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Abstract: Here, we summarize the papers involving studies of cosmic rays with extensive air showers below
10'%eV that were presented during the 32nd International Cosmic Ray Conference (August 11-18, 2011) in
Beijing. A total of 55 papers including oral and poster were submitted. However, 47 papers were actually
presented in the conference and only these are discussed. For better organization, we have divided the 47
papers into four broad areas namely, the composition studies, anisotropy studies, other related phenomena,
techniques and measurements. A total of 12 papers reported studies of the composition of cosmic rays that
included several new results. Many exciting results on the anisotropy of multi-TeV cosmic rays were reported
possibly for the first time through nine papers. There were ten papers on various other phenomena that
included hadronic properties, search for anti-protons and v-rays, moon shadow studues etc. A total of 16
papers discussed advances made in various techniques and measurements. The breadth and depth of topics
covered in most of the papers was very impressive and the future of the field appears to be really exciting.
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1 Introduction

The origin and acceleration of energetic primary
cosmic rays continues to remain an outstanding open
problem, even after 99 years since their discovery by
V.F. Hess in 1912. The extensive air shower (EAS)
produced by primary cosmic rays of energy above
10'2eV serves as the most effective means for detect-
ing these particles. The 32nd International Cosmic
Ray Conference (ICRC) held in Beijing during Au-
gust 11-18, 2011 witnessed presentation of several
exciting new results, specially in the areas of cosmic
ray composition and measurement of their anisotropy.
Impressive progress was reported on many new mea-
surements of related phenomena with the powerful
arrays of detectors currently operating around the
world. It is probably safe to state that the field of
cosmic ray physics is witnessing a new renaissance on
the eve of the centenary of their discovery!

The present work is a summary of the rapporteur
talk that was delivered on August 18, 2011, at the
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32nd ICRC. It covers the oral and poster presenta-
tions in the high energy sessions HE1.1 and HE1.4.
In all, a total of 55 presentation were submitted and
but only 47 papers were actually presented during the
above mentioned sessions that fell within the purview
of this talk. While it was not possible to do justice
to each presentation, an attempt is made to at least
cover most of the highlights in the papers presented.
I would like to offer apologies for any mistakes that
are yet present, despite my best efforts.

For a better organization, these 47 papers have
been broadly classified into four areas, that may be
categorized as the composition studies, anisotropy
studies, other related phenomena, techniques and
A total of 12 papers reported the
studies carried out to probe the spectra and com-
position of primary cosmic rays. Several new re-
sults by the ARGO-YBJ, Tibet ASvy, ICECUBE, and
BAKSAN experiments were reported at this meeting.
Many exciting results on the anisotropy of multi-TeV
cosmic rays were also reported for the first time, by

measurements.
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the ARGO-YBJ, Tibet ASy, ICECUBE and
GRAPES-3 experiments, through a total of nine pa-
pers. There were ten reports on various related phe-
nomena that probed hadronic properties, search for
antiprotons and 7-rays, the moon shadow studies, the
effects of geomagnetic field on EAS etc. A total of 16
papers were devoted to the advances made in vari-
ous techniques and measurements, and that in itself
incorporated a fairly wide spectrum of topics. Un-
doubtedly, the breadth and the depth of the topics
covered in most of the papers was rather impressive,
indicating an exciting future ahead for this field. A
comprehensive account of earlier EAS studies below
10*%eV may be obtained from excellent rapporteur
talks delivered in the previous conferences [1-3]. We
summarize the composition studies in Section 2. The
anisotropy studies are covered in Section 3. Other
related phenomena are discussed in Section 4. Var-
ious techniques and measurements are presented in
Section 5. A brief summary of all papers is given in
Section 6 and final section contains acknowledgments.

2 Composition studies at energies at
and below the “knee” region

ARGO-YBJ is an unconventional EAS array op-
erating at a high altitude of 4300 m above sea level,
near Tibet ASvy experiment in Yangbajing in Tibet
with a full (92%) coverage over an area of nearly
6000 m?. Tt uses resistive plate chambers (RPCs)
with excellent time and position resolutions. The
capabilities of this array allows real time view of a
propagating EAS to be obtained including its struc-
ture near the core [4]. By probing the density of
particles in an inner and outer region surrounding
the core they measured the composition of light com-
ponents, namely, protons and helium in the energy
range from 10 to 300 TeV as shown in Figure 1. Their
spectra agrees rather well with direct measurements
from CREAM and other experiments [5]. Using a
RPC strip multiplicity based trigger the ARGO-YBJ
group showed that the data preferentially selects light
component (P + He). Although the analysis of data
seems to indicate a composition similar to JACEE
than CREAM results. However, relatively large error
on their data at this stage precluded any definitive
conclusions to be drawn [6].

In an innovative approach, two wide—field imaging
Cherenkov telescopes, the prototypes for proposed
LHAASO (Large High Altitude Air Shower Obser-
vatory) experiment were operated alongside ARGO-
YBJ. About 0.5 mullion stereo events from the imag-

ing telescopes were analyzed along with ARGO-YBJ
data. With further cuts the combined sample was re-
duced to 7000 good quality events in the 1-200 TeV
energy range. Initial Monte Carlo simulations showed
that the relation between ratio of particle densities at
20, 40 m from EAS core and the number of photons
detected is sensitive to the composition as seen from
Figure 2. The data left of vertical line and above the
inclined line were primarily contributed by protons
and He nuclei [7].
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Fig. 1. Unfolding of ARGO-YBJ spectrum by

Bayesian approach (QGSJet II + FLUKA +
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Fig. 2. Dependence of density ratio on total

Npe for p, He, CNO.

Simulation studies were carried out to obtain com-
position using an artificial neural network (ANN)
based on lateral distribution in 30-10000 TeV re-
gion for a super ARGO detector 120 mx120 m
in size. CORSIKA-V.6.90 with QGSJET-II and
FLUKA was used to simulate EAS due to p, He,
CNO, Fe in five logarithmic energy bins. The sim-
ulated data analyzed with cuts on EAS core, direc-
tion etc. showed sensitivity to the composition when
particle density profile measured in the detector was
used. The mean density in 4 m? around core was one
such parameter [8].
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Several results were reported by the Tibet AS~y
collaboration in association with a suite of new de-
tectors that included Yangbajing air core detectors
(YAC-T and II), water Cherenkov muon detectors and
so on. Some of these results were extensively covered
in the highlight talk on the Tibet ASy experiment
[9]. Several parameters including the number of de-
tectors hit, total burst sum, maximum burst size and
their various combinations, for a total of eight param-
eters were used as input to an ANN. Some of these
parameters displayed sizable dependence on mass of
the primary particle that were exploited to achieve
The ANN
with 40 hidden nodes was trained by using simulated
data [9].

The versatility of their array allowed Tibet AS~y to
probe hadronic interaction models of cosmic rays at
energies above 20 TeV. Preliminary results from anal-
ysis using ANN showed that the data agree well with
both the QGSJET2 and SIBYLL2.1 models, when
non-linear acceleration is assumed. This agreement
seems to hold from 30 to 1800 TeV and the results
for 260 TeV are shown in Figure 3 [10]. Using the
same ANN approach the Tibet AS~ collaboration

sensitivity to the primary composition.

proceeded to separate proton, proton + helium and
iron candidate events that were trained for QGSJET?2
with a heavy dominated composition. The success of
their technique was verified by the ability to extract
known contributions of protons, helium and iron nu-
clei from the Monte Carlo data set.
ple the comparison of assumed and estimated abun-
dances of iron nuclei are shown in Figure 4 and the

As an exam-

two agree well within the errors of measurement.
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Fig. 3. Dependence of event number on total
burst sum.

The fraction of proton, helium and iron nuclei
were obtained from an analysis using ANN to obtain
the all particle spectrum from Tibet ASvy data. This
spectrum along with other measurements is shown in
Figure 5 [11-13)].
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Fig. 5. Tibet AS+ all particle energy spectrum.

The ICECUBE collaboration had used muon data
collected with 40 strings to extract composition by
using the N, (>1 MeV from ICETOP) and N,
(>500 GeV) correlation.
statistics the composition could be probed only as

However, due to limited

a combination of protons and iron nuclei. Within the
errors of measurements the all particle spectrum was
consistent with earlier measurements [14]. In another
interesting study the p and v, spectra above 100 GeV
were simulated by using primary cosmic ray spectra
from KASKADE for five nuclei that were extrapo-
lated with a rigidity dependent “knee” for respective
nuclei. The Auger spectra were used at UHE ener-
gies and the difference between Auger and extrapo-
lated KASKADE spectra in the overlap energy region
was attributed to an extragalactic proton component.
These simulations showed that the spectra of both g
and v, above 100 GeV were within errors, fully con-
sistent with 40 string ICECUBE measurements. The
spectral shape of p and v, appeared to depend only
on the all particle spectra and not on the actual com-
position of primaries. If correct, then this would con-
siderably facilitate accurate calculation of p and v,
fluxes at high energies [15].
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The BAKSAN had group used high energy muon
number spectrum from the BUST detector to study
the primary composition in a manner almost indepen-
dent of the assumed interaction models (QGSJET-
I, II, SIBYLL and EPOS). More specifically they
showed that the experimental muon number per nu-
cleon varies with the energy per nucleon, independent
of interaction model used. The challenge would be to
utilize this lack of dependence on the hadronic in-
teraction models to extract the primary composition
[16]. The central density (N.) of particles near core
in the range 50-1.5x10* m~2, and density of muons
(E, > 1 GeV) and hadrons above 30 GeV for each
shower was measured by Baksan “Carpet—2” array.
From the spectrum of central density the “knee” in
the primary spectrum could be seen. The dependence
of the ratio (N,/N.) on energy was claimed to be
sensitive to two component composition consisting of
protons and iron nuclei. The BAKSAN group plans
to use this relation to extract the primary composi-
tion in future [17].

3 Anisotropy studies at multi-TeV
energies

The anisotropy results reported at the Beijing
ICRC were undoubtedly one of the outstanding high-
lights of this event. There were a number of reports
from the ARGO-YBJ, Tibet AS+v, ICECUBE and
GRAPES-3 collaborations that presented detailed
structure of the anisotropy in cosmic rays above a few
TeV. The early anisotropy measurements date back
more than half a century. However, the most satisfy-
ing aspect of the current measurements is, that not
just the magnitude and the phase of the anisotropy,
but even the structure seen in the overlap energy re-
gion and fields of view of different experiments are
mutually consistent. These measurements also indi-
cate a continuity from the northern to the southern
hemisphere in almost a seamless manner. The un-
precedented levels of precision achieved in these mea-
surements should allow detailed models of magnetic
structures and the flows of multi-TeV cosmic rays
to be constructed in the solar neighborhood. These
models could then be quantitatively tested against
the current observations.

The ARGO-YBJ anisotropy results were compre-
hensively summarized in a highlight talk [4]. The
structure in the anisotropy in the declination band
10°S-70°N was reported as shown in the upper panel
of Figure 6. The observed structure showed the pres-
ence of both the Loss—cone and Tail-in features, con-

sistent with earlier Tibet AS~v results. The data are
well described by a sum of two cosine functions as
shown in the lower panel of Figure 6. The structure
of the anisotropy features showed evolution with en-
ergy, where it increased in size and finally broke-up
into smaller structures. As shown in Figure 7 even
the magnitude of anisotropy varied with energy with
a peak at 8 TeV [18]. Using 2x10'! events collected
over 3 years a medium scale anisotropy (5°) at 2 TeV
was probed and the presence of two hot spots A and B
(~0.1%) first reported by MILAGRO was confirmed.
They found a rich structure that showed evidence of
evolution in the medium scale features in cosmic ray
anisotropy. Several explanations including diffusion
from nearby sources, magnetic funneling, and accel-
eration from magnetic reconnection in solar magneto-
tail have been proposed to explain these observations
[19].
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Fig. 6. ARGO-YBJ large scale anisotropy (2008-09).

Tibet ASy Amenomori et al., ApJ. 826, L29, 2005

1 ;'_lceCube-22 Abbasi et al., ApJ, 718, L1984, 2010
“ IceCube-59 PRELIMINARY
- EAS-TOP Aglietta et al., ApJ, 692, L130, 2009
'3' 7 ARGO-YBJ Zhang 315 ICRC kéds-Poland,2009
2 ' ‘ :
g :
2 107 ,
g_ C ﬁ - ey .+'..'ff'i.':
® R | # ]
11 i &
ﬁﬁc L . |
) *  ARGO-YBJ 211
10° T T T T
10 10° 10 10 10
Primary energy[GeV]

Fig. 7. Energy dependence of ARGO-YBJ anisotropy.

A steadily increasing magnitude of Loss—cone
anisotropy was reported by MILAGRO over a pe-
riod of 7 years (2000-07) at a median energy of
6 TeV. The Tibet ASy group analyzed their data
over the same period and examined anisotropy at
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three different energies of 4.4, 6.2 and 12 TeV. No
evidence of any variability in the magnitude of Loss—
cone anisotropy was seen at any of these three en-
ergies [20]. The Tibet ASy group had also analyzed
data collected over 9 years (1999-2008) to measure
the sidereal anisotropy at multi-TeV energies. Side-
real anisotropy at a steady level of 0.1% was observed
and it remained nearly unchanged during this period
of 9 years, indicating that the TeV cosmic rays were
relatively unaffected by the 11-year solar activity oc-
curring during the 23rd cycle [21].

Extensive measurements of large scale anisotropy
have made it possible to construct elaborate mod-
els to explain the observations. An important effort
in this direction attempted to understand the side-
real anisotropy including the Loss—cone and Tail-in
features seen by the Tibet ASy. In this model the
authors explained observed features as a combina-
tion of a global and a mid-scale anisotropy. These
anisotropies were attributed to a bi-directional flow
along the local interstellar magnetic field and a uni-
directional flow of the diamagnetic drift caused by
cosmic ray density gradient at multi-TeV energies
[22].

New anisotropy results from the southern hemi-
sphere were reported by the ICECUBE collabora-
tion based on muons detected with 59 strings from
May 2009 to May 2010. A large statistics allowed
anisotropies to be probed at a level of 107*. As a
precursor to these anisotropy studies, the ICECUBE
group examined the interference of the solar and side-
real anisotropies. By simulating the solar dipole ef-
fects, and the predictions for the integrated effect
over an entire year and over a shorter period of three
months were compared to the data. The experimen-
tal observations for these two different time intervals
were found to be in good agreement as shown in Fig-
ure 8. As seen from Figure 8, the interference be-
tween solar and sidereal anisotropies was well under-
stood within the statistical uncertainties of the data
[23]. The results on large scale anisotropy from Tibet
AS~, MILAGRO, Super—K and ARGO-YBJ experi-
ments pertain predominantly to the northern hemi-
sphere and the structures reported by these experi-
ments were mutually consistent. However, ICECUBE
reported anisotropy from the southern hemisphere for
the first time. Thus, in principle, it should be pos-
sible to bridge the north—south divide in the cosmic
ray anisotropy from these measurements. The seam-
less variation in Loss—cone and Tail-in anisotropies as
seen from Figure 9, from Tibet ASvy and ICECUBE
at 5 and 20 TeV, respectively, is a testimony to the
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Fig. 8. Crosses represents sidereal anisotropy
during 3 months after subtracting the solar
anisotropy during this period. The histogram
represents sidereal anisotropy over a full year.
Tibet
Array
5TeV
IceCube
20TeV
Southern Sky
Fig. 9. Loss—cone and Tail-in anisotropies.

power of all sky measurements.

A large muon database was used by ICECUBE
to study the anisotropy at three different energies of
20, 400 and 1000 TeV and the results are shown in
Figure 10. In a real surprise, the deficit at 20 TeV
changed into an excess at 400 TeV and vice-versa.
Clearly, better model(s) for the propagation of galac-
tic cosmic rays are needed to explain this unexpected
reversal in large scale anisotropy at high energy [24].
The GRAPES-3 collaboration located close to the
equator (11°N) reported preliminary anisotropy mea-
surements that span most of the sky except the polar
regions and thus, could serve as a bridge between the
observatories located in the two hemispheres. The
GRAPES-3 results shown in Figure 11 display large
scale features consistent with results from other ex-
periments located in both the northern and southern
hemispheres [25]. A group from Japan analyzed data
collected from two small arrays by using time series of
EAS sizes by fractal dimension to select chaotic time
series groups. According to authors larger fractal di-
mension in 5% of groups from 4-7.5 PeV, indicated
anisotropy at 5, 11 and 15 h in right ascension [26].
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Fig. 11.

GRAPES-3 anisotropy at 10 TeV.

4 Studies of other related phenomena

The detection of y-rays at sub—TeV energies relies
on the shape of their Cherenkov images. For EAS ar-

Before

45 4 MR:PM.IM 1 15 2

Fig. 12.

ICECUBE anisotropy at 20, 400, 1000 TeV.

rays the presence of muons, hadrons and EAS front
curvature could be used to obtain a better hadron
to v (h/v) separation. EAS fronts are characterized
by a conical shape and the ARGO-YBJ group, with
the aid of simulations showed that this conical fac-
tor is much larger for y-ray than for hadron induced
EAS. This was tested by analyzing ARGO-YBJ data
on CRAB nebula and the results are shown in Fig-
ure 12. Only EAS registering >500 hits were selected.
The conical cut enhanced the CRAB signal from 7.1
to 8.4 [27]. In another study they used the multi-
fractal behavior and lacunarity of secondary particle
distributions in EAS front with an ANN to improve
the h/v separation in 1-10 TeV range. Although, ac-
tual demonstration of its success with real data is yet
to be carried out [28].
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CRAB image before and after conical cut.
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Fig. 13. ARGO-YBJ anti-proton upper limits.

The ARGO-YBJ data was used to detect the
shadow of Moon in the cosmic ray sky. At lower en-
ergies ~1 TeV, the shadow of Moon is shifted west by
about 1.5° relative to the actual location of Moon, due
to bending of cosmic ray protons in geomagnetic field.
The authors had searched for deficit east of Moon lo-
cation, that could be caused by the presence of an-
tiprotons in cosmic rays. Since no deficit was found,
upper limits on anti-proton flux above 1 TeV, compet-
itive with other results were placed, as shown in Fig-
ure 13 [29]. In an interesting study the Bose Institute
group had simulated production of secondary anti-
protons from known primary cosmic ray spectra and
a combination of low energy (FLUKA, UrQMD) and
high energy (VENUS, QGSJET1, NEXUS, EPOS)
hadronic interaction models for the 2001 flight of
BESS. As shown in Figure 14, even at relatively low
energies (0.2-3 GeV) the BESS anti-proton flux could
not be accurately simulated by any of the combina-
tions of models used here [30].

T T T

m  BESS data

Antiproton flux (m *s'sr'GeV")

1E6 T T T
0.1 1 10 100

Kinetic energy (GeV)

Fig. 14. Simulation results, (a) Horizon-
tally striped band UrQMD1.3 +QGSJETO01,
(b) vertically striped band FLUKA +
QGSJETO01, (c) shaded right-tilted band
FLUKA + NEXUS, (d) cross-hatched band
FLUKA + VENUS, (e) square-hatched band
FLUKA + EPOS. Data from BESS-2001 at
Ft. Sumner.

The ICECUBE collaboration used 1.5x10
muons collected over four years to measure an
annual variation of +8% correlated with the at-
mospheric temperature.
used to extract the experimental temperature co-
efficient a7® from a regression analysis to be
0.860 £ 0.002 (stat.) = 0.010 (syst.). The correla-
tion of aq® and its theoretical counterpart aif was
used to determine the K /7 ratio to be 0.09 + 0.04.
A compilation of the values of K/m ratio is shown
in Figure 15 and the ICECUBE value appears to be

somewhat lower than other measurements, although

This dependence was
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Fig. 15. Compilation of measurements of K/m ratio.

in view of a large error, it may not be considered
inconsistent with other measurements [31].

In a fascinating study the ARGO-YBJ group used
data collected in 4 1/2 years to measure the displace-
ment of Moon shadow as function of number of trig-
gered strips in their detector to calibrate the energy
scale. Using simulations, the relation between strip
multiplicity and primary energy was obtained. In Fig-
ure 16 the displacement of Moon shadow is shown as a
function of hit multiplicity. An excellent agreement is
obtained between simulations and data for the rigid-
ity scale from 1.25 to 25 TeV/Z, as labeled at top
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of Figure 16 and even a small +10% change in scale
shown as two dashed curves in Figure 16 result in
measurable disagreement with the data [32].
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Fig. 16. Solid curve fit to MC and dashed

curves represent +10% deviation. Energy
scale is rigidity (TeV/Z) for the median en-
ergy in each multiplicity bin.
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A few studies were reported on the effect of ge-
omagnetic field in distorting the lateral distribution
of EAS, specially at relatively low energies accessi-
ble at high mountain laboratories. The ARGO-YBJ
group parametrized the effect of distorted lateral dis-
tribution on the azimuthal distribution of particles
by a combination of trigonometric functions that in-
cluded the azimuth of geomagnetic field. A fit to
the data with the above function is shown in Fig-
ure 17 for azimuthal distribution of events. Clearly,
the azimuthal variation (~3%) in Figure 17 is well
modeled by the effect of the geomagnetic field [33].
Using a novel approach the North Bengal group car-
ried out simulations using CORSIKA for measuring
effect of geomagnetic field on the azimuthal distribu-
tion of secondary particles. They showed that sep-
aration of charges leads to formation of an effective
dipole among muons that was highlighted by intro-
ducing the concept of butterfly like regions in oppo-
site quadrants. The muon dipole length as function

of azimuthal direction of the butterfly is shown in
Figure 18 for KASKADE and ICETOP experiments
for proton and iron primaries that highlights the dis-
tortion caused by geomagnetic field. The authors
claimed that the muon to electron ratio in different
azimuthal sectors carries information on the mass of
primary particle [34].
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Fig. 18. Variation of muon dipole length with
butterfly angle.
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Fig. 19. Lateral distribution near EAS core.

The lateral distribution of EAS above 100 TeV
was measured around the shower core in great de-
tail by ARGO-YBJ possibly for the first time. It
was done by taking advantage of excellent position
and time resolution along with a large dynamic range
for particle multiplicity. The observed lateral distri-
bution within 10 m from the core showed significant
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departure from the data simulated using proton and
iron primaries as shown in Figure 19. These mea-
surements could prove very fruitful in probing the
structure of the shower cores [35]. The ICECUBE
collaboration had searched PeV ~-rays by analyzing
one year of data taken during 2008-09 with 40 strings
and 40 surface stations of ICETOP. They derived an
upper limit on the ratio of v to cosmic rays of 8.1x10*
above 1.2 PeV in a region of 10° around the Galactic
plane [36].

5 Experimental techniques and mea-
surements

Several results were presented, detailing improve-
ments made in a number of experimental techniques
and methods of measurements. The PRISMA group
reported efforts to develop a detector for measuring
thermal neutrons accompanying an EAS to get a han-
dle on its hadronic component. PRISMA is planned
to be operated as part of the big LHAASO project.
The measured neutron component as function of time
is shown in Figure 20. A low number of neutron de-
tected and a long time scale of ~10 ms are some of the
challenges faced in using this technique for studying
hadronic component [37]. For prototype of PRISMA,
ZnS(Ag) doped with °Li was found to be an effective
scintillator for detecting heavy particles. It produced
10° photons per neutron capture through a reaction
with ®Li. Operation of prototype PRISMA around
NEVOD-DECOR gave promising results [38]. The
NEVOD-DECOR group summarized the status of
water Cherenkov detector NEVOD (2000 m?), and
tracking detector DECOR shown in Figure 21. In-
vestigations of inclined EAS through local muon den-
sity spectra can allow exploration of a wide range of
energies (10'5-10'eV). This group plans to measure
the number and energy of muons in next phase of
NEVOD-DECOR [39]. Calibration of TUNKA-133
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Fig. 20. Time distribution of thermal neutrons.

EAS Cherenkov array used high power InGaN/GaN
blue LEDs driven by avalanche transistor drivers,
that emit ~10'? photons in a pulse of full width at
half maximum of 4 ns. The TUNKA-133 collabora-
tion claimed their system to be stable, robust, easy
to operate and inexpensive to build [40].

Top DECOR
: +
+_+ " A ‘
+ | ¥
+ o+ o owr AN el
: + *
|
it e
T - NEVOD
* Side DECOR

Fig. 21.  Schematic of NEVOD-DECOR detector.

LHAASO project KM?A, using a 1 km? array to
be located in Tibet would consist of electron and
muon detectors, to probe ~v-ray astronomy above
30 TeV and cosmic ray physics in the “knee” region.
There were several reports dealing with various as-
pects of this experiment that are summarized below.
Through detailed simulations the LHAASO group de-
termined that primary v-rays can be identified event
by event by using muon content. The observation
is background free above 50 TeV with a sensitivity of
~1% of CRAB, and a high duty cycle of >90%. With
full-sky survey LHAASO can discover the galactic 7-
ray sources and identify cosmic ray sources. Simu-
lations were carried out to optimize detector perfor-
mance and reach a very high sensitivity as shown in
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Fig. 22. LHAASO sensitivity for y-rays.
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Figure 22 [41]. Progress on the data acquisition sys-
tem based on Linux that could meet the exacting re-
quirements of LHAASO was reported [42]. The status
of power supplies that could operate with high sta-
bility in the extreme weather conditions prevailing at
LHAASO site were also reported [43].

The ARGO-YBJ group had exploited the high
position and time resolution of their detector to ex-
tract the curvature of the shower front that is char-
acterized by a parameter termed conicity. Detailed
simulations of EAS and detector response were per-
formed to obtain the correlation between the depth
of shower maximum and the conicity parameter as
shown in Figure 23. According to the authors the
tight correlation seen in Figure 23 offers the hope of
exploiting peculiar time structures, like double fronts
to probe of the nature of the primary particle [44].
Detailed structure of the EAS near the core region
was probed by ARGO-YBJ group using Big pads to
extend the dynamic range of particle detection with
unprecedented resolution [45]. By using the carpet
feature of ARGO-YBJ an excellent time resolution
of 200 ps was achieved [46]. By paying special atten-
tion to the stability and calibration of analog RPC
readout in ARGO-YBJ, its dynamic range could be
extended to PeV energies [47]. In another interest-
ing study by employing an iso-gradient method the
gains of Big pads were stabilized to better than 1.5%
[48]. The effect of ?*?Rn daughters on scaler mode of
ARGO-YBJ was estimated to be at a level of 1 Hz
per Bq m~3 [49].

e

|
!

|
i
|
oA
i

H
=

——

Xmax (gem®)
2
(=1
__ 2 e

=]
&

58 8
t

350

- P |
Q.02 0.025 0.03

RN R, Y
Caonicity coefficient « (rad)
Fig. 23.

simulations as function of reconstructed conic-

Depth at shower maximum Xax from

ity a.

In another report the development of a rugged,
stand—alone RPC station for operation in EAS ar-
rays was presented. The RPC station was enclosed in
a thermal box made from Al-polyurethane foam, that

was air— and light—tight and was both rigid with good
insulation and venting in summer. It required low gas
flows and delivered a time resolution of 0.9 ns [50]. In
a welcome initiative, there were two reports on public
outreach programs. In the first case, two cosmic ray
stations consisting of EAS goniometers were being op-
erated in Thilisi and Telavi in Georgia. Operation in
schools, universities etc. are planned in future as part
of the GELATICA Network to excite and involve stu-
dents in cosmic ray research [51]. In the second case
as part of public outreach program, the Taipei astro-
nomical museum set up “Cosmic—Gate”, a cosmic ray
detector in the summer of 2009. It employed a variety
of triggers to demonstrate various cosmic ray effects
[52].
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6 Summary

Numerous exciting results were presented on the
properties of cosmic rays below and around the
“knee” region. With the operation of highly sensitive
extensive air shower arrays consisting of a variety of
detectors to probe the electromagnetic, muon, hadron
and Cherenkov components in an EAS, we are get-
ting progressively better understanding of the com-
position and energy spectrum in the “knee” region.
The operation of proposed new experiments, spe-
cially LHAASO may well address this longstanding
problem with much higher sensitivity. The highlight
of the 32nd ICRC undoubtedly were the multi-TeV
anisotropy measurements reported by the ARGO-
YBJ, ICECUBE, Tibet ASy and GRAPES-3 experi-
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ments that have provided a consistent picture across
the two hemispheres. These measurements pose in-
teresting questions that need to be answered through
new and innovative models of cosmic ray propagation,
specially in the solar neighborhood. There were sev-
eral other reports on related phenomena that suggest
an exciting future ahead of us. The continuing de-
velopments in experimental techniques and measure-
ments bode well for the improvement in the sensitiv-
ity of existing and proposed experiments. Therefore,
on the eve of the centenary of the discovery of cos-
mic rays by V.F. Hess in 1912, the future of the field
appears to be brighter than ever before.
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