process of pair production by protons during propaga-
tion through the cosmic microwave background radiation
(CMB), which fixes the energy scale. In this “dip” model,

Primary energy, E/GeV
103 104 105 106 107 108 109 1010 1011

1

10

102

103

104

Pamela proton
Pamela He
CreamII proton
CreamII He
CreamII C
CreamII O
CreamII Mg
CreamII Si
CreamII Fe

Proton_total
He_total
C_total
O_total
Fe_total
Z=53 group
Z=80 group

E2
.6
ᱢ

dN
/d
E 

/(G
eV

1.
6 . m

2 . s
r
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1 )

Fig. 4 Overview of the spectrum from below the knee to the ankle with the fit of Table 3. Air shower data shifted as in
Figs. 2 and 3. Left : lines showing individual groups of nuclei from all populations compared to data from PAMELA [9] and
CREAM [7] at low energy. Right : shaded regions show the overlapping contributions of the three populations.

Measurement of heavy (Fe) component 
evolutoin approaching the knee crucial
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LDF and shower age
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5.4'2'

1
−−

""
#

$
%%
&

'
+⋅""

#

$
%%
&

'
⋅=)

s

M

s

M
NKG r

r
r
rAρ The LDF slope s’ is related to the shower 

age independently on the primary mass

The s’ parameter is correlated to the 
Xmax position, whatever the primary is.

With the analog data we can study the LDF without saturation 
near the core. Well fitted by modified NKG function.
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Shower age and 
primary mass

43

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

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

⇒ Possibility to get hints on (a) shower age and (b) primary mass

From event-wise LDF fits
PRELIMINARY !
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The total p-p cross section

44
I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 15 / 21 

 ARGO-YBJ data in the Review of Particle Properties 2012 

The total p-p cross section 

RICAP - 2013 

I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 14 / 21   

Measurement of p-air cross section 

� �1sec
)0()(

�
/

�
� 

T
T

oh

eII

Use the shower frequency vs (secT -1) 

The lenght / is connected to the p interaction 
lenght by the ralation  / = k Oint                       
where k is determined by simulations and 
depends on:  

� hadronic interactions 

� detector features and location (atm. depth) 

� actual set of experimental observables 

� analysis cuts 

� energy, ... 

Vp-Air (mb) = 2.4 104 / Oint(g/cm2)  

for fixed energy and shower age.  

• Constrain   XDM = Xdet – Xmax  

• Select deep showers (large Xmax, 
i.e. small XDM) to access exponential 
tail and reduce shower fluctuations                                     
o cut on Rs70 (strip concentration 
parameter) 

• Exploit detector features (space-
time pattern) and location (depth). Then: 

h0 

T�

ARGO-YBJ Coll., Phys. Rev D 80, 092004 (2009) 

RICAP - 2013 
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Questions to the knee energy range

45

Overlap direct – indirect 
measurements ? 

Still missing 

Composition at the knee ? Still open 

Hadronic interaction models ? Still uncertain 

End of galactic spectrum ? 
Transition galactic – xgalactic ? 

Open 

Anisotropy ? Totally open 

Rigidity – dependent knee ? Probably established 
A. Haungs, 2011!

Cosmic Ray Sources ? Still open 
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Cosmic Ray Isotropy

46

• CRs below 1017 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.

• At 1 TeV, B ~ 1 μG, Gyro-Radius ~ 200AU, 0.001pc    

Galactic CRs are expected to be highly isotropic 
scrambled by galactic magnetic field over very long time.
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Measuring the 
anisotropy

47

In 1998 Nagashima, Fujimoto, and Jacklyn reported the first 
comprehensive observation of a large angular scale anisotropy 
in the sub-TeV CRs arrival direction by combining data from 
different experiments in the northern and southern hemispheres.

• Tail-in feature directed  towards the heliospheric tail  
peak located at RA  ~ 6h (~90˚) . 

• Amplitude and phase change with latitude

• North-South asymmetry

• Tail-in modulated in time: max in Dec. and min in June

65° N 

36° N 

5° S 

43° S 

by Nagashima 1998!

On the observation of the Cosmic Ray Anisotropy below 1015 eV 17

Figure 6: The distribution of the tail-in and loss-cone (galactic) anisotropies on
the equatorial coordinate grid. The excess cone of the tail-in anisotropy, within
which all the directional excess flux is confined, is shown bounded by the thick line
including the south pole. A thinner line bounds the deficit cone of the galactic
anisotropy, in which all the directional flux is confined. PM shows the direction
of the proper motion of the solar system. RM shows the direction of the relative
motion of the system to the neutral gas. The galactic equator is represented by the
thin line labelled by b = 0◦.

The earliest “map” of the large scale anisotropy

★ anisotropy of arrival direction of CRs clearly observed since 80’s
★ 10’s GeV - 100’s TeV in μ detector, surface arrays and ν detectors
★ observed anisotropy of about 10-3 - 10-4
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Large scale anisotropy by ARGO-YBJ

48

Tail-in excess region! Loss-cone deficit region!

Cygnus region!

2 years data: 2008- 2009, E ≈ 1 TeV,     3.6 × 1010 events Final analysis under way 
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Anisotropy vs energy

49

First measurement with an EAS array in 
an energy region so far investigated 

only by underground muon detectors

 The tail-in broad structure appears to 
dissolve to smaller angular scale spots

0.9 TeV!

1.5 TeV!

2.4 TeV!

3.6 TeV!

7.2 TeV!

12.5 TeV!

23.6 TeV!

3・10-4 pc
70 AU 

8・10-3 pc
1900 AU 
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Amplitude and phase of the first harmonic

50

– 16 –

Fig. 3.— The Amplitude(A) and the phase(B) of first harmonics of the sidereal daily vari-

ation as a function of CR’s median energies(in the unit of: eV), compared with the results

from other experiments .

• ARGO-YBJ

ARGO-YBJ results in good 
agrrement with other 

experiments.

Analysis with the full 
statistics under way to 

extend the measurement up 
to the 100 TeV energy region
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What CR anisotropy tell us ?

51

The CR arrival distribution in sidereal time was never found to be purely dipolar, 

The use of 2 harmonics means that 
the spatial distribution of CR intensity 

has a rather complicated structure

No simple kinetic nature of the anisotropy 
(CG effect)

The CR plasma is supposed to co-move with the solar system and the origin of the 
observed anisotropy is probably related to “harder” effects, to be searched for in unknown 

features of the local ISM, either for the magnetic field and the closest CR sources.

The origin of the Large Scale 
Anisotropy is still unknown 

Piera L. Ghia CR anisotropies 37

Finally: the sidereal time distributionFinally: the sidereal time distribution

First harmonic @ 10.5 First harmonic @ 10.5 σσ level level

Second harmonic @ 3 Second harmonic @ 3 σσ level level

EASTOP experiment
INFN LNGS  

100 TeV - 10 years data
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x-check: Compton-Getting effect

52

★ Expected CR anisotropy due to Earth’s orbital motion around the Sun: when an observer (CR detector) 
moves through a gas which is isotropic in the rest frame (CR “gas”), he sees a current of particles from 
the direction opposite to that of its own motion

I = CR intensity 
γ = power-law index of CR spectrum (2.7)
v = detector velocity ≈ 30 km/s
θ = angle between detector motion and CR arrival direction

A detector on the Earth moving around the Sun scans various directions in space while the Earth spins.
Maximum at 6 hr solar time (when the detector is sensitive to a direction parallel to the Earth’s orbit)

A benchmark for the reliability of the detector and the analysis method. In fact, 
all the features (period, amplitude and phase) of the signal are predictable 

without uncertainty, due to the exquisitely kinetic nature of the effect.

The first clear observation of the SCG effect with an EAS array 
was reported by EAS-TOP (LNGS) in 1996 at about 1014 eV.

galactic cosmic ray anisotropy - Paolo Desiati

origin of large scale anisotropy : solar dipole

12

!"! !"!

#$!"!

#$!"!

‣ apparent energy-independent ~10-4 dipole 
anisotropy due to relative motion of Earth around 
the Sun

‣ motion of Earth around the Sun ~ 29 km/s

‣ reference system of cosmic rays is well known
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Compton-Getting effect by ARGO-YBJ
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PRELIMINARYSolare Time (UT)
2008 – 2009 data

Nhit  500 → ≈ 8 TeV

to avoid solar effects 
on low energy CRs

Evidence for an additional new 
anisotropy component at lower 

energy (solar effects ?) under study
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medium/small scale anisotropy
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medium / small scale 
anisotropy

6

Abdo A.A. et al., 2008, Phys. Rev. Lett., 101, 221101

2 hr = 30˚ 2 hr = 30˚

Milagro
2.2·1011 events
median CR energy ~ 1 TeV = 1012 eV
average angular resolution < 1o

2hr time window
10˚ smoothing

‣ filter all angular features > 30˚

‣ technique used in gamma ray searches

Particle acceleration in reconnection regions - Paolo Desiati

tail-in excess region!loss-cone region!

angular scale in cosmic ray
arrival direction

5 Particle acceleration in reconnection regions - Paolo Desiati

The observation of a possible small angular scale anisotropy region contained inside a larger one relies on 
the capability for suppressing the anisotropic structures at larger scales without, simultaneously, introducing 
effects of the analysis on smaller scales.

‣ filter all angular features > 30∘
‣ technique used in γ-ray searches

R. Iuppa and G. Di Sciascio, ApJ 766 (2013) 96 

Abdo et al., Phys.Rev.Lett.101 (2008) 221101 
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Medium Scale 
Anisotropy

55

How to focus on medium scale structures ?

Traditional background estimation methods:
• Time swapping/scrambling (3 hrs,)
• Direct integration (3 hrs)
(consistent each other within 0.3 s.d.)

First systematic study of the time average-based methods

An effective high-pass filter for structures narrower 
than 3 hrs × 15°/hrs = 45° in R.A. (35° safety-limit)

every feature larger than ΔT is brought to zero
(apart from the peak)

R. Iuppa and G. Di Sciascio, ApJ 766 (2013) 96 
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Medium/Small 
Scale Anisotropy

56

Data: November 8, 2007 - May 20, 2012
≈ 3.70×1011 events

Proton median energy ≈ 1 TeV

CRs excess ≈ 0.1 %  
with signifincance up to 15 s.d. 

4

pressure provides very good time resolution (1.8 ns) and
the high electrode resistivity limits the area interested by
the electrical discharge to few mm2. The apparatus has a
modular structure, the basic data-acquisition sector be-
ing a cluster (5.7×7.6 m2), made of 12 RPCs (2.85×1.23
m2 each). Each chamber is read by 80 external strips
of 6.75×61.8 cm2 (the spatial pixel), logically organized
in 10 independent pads of 55.6×61.8 cm2 which repre-
sent the time pixel of the detector [? ]. The read-out of
18360 pads and 146880 strips are the experimental out-
put of the detector. The RPCs are operated in streamer
mode by using a gas mixture (Ar 15%, Isobutane 10%,
TetraFluoroEthane 75%) for high altitude operation [?
]. The high voltage settled at 7.2 kV ensures an overall
efficiency of about 96% [? ]. The central carpet contains
130 clusters (hereafter ARGO-130) and the full detector
is composed of 153 clusters for a total active surface of
∼6700 m2. The total instrumented area is ∼11000 m2.
A simple, yet powerful, electronic logic has been imple-

mented to build an inclusive trigger. This logic is based
on a time correlation between the pad signals depending
on their relative distance. In this way, all the shower
events giving a number of fired pads Npad ≥ Ntrig in the
central carpet in a time window of 420 ns generate the
trigger. This trigger can work with high efficiency down
to Ntrig = 20, keeping the rate of random coincidences
negligible. The time calibrations of the pads is performed
according to the method reported in [? ? ].
abcd (almeno questo capoverso da correggere?) The

whole system, in smooth data taking since July 2006 with
ARGO-130, has been in stable data taking with the full
apparatus of 153 clusters since November 2007 with the
trigger condition Ntrig = 20 and a duty cycle ≥85%. The
trigger rate is ∼3.5 kHz with a dead time of 4%.
Once the coincidence of the secondary particles has

been recorded, the main parameters of the detected
shower are reconstructed following the procedure de-
scribed in [? ]. In short, the reconstruction is split into
the following steps. Firstly, the shower core position is
derived with the Maximum Likelihood method from the
lateral density distribution of the secondary particles. In
the second step, given the core position, the shower axis
is reconstructed by means of an iterative un-weighted
planar fit able to reject the time values belonging to non-
gaussian tails of the arrival time distribution. Finally,
a conical correction is applied to the surviving hits in
order to improve the angular resolution. Details on the
analysis procedure (e.g., reconstruction algorithms, data
selection, background evaluation, systematic errors) are
discussed in [? ? ? ].
The performance of the detector (angular resolution,

pointing accuracy, energy scale calibration) and the op-
eration stability are continuously monitored by observing
the Moon shadow, i.e., the deficit of CRs detected in its
direction [? ? ]. ARGO-YBJ observes the Moon shadow
with a sensitivity of ∼9 standard deviations (s.d.) per
month. The measured angular resolution is better than
0.5◦ for CR-induced showers with energy E > 5 TeV and

Strip-multiplicity number of E50
p [TeV]

interval events
25− 40 1.1409 × 1011 (38%) 0.66
40− 100 1.4317 × 1011 (48%) 1.4
100− 250 3.088 × 1010 (10%) 3.5
250− 630 8.86× 109 (3%) 7.3
more than 630 3.52× 109 (1%) 20

TABLE I: Multiplicity intervals used in the analysis. The
central columns report the number of events collected. The
right column shows the corresponding isotropic CR proton
median energy.

the overall absolute pointing accuracy is ∼0.1◦. The ab-
solute pointing of the detector is stable at a level of 0.1◦

and the angular resolution is stable at a level of 10% on
a monthly basis. The absolute rigidity scale uncertainty
of ARGO-YBJ is estimated to be less than 13% in the
range 1 - 30 TeV/Z [? ? ]. The last results obtained by
ARGO-YBJ are summarized in [? ].

III. DATA ANALYSIS

The analysis reported in this paper used abcd∼3×1011

showers recorded by the ARGO-YBJ experiment from
November 8th, 2007 till May 20th, 2012, after the follow-
ing selections: (1)≥25 strips must be fired on the ARGO-
130 central carpet; (2) zenith angle of the reconstructed
showers ≤50◦; (3) reconstructed core position inside a
150×150 m2 area centered on the detector. Data have
been recorded in 1587 days out of 1656, for a total obser-
vation time of 33012 hrs (86.7% duty-cycle). The zenith
cut selects the dec. region δ ∼ -20◦÷ 80◦. According to
the simulation, the median energy of the isotropic cosmic
ray proton flux is E50

p ≈1.8 TeV (mode energy≈0.7 TeV).
No gamma/hadron discrimination algorithms have been
applied to the data. Therefore, in the following the sky
maps are filled with all CRs possibly including photons,
without any discrimination.
In order to investigate the energy dependence of the

observed phenomena, the data-set has been divided into
five multiplicity intervals. The Table ?? reports the size
boundaries and the amount of events for each interval.
As a reference value, the right column reports the me-

dian energy of isotropic CR protons for each multiplic-
ity interval obtained via Monte Carlo simulation. This
choice is inherited from the standard LSA analyses, but
it can be only approximately interpreted as the energy of
the CRs giving the MSA. In fact the elemental composi-
tion and the energy spectrum are not known and that of
CR protons is just an hypothesis. In addition, as it will
be discussed in more detail, the multiplicity-energy rela-
tion is a function of the declination, which is difficult to
be accounted for for sources as extended as 20◦ or more.

The background contribution has been estimated with
the Direct Integration and the Time Swapping methods

dec. region δ ∼ -20◦÷ 80◦
Map smoothed with the detected PSF for CRs

Galactic plane 

CRAB 

Cygnus Region 

Galactic center 

PRD in press
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Comparison to Milagro Sky Map
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Past%Observa5ons%

2%Jul%2013% ICRC%2013%@%Rio%de%Janeiro% 5%

Cygnus% Region%B%

Region%A%

A.%Abdo%et%al.,%ApJ%698:2121,%2009%

A.%Abdo%et%al.,%PRL%101:221101,%2008%

Galactic plane 

CRAB 

Cygnus 

Galactic center 

9

(a) (b)

(c) (d)

FIG. 4: Different MSA regions observed by ARGO-YBJ. The relative excess with respect to the estimated background is
shown. In the figures 4(a) and 4(b) the Milagro’s regions “A” and “B” are represented with the r.a. − dec. boxes. The
regions 4(c) and 4(d) are observed for the first time by ARGO-YBJ with a statistical significance greater than 5 s.d. . Data
are represented in equatorial coordinates. Contour lines are drawn for excess intensity (0.0, 0.2, 0.4, 0.6, 0.8) 10−3 for regions 1
and 2, (0.0, 0.1, 0.2) 10−3 for regions 3 and 4. The yellow boxes correspond to the shapes given by the Milagro experiment for
regions “A” and “B” [22]. The localized Crab Nebula excess is visible in the upper-left part of the 4(a) (see text).

9

(a) (b)

(c) (d)

FIG. 4: Different MSA regions observed by ARGO-YBJ. The relative excess with respect to the estimated background is
shown. In the figures 4(a) and 4(b) the Milagro’s regions “A” and “B” are represented with the r.a. − dec. boxes. The
regions 4(c) and 4(d) are observed for the first time by ARGO-YBJ with a statistical significance greater than 5 s.d. . Data
are represented in equatorial coordinates. Contour lines are drawn for excess intensity (0.0, 0.2, 0.4, 0.6, 0.8) 10−3 for regions 1
and 2, (0.0, 0.1, 0.2) 10−3 for regions 3 and 4. The yellow boxes correspond to the shapes given by the Milagro experiment for
regions “A” and “B” [22]. The localized Crab Nebula excess is visible in the upper-left part of the 4(a) (see text).

Region 1

Region 2
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Comparison to HAWC Sky Map
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MSA in galactic 
coordinates

59

The map center points towards the galactic Anti-Center. 

In spite of the fact that the bulk of SNR, pulsars and other potential CR sources are in the Inner Galaxy surrounding 
the Galactic Centre, the excess of CR is observed in the opposite, Anti-Centre direction. 
The fact that the observed excesses are in the Northern and in the Southern Galactic Hemispheres, favors the 
conclusion that the CRs at TeV energies originate in sources whose directions span a large range of Galactic latitudes.

The regions 1 and 2 are distributed 
symmetrically with respect to the 
Galactic plane and have longitude 
centered around the galactic Anti-Center. 

The new detected hot spots do not lie on 
the galactic plane and one of them is 
very close to the galactic north pole.
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Comparison with other observations
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Icecube

(A)

(Ñ)

(B)

(D)

Figure 5: Schematic maps of CR excesses in Equatorial (a,b) and Galactic (c,d) coordinates for two
energy domains: 6 - 20 TeV (a,c) and 400 - 2000 TeV (b,d). Excess regions observed in MILAGRO
and ARGO experiments nearly overlap and are shown in yellow. Super-Kamiokande - green, IceCube
- blue, IceTop - magenta for 400 TeV CR, red for 2000 TeV. The dark pentagon indicates the position
of the Monogem Ring SNR, the dark star - the position of Vela X.

ably the excess region shifts in the direction of the third and fourth quadrants.
It would be expected that at tens of TeV energies the giroradius of particles in the

typical magnetic fields of a few microgauss should be very small, ∼0.01pc. The diffusion
of particles is thus strongly dependent on very local phenomena: the direction of the
local regular magnetic field component, ’modulated’ by the random field and the near-
absence of a gradient of the CR density. The latter is determined by the influence of the
’Local Fluff’ and the spiral Orion Arm which are located in the direction of the Outer
Galaxy and can overcome the influence of the background CR flux from the sources in
the Inner Galaxy [19]. The Local Fluff is a well known and important feature of the
local ISM ( see reference [19] for the original reference; much later work has confirmed
the identification ). It is of about 10 pc extent and can clearly affect the propagation
of low energy CR, i.e. those of scattering length of this order and less. The effect will
be significant in view of the fact that there will be transit time and, thereby, intensity
differences from nearby sources depending on direction.

Inspection of Figures 1b and 5a,c shows that the value of φ is close to that expected
for an excess of CR intensity from along the B-direction over the ’local’ B-direction, the
best fit being with the very local B-direction but the uncertainty in the actual values
(typically ±20◦), and the likely effect of local field irregularities make the discrepancy
understandable. Another important aspect is the gradient of the CR energy density

10

Monogem Ring SNR

Vela X

by A. Erlykin and A. Wolfendale, 2013

SuperK

IceTop 400 TeV
IceTop 2000 TeV

ARGO-YBJ
Milagro
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Outlook to the future:                                    
towards a complete TeV CR sky-map
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Smoothing radius 10° 

ARGO-YBJ 
20 TeV!

Smoothing radius 10° 

3 hr = 45°!
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Towards a complete TeV CR sky-map

62

A joint analysis of concurrent data recorded by different experiments in 
both hemispheres should be a high priority to clarify the observations.

1. Unprecedented high precision of the low-multiple phase as a function of the 
declination

2. Demonstration of the existence of two distinct components, with different 
physical meaning: large scale probably due to a composition of the interstellar 
magnetic field and the interplanetary one. Medium and small scales structures 
may be a direct measurement of the interplanetary magnetic field turbulences

3. Deepening of the elemental composition of anisotropy regions

Joint analysis very difficult:
1. Energy inter-calibration 

2. Mass composition (hard to be accounted for)

3. Angular resolution (not relevant)
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ARGO-YBJ and ICECUBE: energy calibration

63
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ARGO-YBJ + ICECUBE

64

martedì 17 settembre 13



G. Di Sciascio, Meeting INFN/IHEP, LNGS Italy, Sept. 16-17, 2013

ARGO-YBJ + ICECUBE

ROI:	  declinaAon	  band	  -‐30°/-‐20°	  (for	  intercalibraAon	  purposes)
Fast	  1D	  analysis	  run	  for	  ARGO

64

martedì 17 settembre 13



G. Di Sciascio, Meeting INFN/IHEP, LNGS Italy, Sept. 16-17, 2013

ARGO-YBJ + ICECUBE

ROI:	  declinaAon	  band	  -‐30°/-‐20°	  (for	  intercalibraAon	  purposes)
Fast	  1D	  analysis	  run	  for	  ARGO
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Thanks to R. Iuppa 
Icecube Associate Member
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Joint analysis ARGO-YBJ with ICECUBE

Well-‐defined	  edge.	  Common	  analysis	  
may	  strongly	  reduce	  the	  uncertainty	  
on	  the	  phase	  of	  the	  anisotropy

Very Preliminary results
analysis under way

J	  =	  0	  -‐	  2
l	  <	  2-‐3
Down	  to	  60

65
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Conclusions

66

‣ First Northern sky survey (-10° < δ < 70°) at 0.25 Crab Units. 
‣ Observed TeV gamma-ray emission from 6 sources above 5 s.d.
‣ Detailed study of flaring and extedend TeV gamma-ray sources 

‣ Measurement of CR light component energy spectrum up to PeV
‣ Study of EAS phenomenology up to PeV
‣ Study of the CR anisotropy at different angular scales
‣ Measurement of the CR antip/p flux ratio in TeV energy range
‣ Measurement of the p-air and p-p cross sections up to 100 TeV

‣ Detailed study of the Sun shadow in correlation with the solar activity

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
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Medium/Small Scale 
Anisotropy

69

Traditional background estimation methods:
• Time swapping/scrambling (3 hrs,)
• Direct integration (3 hrs)
(consistent each other within 0.3 s.d.)

First systematic study of the time average-based methods

An effective high-pass filter 
for structures narrower than 
3 hrs × 15°/hrs = 45° in R.A. 

(35° safety-limit)

every feature larger than ΔT is brought to zero
(apart from the peak)

R. Iuppa and G. Di Sciascio, ApJ 766 (2013) 96 

The observation of a possible small angular scale anisotropy region contained inside a 
larger one relies on the capability for suppressing the anisotropic structures at larger 
scales without, simultaneously, introducing effects of the analysis on smaller scales.

How to focus on medium/small scale structures ?
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MSA vs energy
N = 25 - 39

40 - 99

100 - 249

250 - 629

70
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harder than the CR isotropic flux 
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The light-component spectrum (2.5 - 300 TeV)

71

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

Direct and ground-based measurements overlap for a wide energy range thus making 
possible the cross-calibration of the experiments.

Light spectrum 2008 - 2011 
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ARGO-YBJ PRD 2012
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The light component spectrum

Direct and ground-based measurements overlap for a wide energy range thus making possible the cross-
calibration of the experiments.

Full data sample 2008 - 2011
Extension of the previous 
ARGO-YBJ light component 
spectrum measurement both 
in the low and high energy 
regions

The spectrum 
spans a huge 
energy region: 
2.5 - 300 TeV

� = �2.61± 0.02
ballons/satellites ground-based exp

PRD 85, 092005 (2012)  

CREAM (p+He)
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Solar vs Sidereal day

72

anisotropy discovered

• anisotropy of arrival direction of cosmic rays observed since 80’s

• 10’s GeV-100’s TeV in μ detector, surface arrays and ν detectors

• observed anisotropy of about 10-3

‣ originally measured as solar diurnal variation of
muon count rate with a seasonal modulation

‣ atmospheric daily/seasonal temperature variation
‣ Compton-Getting effect due to Earth’s motion

around the Sun

4

★ Sidereal day – time it takes a star at the meridian to return to the meridian. 
23 hours 56 min 4 sec 

★ Solar day – time it takes the Sun at meridian (noon) to return to the 
meridian. noon to noon or 24 hours

Why the 4-minute difference? 

as it rotates, the Earth also orbits the Sun. Earth must rotate an extra degree (4 
min) each day...for any observer on Earth to be at noon again

Piera L. Ghia CR anisotropies 88

Sidereal day – time it takes a star at the meridian to

return to the meridian. 23 hours 56 min 4 sec

Solar day – time it takes the Sun at meridian (noon) to

return to the meridian. noon to noon or 24 hours

Why the 4-minute difference? as it rotates, the Earth

also orbits the Sun. Earth must rotate an extra degree (4

min) each day…for any observer on Earth to be at noon

again

Solar vs Sidereal daySolar vs Sidereal day
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Heliosphere

73

• solar system moves wrt IS medium at 
26 km/s

• solar wind diverts interstellar plasma at 
400-800 km/s

• termination shock @ solar pressure ~ 
interstellar pressure : ~ 100 AU

• solar and interstellar medium (& 
magnetic field) separated by 
heliopause : ~ 150-200 AU

• heliotail size up to ~ 10,000 AU ?

scale : 100-10,000 AU
            0.0005-0.05 pc

100 AU100 AU > 1,000 - 10,000 AU
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00
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5 
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Angular scale of CR anisotropy
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tail-in excess region!loss-cone region!

angular scale in cosmic ray
arrival direction

5 Particle acceleration in reconnection regions - Paolo Desiati

tail-in excess region!loss-cone region!

angular scale in cosmic ray
arrival direction

5 Particle acceleration in reconnection regions - Paolo Desiati
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Measurement of the 
p-air cross section

75
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