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Recent Results and the next step of the Tibet AS~ experiment
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Abstract: The Tibet-I1I air-shower array has been operating successfully at Yangbajing (E90°31’, N30°06;
4300 m above sea level) in Tibet, China, since 2003, producing many new results related to high energy cosmic
ray physics. Recently, we started to construct an underground water Cherenkov muon detector (MD) array
and a burst detector (YAC) array within the area of the Tibet-IIT AS array. This detector-array complex is
able to observe air showers of high energy celestial gamma-ray origin and those of nuclear-component origin
with considerable accuracy. In this paper, we briefly present some results recently obtained with the Tibet-I11
air-shower array and also introduce the status of our future plans which are called the Tibet (AS+MD) project
and Tibet (AS+YAC+MD) project.
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1 Introduction

The Tibet air-shower experiment has been oper-
ated at Yangbajing (E90°31’, N30°06’; 4300 m above
sea level) in Tibet, China, since 1990. The Tibet air-
shower array is designed not only for observation of
air showers of nuclear-component origin but also for
that of high energy celestial gamma rays. Because of
such multiple purposes, the detector is constructed to
cover a wide dynamic range for particle density cover-
ing 0.1 to 5000 and a good angular resolution for the
arrival direction of air showers with energy in excess
of a few TeV being better than 1 degree.

The Tibet-I surface array was constructed in 1990
using 65 plastic scintillation detectors placed on a
lattice with 15 m spacing. This array was gradu-
ally expanded to the Tibet-II (1994) and Tibet-III
(1999) array. At present, it consists of 761 fast tim-
ing (FT) counters and 28 density (D) counters sur-
rounding them (Figure 1). In the inner 36,900 m?,
FT counters are deployed at 7.5 m lattice intervals.
All the FT counters are equipped with a fast-timing
photomultiplier tube (FT-PMT; Hamamatsu H1161)
measuring up to 15 particles. Among the 761 FT
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counters, 249 sets of detectors (with interval of 15 m)
are also equipped with density photomultiplier tube
(D-PMT; Hamamatsu H3178) of wide dynamic range
measuring up to 5000 particles in addition to FT-
PMTs, so that UHE cosmic rays with energy above
the knee can be observed with a good accuracy.
Each counter has a plastic scintillator plate (BI-
CRON BC-408A) of 0.5 m? in area and 3 cm in thick-
ness. A lead plate of 0.5 cm thick is put on the top of
each counter, in order to increase the counter’s sen-
sitivity by converting photons in an electromagnetic
shower into electron-positron pairs. The recording of
signals is made on time and charge information for
the FT-PMTs, while only the charge information for
the D-PMTs. The D counters surrounding the in-
ner array are also equipped with both FT-PMT and
D-PMT, where only the charge information of both
PMTs are recorded. An event trigger signal is issued
when any fourfold coincidence occurs in the FT coun-
ters recording more than 0.6 particles. The number of
air shower particles and the arrival timing of particles
at each detector are recorded, allowing us to estimate
primary cosmic ray or y-ray direction and energy for
each air shower. Figure 1 is the schematic view of the
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Tibet IIT Air Shower Array (2003) 36,900 m 2

0 FT Detector (512)
D-PMT(249)
2

15m

Fig. 1.
operating at Yangbajing.

Schematic view of the Tibet-III array

Tibet-IIT array.

The primary energy of each event is determined
by the shower size N,, which is calculated by fitting
the lateral particle density distribution to the modi-
fied NKG structure function [1]. The performance of
the Tibet air shower array has been well examined by
observing the Moon’s shadow (approximately 0.5 de-
gree arc in diameter) in cosmic rays [2]. The deficit
map of cosmic rays around the Moon demonstrates
the angular resolution to be around 0.9 degree at a
few TeV for the Tibet-III array. The pointing error
is estimated to be less than ~0.01 degree by displace-
ment of the shadow’s center from the apparent center
in the north-south direction, as the east-west com-
ponent of the geomagnetic field is very small at the
experimental site. On the other hand, the shadow
center displacement in the east-west direction due to
the geomagnetic field enables us to spectroscopically
estimate the energy scale uncertainty less than £12%
[2].

We observe cosmic rays and ~-rays using the
above-mentioned Tibet-IIT array with a duty cycle
of about 24 hr every day regardless of weather con-
ditions and with a wide field of view of about 2 sr.
These capabilities give us an unbiased survey of the
northern sky.

Using the Tibet-III and previous arrays, we have
successfully observed TeV v-ray sources, such as the

Crab Nebula, Mrk 501, and Mrk 421. We have
also successfully obtained the all-particle spectrum of
primary cosmic rays in the wide energy range from
10' to 10'7 eV, which is the highest statistical and
the best systematics-controlled measurement cover-
ing the widest energy range around the knee energy
region in the world [1]. We have also successfully
drawn a precise two-dimensional map of the large-
scale cosmic-ray anisotropy in the northern sky [3],
where we first point out new small-area enhancements
in the Cygnus arm direction at multi-TeV energies.
One of the enhancements is coincident with MGRO
J20194-37, which was established recently by the Mi-
lagro experiment as a TeV ~-ray source [4]. It is
worth noting that the Tibet ASy experiment has re-
ported several times [5,6] on the marginal excesses
from the direction closing to MGRO J1908+06/HESS
J1908+063 before the final discovery made by the Mi-
lagro experiment.

In this paper, I would like to report our recent re-
sults and the next step of the Tibet ASvy experiment.

2 TeV gamma ray astronomy

Recently, using the Tibet-III air shower array,
we search for TeV ~-rays from 27 potential Galac-
tic sources in the early list of bright sources obtained
by the Fermi Large Area Telescope at energies above
100 MeV [7]. Among them, we observe seven sources
instead of the expected 0.61 sources at a significance
of 20 or more excess. The chance probability from
Poisson statistics would be estimated to be 3.8 x 10~°

If the excess distribution observed by the Tibet-
IIT array has a density gradient toward the Galactic
plane, the expected number of sources may be en-
hanced in chance association. Then, the chance prob-
ability rises slightly, to 1.2 x 1075, based on a simple
Monte Carlo simulation. These low chance proba-
bilities clearly show that the Fermi bright Galac-
tic sources have statistically significant correlations
with TeV y-ray excesses. We also find that all seven
sources are associated with pulsars, and six of them
are coincident with sources detected by the Milagro
experiment at a significance of 30 or more at the rep-
resentative energy of 35 TeV. The significance maps
observed by the Tibet-III air shower array around the
Fermi sources, which are coincident with the Milagro
> 30 sources, are consistent with the Milagro obser-
vations as shown in Figure 2. This is the first result of
the northern sky survey of the Ferms bright Galactic
sources in the TeV region.
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Fig. 2.
around the Fermi sources between the
Tibet-IIT array (a)-(d) and the Milagro
experiment (a’)-(d’) taken from Abdo et
al.  [4].
< 20 significance by the Tibet-III array
and < 30 by the Milagro experiment ex-
cept for the Crab.
image show the Fermi source positions:
(a and a’) J1907.5+0602/J1900.04+0356; (b
and b’) J0634.0+1745 (Geminga); (¢ and
¢’) J2021.5+4026/J2032.2+4122; (d and d’)
J2020.84+3649. The horizontal axis, vertical
axis, and color contours indicate the right as-

Comparisons of significance maps

Selected are Fermi source with

White points in each

cension, declination, and significance, respec-
tively.

3 Knee physics

A sudden steepening of the cosmic-ray energy
spectrum around 4 x 10*° eV is called “knee” where
the value of the power index -y changes from approx-
imately 2.7 to 3.1 when the energy spectrum is ex-
press by a power law o< E~7. The origin of the knee
is discussed based on the result of Tibet air-shower
experiment over the wide energy range from 10'* eV

to 107 eV covering the knee region [1]. There has
been a lot of works on the origin of the knee in terms
of the acceleration mechanism [8], the propagation in
the Galaxy [9] or some nearby sources [10]. Another
point of view is related to the nature of hadronic in-
teractions [11].

In this work, for explaining the sharp knee we pro-
posed two composition models which are called model
A and model B, as shown in Figure 3 and Figure 4
[12], that are based on : 1) the up-to-now available
experimental results; 2) some physics ( or theoreti-
cal) assumptions. In model A, sharp knee is due to
nearby sources whose chemical composition is dom-
inated by nuclei heavier than helium. Consequently
the dominance of heavy nuclei is limited to the en-
ergy region around the knee. On the other hand, in
model B, sharp knee is due to nonlinear effects in the
diffusive shock acceleration leading to iron-dominant
composition at the knee and beyond.
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Fig. 3. Model A: sharp knee is attributed to
extra component from nearby source.
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Fig. 4. Model B: nonlinear effect in the diffu-
sive shock acceleration mechanism can explain
the structure of the knee when high accelera-
tion efficiency for heavy elements is assumed.
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In order to distinguish between model A and
model B and many other models, measurements of
the chemical composition around the knee, especially
measurements of the spectra of individual component
till their knee will be essentially important.

Therefore, we planed a new experiment: 1) to
lower down the energy measurement of individual
component spectra to x10 TeV and make connection
with direct measurements; 2) to make a high preci-
sion measurement of primary p, He, ¢, Fe till 100
PeV region to see the rigidity cutoff effect. These
aims will be realized by the new hybrid experiments
YAC (Yangbajing AS Core array). The feature of the
YAC experiment is described in Section 7.

4 The Sun’s shadow in cosmic rays

High energy cosmic rays travel nearly straight in
the interplanetary space between the Sun and the

(a) Solar minimum in 1996
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(b) Solar maximum in 2001
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Fig. 5. Two dimensional maps of the observed
Sun’s shadow (a) in the solar minimum (1996),
and (b) in the solar maximum (2001) at 10
TeV. Each panel disolays a counter map of the
observed deficit intensity in the Sun’s shadow
in each year as a function of the GSE longitude
and latitude.

Earth. The Sun and Moon shield cosmic rays arriv-
ing from the directions behind them and cast tiny
“shadows” in the directional intensity of cosmic rays
observed at the Earth. The Sun’s shadow has been
of particular interest because it is expected to reflect
the large-scale structure of the solar magnetic field
near the Sun, which is still difficult to observe with
direct and/or remote measurements.

In this work, we analyze the solar cycle variation
of the Sun’s shadow in 10 TeV cosmic ray intensity
observed with the Tibet air shower array over an en-
tire period of the Solar Cycle 23 between 1996 and
2008 [13], it shows that a clear solar cycle variation
in a sense that the shadow is clear (faint) during the
solar activity minimum (maximum) period as shown
in Figure 5a and 5b. The amplitude of the variation is
as large as 50% of the deficit intensity expected when
all cosmic rays from the direction of the optical Sun
disk are excluded from the observation. Among the
solar cycle variations of GCR modulation parameters,
we find the highest correlation (y = +0.94) between
the Sun’s shadow and the HCS tilt-angle as shown in
Figure 6a, 6b and 6c¢.
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Fig. 6. Solar cycle variations of the GCR mod-

ulation parameters and the Sun’s shadow at 10
TeV. The solid circles in each panel from the
top displays the yearly mean value of (a) the
sunspot number[14], (b) the HCS tilt-angle in
degree [15] and (c) yearly mean deficit inten-
sity observed in the Sun’s shadow. Solid line
in panel (c) indicate the expected deficit ratio
when all cosmic rays from the direction of the
optical Sun disk are excluded from the obser-
vation.
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The solar activity is presently going toward the
solar maximum expected in 2013. The observation of
the Sun’s shadow in next solar cycle is very impor-
tant to see the solar modulation change in the solar
activity and magnetic-cycles.

5 Cosmic-ray anisotropy

5.1 Modeling of the galactic cosmic-ray
anisotropy at TeV energies

Past cosmic-ray experiments that observed
cosmic-ray anisotropy in the sidereal time frame con-
sistently reported that in the anisotropy there are
two distinct broad structures with an amplitude of
~0.1%; one is a deficit in the cosmic-ray flux called
“loss-cone”, distribute around 150° to 240° in Right
Ascension, and the another excess called “tail-in”,
distributed around 40° to 90° in Right Ascension.
Recent underground muon and air-shower experi-
ments are studying the anisotropy in a great detail
at multi-TeV energies [3,16]. It is considered that the
anisotropy of galactic cosmic rays at TeV energies re-
flects the structure of the local interstellar magnetic
field surrounding the heliosphere, since the trajecto-
ries of charged cosmic rays are deflected and scram-
bled by the local interstellar magnetic field while they
are traveling through the interstellar medium.

Based on this, we discussed the origin of the large-
scale anisotropy of galactic cosmic rays at TeV ener-

gies. It can be well modeled by a superposition of the
Global Anisotropy and the Midscale Anisotropy [17].
The Global Anisotropy would be generated by galac-
tic cosmic rays interacting with the magnetic field in
the local interstellar space of a few parsec scale sur-
rounding the heliosphere. On the other hand, the
Midscale Anisotropy would be caused by the modu-
lation of galactic cosmic rays in the heliotail. The
Midscale Anisotropy can be expressed as two inten-
sity enhancements placed along the Hydrogen Deflec-
tion Plane, each symmetrically centered away from
the heliotail direction. It is found that the separation
angle between the heliotail direction and each of the
two intensity enhancement monotonously decreases
as energy increases from 4 TeV to 30 TeV.

Figure 7 shows two-dimensional anisotropy maps
of galactic cosmic rays observed and reproduced at
the modal energy of 7 TeV. Each panel shows the rel-
ative intensity map or the significance map in 5° x 5°
pixels in the equatorial coordinate system. A sketch
of a possible mechanism for the Midscale Anisotropy
is shown in Figure 8 [17].

5.2 Time dependence of Loss-Cone ampli-
tude

The Milagro experiment in the U.S. detected a
significant increase in the Loss-Cone amplitude at 6
TeV from July 2000 to July 2007, and argued that
it could be due to variations in the heliosphere in

Fig. 7. Two-dimensional anisotropy maps of galactic cosmic rays observed and reproduced at the modal

energy of 7 TeV. Each panel shows the relative intensity map or the significance map in 5° X 5° pixels in
the equatorial coordinate system. (a): the observed cosmic-ray intensity (I55), (b): the best-fit Global
Anisotropy (GA) component (I5%,), (c): the significance map of the residual anisotropy after subtracting
(IS4, from (I3%,), (d): the best-fit Midscale Anisotropy (MA) component (I)'5), (e): the best-fit GA+MA
components (IS,/,?L + Ih/fﬁl), (f): the significance map of the residual anisotropy after subtracting Iﬁfn +
Iffﬁl from I,‘i?,i. The solid black curves represent the galatic plane. The dashed black curves represent the
Hydrogen Deflection Plane reported by Gurnett at al. [18] and Lallement et al.[19]. The heliotail direction
(a, 6) = (75.9°, 17.4°) is indicated by the black filled circle. The open cross and the inverted star with the
attached characters “F” and “H” represent the orientation of the local interstellar magnetic field (LISMF) by
Frisch [20] and by Heerikhuisen et al. [21], respectively. The open triangle with “B” indicates the orientation
of the best-fit bi-directional cosmic-ray flow (BDF) [13].
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Fig. 8. (a): A possible mechanism for the Mid-
scale Anisotropy; (b) the observed energy de-
pendence of sin ¢.
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Fig. 9. Time dependence of the maximum
depth of Loss-Cone observed by the Tibet ex-
periment at 4.4, 6.2, 12 TeV (a) and the Mat-
sushiro underground muon observatory at 0.6
TeV (b) [22], along with Milagro’s data repre-
sented by blue open inverse triangles and the
best-fit linear function to Milagro’s data. The
data and their errors by the Matsushiro un-
derground muon observatory are multiplied by
three, to compensate for the attenuation of the
amplitude in the sub-TeV energy region. All
the error bars in (a) and (b) are the linear
sums of the statistical and systematic errors.

relation to solar activities. However, in this work, we
report on the time dependence of the Loss-Cone am-
plitude from November 1999 through December 2008
measured with the Tibet air-shower array. No time
dependence was found in the Loss-Cone amplitude at
energies of 4.4, 6.2 and 11 TeV as shown in Figure 9a.
If the increase in the Loss-Cone amplitude Milagro
detected were genuine, the same tendency would be
seen at sub-TeV energies where the anisotropy is far
more sensitive to solar activities. Matsushiro under-
ground muon observation at 0.6 TeV during the cor-
responding period, however, reported no significant
increase of the Loss-Cone amplitude (Figure 9b).

5.3 Stable Multi-TeV anisotropy by AS~v ex-
periment

In this work, we investigate temporal variations
of the large-scale two-dimension sidereal anisotropy of
multi-TeV cosmic rays (CRs) by the Tibet Air Shower
Array, with the data taken from 1999 November to
2008 December [23]. To explore temporal variations
of the anisotropy, the data set is divided into nine
intervals, each with a time span of about one year.
The sidereal anisotropy of magnitude, about 0.1%,
appears fairly stable from year to year over the en-
tire observation period of nine years as shown in Fig-
ure 10. This indicates that the anisotropy of TeV
Galactic CRs remains insensitive to solar activities
since the observation period covers more than half of
the 23rd solar cycle.

5.4 Model based on the Anisotropy: contri-
bution of the GCR to GMF

Based on the measured cosmic ray anisotropy, a
model was built to calculate the contribution of the
Galatic cosmic ray (GCR) to the large-scale Galac-
tic magnetic field (GMF) as shown in Figure 11 [24].
A general agreement in the large-scale structure of
the galactic magnetic field between the calculation
and the observation was obtained. This result shows
that the Galactic halo magnetic field may be partially
contributed by the Galactic electric current related
to the directional movement of cosmic rays and the
model is the correct approach in understanding the
possible contribution of cosmic rays to the galactic
magnetic field. The model also indicates that the ob-
served anisotropy of cosmic rays on the earth is not
a local behavior in the solar vicinity but represents a
microcosm of the global anisotropy of GCRs.
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Fig. 10. CR intensity variation in the local sidereal time frame for CRs with the modal energy around 5
TeV in the nine phases of Tibet-III array. Top: two-dimensional intensity map of each phase; Bottom:
one-dimensional projection averaged over all declinations. In bottom plots of each panel, the red crosses in
each plot show the intensity variation over each phase respectively, while the dashed blue lines represent the

intensity averaged over all nine phase of Tibet-III array.

4 models. At present, the simulation code CORSIKA
poloidal field that is comprehensively used in the surface cosmic-
ray studies includes many interaction models. For
multi-parameter measurements of EASs, it is known
that no interaction model can explain all data con-
sistently. Therefore, the hadronic interaction models
need to be checked and further improved.

In this paper, we report our approach and the
preliminary results to check the hadronic interaction
models QGSJET2 and SIBYLL2.1 at an energy re-

[ toroidal field

Height from the Galactic plane Z (kpc)
o
Illlllllll’lllllllll lllllllllllll'l'lll

_4_1'0‘ _]8 ' ‘_16 : _14 ' ;2 0o 2 4 6‘ = e - '10 gion of x10 TeV using the data obtained by the newly
Galaologentric radits R (kpo) constructed YAC-I (Yangbajing Air shower Core de-
Fig. 11. Structure of the Galactic halo mag- tector as the first stage, see Section 7). Data taking

was made from May 2009 to February 2010. The
energy region of x10 TeV is chosen by the following
considerations: 1) The primary composition at this
energies has been better measured by direct mea-
surements, and the uncertainty is smaller. 2) The
corresponding energies in the center-of-mass system
are around %100 GeV where pp collider made good
measurements on the inelastic cross section and on
the particle production in the near-forward region.
The uncertainty from the extrapolation to the very
forward region is relatively small. 3) The check of
interaction models should be step-by-step executed

netic field contributed by the GCRs. The
GMF in the halo is composed of a poloidal
magnetic field and a toroidal magnetic field.
The direction of the poloidal field is from
Galactic north to south, passing through the
disk plane. The toroidal field has reversed di-
rections below and above the Galatic plane.
The arrows indicate the directions of the mag-
netic fields.

6 Test of hadronic interaction models

The interpretation of the extensive air showers
(EAS) is known to inevitably depend on the Monte
Carlo simulations which are based on some hadronic

interaction models and cosmic-ray composition

from lower energies to higher energies. 4) Due to the
high altitude of our Tibet experiment we could have
good EAS core events recorded by YAC-T at x10 TeV
region.
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A small high-altitude AS core detector YAC-I (see
Section 7) shows the ability and sensitivity in check-
ing the hadronic interaction models in x10 TeV re-
gion. In this work, two primary composition models
are used, the heavy dominant model(HD)[1] and the
non-linear acceleration model(NLA) [12]. The proton
spectrum of the two models is connected with the di-
rect experiment in the low energy and consistent with
the spectrum obtained from the Tibet AS+EC exper-
iment in the high energy. The He spectrum of HD
model coincides with the results from RUNJOB and
ATIC-I, but the He spectrum of NLA coincides with
the results from JACEE, ATIC-II, CREAMS3. The
sum of all element’s spectra can reproduce the sharp
knee in all particle spectrum [12].
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Fig. 13. The ratio of absolute intensity between

MC and experiment data.

Following quantities of YAC-I are used to char-
acterize an EAS core event: High-energy electro-
magnetic component (electrons and photons) at the
EAS core induces cascade showers in lead absorber
of the YAC detector (thickness of 7 rl.). The
number of shower electrons under the lead layer is
measured by scintillator attached with photo tubes
and called “burst size” (N,). The conversion from
PMT signal to particle number is calibrated by sin-
gle muon peak. When the burst size of a detec-
tor unit is higher than 200, this unit is defined as
a “fired” one. We also call the total burst size
of all fired detector units as Y N, the maximum
burst size among fired detectors as N;°°. And then,
we found the experimental distributions, N,/> N,
and has the shape very close to the Monte Carlo
predictions of QGSJET2+NLA, QGSJET2+HD,
SIBYLL2.14+NLA and SIBYLL2.1+HD as shown in
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Figure 12a, 12b and 12c. Some other quantities, such
as Ny, Y. N,, N°°, R, R, x N, have the same be-
havior as well, though we did not show them in this
paper due to the limit of the space.

Some discrepancies in the absolute intensities are
seen. Figure 13a, 13b and 13c show that data nor-
mally shows a higher intensity than Monte Carlo.
Taking a more hard He spectrum (and somewhat hard
proton spectrum) as given by CREAM [25] at the 1-
100 TeV region can improve this situation. A further
study is going on.

7 Project status and plan

As mentioned above, we found out that, 1) Crab,
Mrk501, Mrk421 has been observed by using Tibet
air-shower experiment, but no new steady bright TeV
~-ray point source is found, possible diffuse ~-ray sig-
nal from Cygnus region. 2) All particle spectrum was
obtained by Tibet-III array in wide range of 10'4-107
eV covering the knee and a sharp knee is observed at
4 PeV. P and He spectra in 10'*—10'6 ¢V range were
also obtained by AS+EC hybrid experiment showing
that the knee is dominated by nuclei heavier than
helium. New detectors are under construction aim-
ing 1) 100 TeV (10-1000 TeV) region 7-ray astron-
omy (MD project) to answer the question “where
galactic cosmic rays below the knee come from?” 2)
detailed study of chemical composition around the
“knee” (YAC project) which can provide key infor-
mation on the cosmic-ray origin and the acceleration
mechanism.

7.1 Tibet AS4+MD Project

The HESS group with 4 large IACTs in Namibia
reported on discovery of new 14 gamma-ray sources
by galactic plane survey [26] in 2005. Surprisingly,
most of them are UNIDentified (UNID) sources and
faint in X-rays or other wavelengths. As the HESS
survey was limited within the galactic plane in the
southern hemisphere due to its narrow field of view,

the importance of a wide field-of-view unbiased sur-
vey is emphasized. Furthermore, many of the 14
sources have a harder energy spectrum (indices: —1.8
to —2.8) at TeV energies than the standard candle
Crab(index: —2.6). The energy spectra turned out
to extend up to approximately 10 TeV. Cosmic rays
are supposed to be accelerated up to the knee energy
region at supernova remnants (SNRs) in our galaxy.
Therefore, we naturally expect gamma rays in the
100 TeV region (10-1000 TeV) which originate in 7°
decays produced by the accelerated cosmic rays in-
teracting with matter surrounding the SNRs. The
gamma ray emission of electron origin might be highly
suppressed in the 100 TeV region due to rapid de-
crease of inverse-Compton cross section by the Klein-
Nishina effect as well as synchrotron radiation energy
loss in the magnetic field around the SNRs. Multi-
wavelength (radio, X-ray, gamma-ray) observations
are essential to discriminate between the two pro-
cesses.

To positively observe gamma rays in the 100 TeV
region with much better sensitivity than Tibet-III ar-
ray, we plan to add a muon detector array to the air-
shower array. Gamma-ray induced electromagnetic
air showers are muon-poor, while cosmic ray induced
hadronic ones are accompanied by many muons. This
enables us to separate gamma rays from cosmic rays.
Our current plan [27] relevant to gamma-ray astron-
omy above 10 TeV is Tibet AS(Air Shower array with
83,000 m? in area) + MD (Muon Detector array with
~ 10,000 m? in area under Tibet AS) as shown in
Figure 14. Each muon detector is a waterproof con-
crete pool, 7.2 m wide x 7.2 m long x 1.5 m deep
in size, equipped with two 20 inch-in-diameter photo-
multiplier tubes (PMTs), i.e., HAMAMATSU R3600.
The Tibet MD array are made up of 192 muon de-
tectors set up 2.5 m underground. Its total effective
area amounts approximately to 10,000 m? for muons
with energies more than ~ 1 GeV. Our current MC
simulation predicts that the cosmic-ray background
events will be rejected by approximately 99.99% at

Fig. 14. Schematic view of Tibet (AS+MD+YAC) array.
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100 TeV using full-scale (10,000 m?) MD array. The
full-scale MD array will improve the sensitivity to
gamma-ray sources by more than an order of mag-
nitude. In 2007, we constructed a prototype water
Cherenkov muon detector (approximately 100 m?)
under the existing Tibet air shower array. We have
been successfully taking data since December 2007.
The preliminary analysis shows that the data is in
good agreement with our MC simulation. Now, 5
pools (approximately 4,200 m?) are under construc-
tion as shown in Figure 15.
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Fig. 15. Schematic view of the Tibet AS+MD
array. b pools (gray square, approximately
4,200 m?) are under construction.

The Tibet AS+MD array will have the sensitiv-
ity to gamma rays in the 100 TeV region by an order

of magnitude better than any other previous existing
detectors in the world as shown in Figure 16. We
can expect to discover a dozen new point-like sources
and diffuse gamma rays from Galactic plane with ex-
tremely low background level in the northern sky.
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Fig. 16. Integral flux sensitivities to point-like

gamma-ray sources.

7.2 Tibet AS4+YACHMD Project

Aiming at the observation of cosmic-ray chem-
ical composition at the knee energy region, a new
type air-shower-core detector (YAC, Yangbajing Air
shower Core array) has been developed and set up at
Yangbajing, 4300 m a.s.l. in Tibet, China since May,
1st, 2009. YAC will work together with the Tibet-I11
array and a large muon detector as a hybrid exper-
iment. YAC experiment is scheduled in three steps
called YAC-I, YAC-II, and YAC-III. YAC-I is a small
array consisting of 16 prototype detectors (~10 m?)
located near the center of the Tibet-III array as shown
in Figure 17. YAC-I can detect through a few months
observation the AS core events of primary energies
around 10 eV where mass composition of cosmic
rays are known by direct observations [25]. There-
fore, the role of YAC-I is to test the interaction mod-
els currently used by Monte Carlo (MC) simulations
such as QGSJETO01, SIBYLL2.1, QGSJET2, EPOS.
YAC-II is an array of 124 detectors (~500 m?) as
shown in Figure 18. It is aimed in YAC-II to obtain
proton and helium spectra with high statistics in en-
ergy range between 50 TeV and several times 10'® eV
which can be connected with data obtained by direct
observations. Finally, YAC-III with large area (400
detectors, ~5000 m?) is planed to obtain iron spec-
trum above 10'® eV. YAC-I has been already carried
out from May, 2009 to February, 2010, and YAC-II
has also been started from August 1st, 2011.
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Fig. 17.

Schematic view of the YAC-I array.

YACHI: 124 dc:ccwrsT,

Coverarea:S00m?>

= YAC detectors (100)
S YAC detectors (24)

Fig. 18. Schematic view of (Tibet-IIT4+YAC-
II+MD) array. The Tibet-III consists of 789
detector units (approximately 36,900 m?), the
YAC-II consists of 124 detector units (ap-
proximately 500 m?), The five MDs (approxi-

o,

mately 4,200 m?) in the blue frame are under
construction.

YAC-I detector has the same design of the YAC-
IT and YAC-III. The only difference between YAC-I,
YAC-II and YAC-III is in spacing. Each YAC detec-
tor unit consists of lead plates of 3.5 cm (7 r.1.) thick
and a scintillation counter which detects the burst
size induced by high energy electromagnetic compo-
nent at the air-shower core. The burst size threshold
is set to 100 particles which corresponds to 30 GeV
of electromagnetic component incident upon a detec-
tor. Wide dynamic range between 1 MIP and 10°
MIPs (Minimum Ionization Particles) is covered by 2
PMTs (Hamamatsu: R4125 and R5325) as shown in
Figure 19. The response linearity of each YAC detec-
tor was calibrated by cosmic-ray single muons and by
the accelerator beam of the BEPCII (Beijing Electron
Positron Collider, IHEP, China).

Tibet-III array consists of 789 detectors, with a
covering area about 36900 m?. An event trigger sig-
nal is issued when any four-fold coincidence occurs in
detectors recording more than 0.6 particles.The trig-
ger rate is about 680 Hz and the dead time is 15%.
Tibet-III is used to measure the arrival direction (6)

and the air shower size (N,). The angular resolution
is about 0.1 degree above 100 TeV and the energy
resolution is about 15% at 1 PeV [1]. On-line trigger
condition for YAC is “any 1”7 detector “fired” (the
discrimination threshold is about 30 mV). The YAC-
1T is used to measure the high energy electromagnetic
particles in the core region so as to obtain the charac-
teristic parameters of air-shower cores. The inner 100
plastic scintillator units of YAC-IT are arranged as an
array (10x10 grid) each with an area of 50 cm x 80
cm, with 1.875 m interval; and the outer 24 plastic
scintillator units are arranged around the inner array
each with an area of 50 cm x 100 cm. The outer 24
units are used to reject non core events whose shower
cores are far from the YAC-IT array.

60 WLSFs =BRMySTs

HinAaL,

Fig. 19. The outlook of YAC detector. Each
YAC detector consists of a scintilllator of

PMT
R5325

80 cm X 50 cm in area with 1 cm thickness and
lead absorber of 3.5 cm thickness above the
scintillator. Such design provides geometri-
cal uniformity of the detector response within
+6%. A couple of PMTs are used to cover
wide dynamic range of the number of parti-

cles (burst size) from 1 MIP to 10° MIPs.

If one YAC detector unit makes a trigger signal, all
ADC data from all YAC units are recorded. Also the
trigger signal is sent to the DAQ system for Tibet-
IIT array. ADC pedestal values are measured each
10 minutes. Each DAQ system has GPS clock mod-
ule independently. The matching between YAC data
and Tibet-III data is made using coincidence of GPS
clocks and the trigger tag to Tibet-III array.

Our current MC simulation predicts that the per-
formance of YAC-II will be strong enough to separate
primary particles into four classes, namely, proton,
helium, intermediate nuclei(He< A <Fe), and iron
group as shown in Figure 20 where lines are input
fluxes and symbols represent estimated distribution
by RF (Random Forest algorithm [28]). In 2009, we
constructed a prototype YAC detector which is called
YAC-TI near the center of the Tibet-III air-shower ar-
ray. We have been successfully taking data from May
2009 to February 2010. The preliminary analysis
shows that the data is in good agreement with our
MC simulation as shown in Figure 12a, 12b and 12c.
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four classes by YAC-II experiment using RF
trained by QGSJET2-MC.

8 Summary

We briefly presented the recent results on high-
energy cosmic ray physics obtained using the Tibet-
IIT air-shower array with a characteristic of wide-sky
coverage and continuous observation. These results
clearly show that the Tibet AS array has capabil-
ities necessary for high-energy particle and gamma-
ray astronomy. We also reported the present status
of new experiments in which the MD-array and YAC-
array are planned to operate together with the AS ar-
ray. Among this, it is shown that the Tibet AS+MD
array has the sensitivity to gamma rays in the 100
TeV region by an order of magnitude better than
any other previous detectors existing in the world.
We may then have a chance to discover a dozen new
point-like gamma-ray sources and also diffuse gamma

rays from the Galactic plane with extremely low back-
ground level in the northern sky. In addition, the
Tibet AS+YACH+MD array enables us to measure
the differential energy spectra of primary cosmic-ray
components such as protons, helium nuclei, medium
nuclei and irons separately in the energy region cov-
ering the knee. According to the MC simulation, a
full-scale YAC array is powerful enough to study the
chemical composition, in particular, to obtain the en-
ergy spectrum of the major component around the
knee. This work is indispensable to deepen our un-
derstanding on the origin and acceleration mechanism
of very high energy cosmic rays.
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