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Abstract: In the first part of this Chapter the present state of knowledge from the observations of cosmic rays
between 10" and 10” eV is summarized. This is not intended to be a complete review, but rather a broad overview
of the relevant processes involving cosmic rays, including the astrophysical environments in which they take place.
This overview mainly concerns experimental results and phenomenological aspects of their interpretation, therefore
experiments’ description is not given but references to the vast bibliography are provided in the text. Some attempt is
made to address the most popular explanations offered by theoretical models. The second part is devoted to the de-
scription of the LHAASO performance and of its capability to provide a response to several open questions, still un-
answered, concerning cosmic rays above 10" eV, highlighting which major steps forward in this field could be taken
from LHAASO observations.
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I. THE COSMIC RAYS

A. Cosmic rays as messengers of the non-thermal
universe

Cosmic Rays (CRs) were discovered about a century
ago. First evidence of this radiation from space came
from the measurements performed by Victor Hess in
1912 during seven balloon flights at different altitudes.
Before the development of accelerators in the fifties, the
cosmic rays served as the main source of high-energy

particles: positrons, in 1932, muons in 1937, pions and
strange particles (kaons and hyperons) in the late 1940s
were discovered in cosmic rays. Presently, cosmic rays
are studied since they are messengers of extreme phe-
nomena involving very high energies. Indeed, their
power-law energy spectrum extending up to 10%° eV (see
Fig. 1) and beyond witnesses their non-thermal origin.
High-energy cosmic rays are the manifestation of the re-
lativistic Universe involving physical processes at ener-
gies by far in excess of what could ever be achieved in
man made laboratories. How cosmic accelerators can
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Fig. 1. (color online) Cosmic-ray energy spectra. For ener-

gies below ~ 100 TeV, the spectra of different species are
shown, and for higher energies the all-particle spectra are plot-
ted. References of data: CREAM [1]; ATIC [2, 3]; AMS-02
[4-8]; PAMELA [9]; DAMPE [10-12]; Fermi-LAT [13];
HESS [14]; IceCube [15]; Akeno [16]; Tibet [17]; AGASA
[18]; HiRes [19, 20]; Auger [21].

boost particles to these energies and which is their nature
are primary questions that yet need a firm answer. At the
same time, these sources are natural laboratories to ex-
plore how the laws of physics behave at the highest ener-
gies. The center-of-mass energy of the LHC pp collisions
is reached with the interaction on fixed target of a proton
with energy ~ 10! eV. The highest energy cosmic rays
may provide the opportunity to probe new physics bey-
ond the Standard Model of particle physics as, for in-
stance, a tiny violation of the Lorentz invariance at ener-
gies not reached at terrestrial accelerators. A sudden
change of the hadronic interaction at the highest energies
is another example. Thus, both astrophysics and particle
physics are central topics of the cosmic ray research.

B. The origin of cosmic rays : galactic or extragalactic?

The problem of the cosmic ray origin has been de-
bated extensively. This issue concerns the nature of the
cosmic ray sources, how cosmic rays are accelerated at
very high energies and how they propagate in the inter-
stellar or intergalactic medium. Two extreme models
have been discussed: the galactic model, in which the
cosmic ray sources are supposed being concentrated in
the Galaxy, and the extragalactic models which postulate
that cosmic rays occupy the extragalactic space from
which they may flow into the Galaxy. Many aspects con-
cerning the chemical composition, the energy spectrum,

the anisotropy as well as the energetic requirements rule
out and made unacceptable the extragalactic origin of all
cosmic rays, favoring, instead, the galactic model. An ex-
haustive account is given in [22] and Sec. 20 of [23]. Ac-
cording to the hypothesis first suggested by Baade and
Zwicky [24] the sources of the bulk of cosmic rays are
the supernova (SN) explosions. The strongest arguments
in favor of this assumption come from the energetics
characterizing the SN explosions and from the models of
stochastic acceleration by shock waves in SN being able
to reproduce the cosmic ray power-law energy spectrum
(see next Sections). However, the energy range above
10'® eV is likely dominated by extragalactic cosmic rays
because of the limit of the maximum energy achievable in
SN explosions, and because the Galactic magnetic field
cannot confine particles of very high energy. The aniso-
tropy of the highest energy cosmic rays also call for their
extragalactic origin (see Sec. L.J).

C. Galactic confinement and propagation

The large scale magnetic field of the Galaxy is meas-
ured in several ways. The evidence comes from the Zee-
man splitting of the 21 cm line of neutral hydrogen and of
molecular radio lines, from the polarization of the radio
emission and of the light of nearby stars, and from the
Faraday rotation of linearly polarized radio signals. All
estimates of the magnetic field strength lie in the range 1-
10 pG, and a typical value of 3 uG is usually assumed.
The gyro-radius of a particle of rigidity R in a field of
strength B assuming its velocity orthogonal to B, is r =
1.1 x 10 *R(GV)/B(uG) pe. For protons of 105 eV, this
gives r = 0.37 pc to be compared with the galactic radius
of about 15 kpc and a galactic thickness 24 = 400 pc at
the radius of Earth (8.5 kpc). The gyro-radius of a proton
of 10'® eV is about 370 pc, comparable to the galactic
thickness. One can conclude that particles up to 10!° eV
are well confined within the Galaxy. At higher energies,
cosmic rays start to escape more freely from the Galaxy,
providing a possible explanation of the steepening of the
spectrum at 10'5 eV.

The steepening would then happen at different ener-
gies for each element since the gyro-radius depends on
the charge Z of the particle. The primary information on
the propagation of cosmic rays in the galactic volume
comes from the presence of secondary elements more
abundant in the cosmic radiation than in solar system ma-
terial and substantially absent as end products of stellar
nucleosynthesis. These secondary elements are produced
by fragmentation of primary cosmic rays, such as carbon
and oxygen (to Li, Be, B) and iron (to Sc, Ti, Cr, Mn), in
the interstellar medium. From the ratio of secondaries to
primaries, decreasing as energy increases (Fig. 2), the
mean amount of matter traversed is determined to be of
the order of 2-10 g cm Wlth a nominal density in the
disk of one proton per cm’, the distance travelled up to
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(color online) Preliminary result of boron-to-carbon

the Earth is about 500-2000 kpc, far greater than the
galactic dimensions. This implies that cosmic ray con-
finement is a diffusive process in which the particles fol-
low a very tortuous path before escaping into the ex-
tragalactic space. Typical residence times are then in the
range 10°—107 years. High energy cosmic rays diffuse
out of the Galaxy faster. However, even cosmic rays with
energy > 10" eV do not stream freely away from the
galactic disk as proved by their low anisotropy (~ 107%),
and an estimate of the residence time of the order of 10°
years, or less, looks more appropriate. Escape times of
the order of 107 years are also found for GeV CRs from
the study of the abundances of radioactive isoto es pro-
duced in the spallation reactlons as for instance ' Be that
undergoes f-decay into "B with a characteristic lifetime
T=23.9x10% y [26].

In summary, in the current propagation models, the
Galaxy is assumed to be a ‘leaky box’ in which cosmic
rays diffuse staying confined for a long time and under-
going, before escaping, frequent scatterings either with
random magnetic irregularities or with waves excited by
the high energy particles themselves. A high isotropy en-
sues. The residence time decreases with the energy so
that higher energy cosmic rays > 10'> eV escape quicker
and have less time to produce the lower energy secondar-
ies. They are less confined in the galactic volume and this
effect as well as the limit of the acceleration process via
shock waves (see next Sections) are usually invoked to
explain the steepening of the spectrum above 10 eV
(see Sec. 6 of [27]).

D. Cosmic ray luminosity and the acceleration process

Cosmic rays constitute a remarkable component of
the galactic inventory accounting for an important ener-
getic and dynamical factor. Their energy density (= 1
eViem ) is comparable to the magnetic energy density
(=0.25 eV/em ) to the energy density of the interstellar
gas (= 1 eV/iem ) and is also of the same order of mag-

nitude as the energy density of the relic thermal radiation
(=0.26 eV/em ) Such a situation must be expected in
quasi-stationary conditions and implies that cosmic rays
play an essential role in the dynamics of the Galaxy. The
cosmic ray luminosity at Earth, about 3x10% erg/s, is
second only to the galactic luminosity of the optical radi-
ation. It is generally accepted from simple energetic con-
siderations that among the galactic sources the supernova
remnants (SNRs) are the main source of cosmic rays
since they may provide the total energy budget of cosmic
ray in the Galaxy. Due to the falling off energy spectrum,
the power required to sustain the high energy cosmic rays
is considerably less, about 5x 10°’ erg/s for above 10'6
eV cosmic rays. The mechanical energy input to the
Galaxy from each SN is about 10°! erg so that with a rate
of about one explosion every 30 years the total mechanic-
al power input from SNis is of the order of 10%? erg/s [28].
Thus SNs have enough power to drive the galactic cos-
mic ray acceleration if there is a mechanism for channel-
ing about 10% of the mechanical energy into relativistic
particles. An appropriate acceleration mechanism, the dif-
fusive shock acceleration process (DSA), has been known
since 1977 [29].

The diffusive acceleration process at supernovae blast
waves driven by expanding SNRs can provide the spec-
tral power-law shape of cosmic rays. In this picture, a su-
personic flow, as due to the ejecta from a supernova ex-
plosion or a pulsar wind moving at speeds of about 10*
km/s, terminates in a shock balancing the pressure of the
ambient medium. High energy particles scattered off tur-
bulent magnetic fields on both sides of the shock may dif-
fusively cross the shock front many times gaining each
cycle an average energy 6E/E ~ B(4/3), where f is the
velocity of the plasma flow. A small fraction of these
particles are advected downstream of the shock and may
escape in the downstream flow acquiring a power-law
spectrum with a spectral index mainly dependent on the
ratio of the upstream and downstream gas velocity in the
shock reference. This model naturally produces a power-
law spectrum dN/dE ~ E=>0 at source (dN/dE ~ E=>3 in
highly relativistic shocks), consistent with the locally ob-
served cosmic ray spectrum dN/dE ~ E27 after correct-
ing for the propagation effects. Indeed, in the convention-
al models the large-scale propagation in the Galaxy is
governed by the diffusion. The spectrum becomes steep-
er of a quantity ~ 0.3-0.6, the diffusion index, as it res-
ults from the spectra of the secondary cosmic rays pro-
duced by spallation of heavier primaries with the inter-
stellar matter, and from the secondary-to-primary ratios,
1n partlcular the ratios Boron/Carbon (Fig. 2) and

"’Be/’Be.

The maximum attainable energy depends on the time
the particle remains in the acceleration region before es-
caping. This is related to the size of the region and on the
strength and structure of the magnetic field. The first es-
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timate of the maximum energy is due to Lagage and
Cesarsky [30]. Assuming that the shock remains strong
enough for about 1000 y and a typical interstellar magnet-
ic field of a few micro-Gauss, the acceleration rates give
a maximum cosmic ray energy of roughly Z-10'* eV, ig-
noring any energy loss mechanism. In this simplified de-
rivation the accelerated particles do not affect the condi-
tions in the acceleration region. However, there are strong
theoretical and observational reasons that argue for a sig-
nificant amplification of the magnetic field as a result of
the pressure gradient of the accelerating CRs, triggering
instabilities in the precursor of the SNR shock. The most
important consequence of magnetic field amplification in
SNRs is the substantial increase of the maximal energy of
CRs accelerated by SN shocks, which presumably
provides the formation of Galactic CR (GCR) spectrum
inside SNRs up to the energy 10'7 eV. It is also dis-
cussed possibilities of formation GCR spectrum up to sig-
nificantly higher energies 3x 10'® eV due to reaccelera-
tion of CRs generated in SNRs [31, 32], or due to contri-
bution of more powerful type IIb supernovae [33]. The
theory of particle acceleration by strong shock associated
to SNRs is sufficiently well developed. Important theoret-
ical progresses have been achieved with the development
of the kinetic nonlinear theory of diffusive shock acceler-
ation (for reviews see Refs. [34-37]). The current theoret-
ical framework, consistently including the most relevant
physical factors, allows to make quantitative predictions
of the expected properties of cosmic rays accelerated in
SNRs.

In Fig. 3, the calculated cosmic ray intensities of dif-
ferent species accelerated in SNRs are shown together
with experimental data. Two different possibilities of
maximal energies are shown by thin and thick curves
[38]. The SNR origin model of cosmic rays via DSA has
received some support from the observation of radio
emissions, X rays, and GeV-TeV gamma rays from putat-
ive sources belonging to different classes of objects, such
as pulsar wind nebulae, supernova remnants, compact
binary systems, clusters of massive stars, and the Galactic
center. These observations give direct evidence of the ac-
celeration of electrons to beyond 10'* eV. However, the
evidence that high energy cosmic rays have the same ori-
gin needs confirmation [39]. TeV gamma rays are tracer
for high energy particles and can be used to search for
PeV cosmic ray sources, the so-called PeVatrons. In the
‘hadronic scenario’ gamma rays come from the decay of
neutral pions produced by the interaction of cosmic ray
nuclei with the ambient matter or radiation. In the com-
peting ‘leptonic scenario’ the inverse Compton scattering
of ambient photons with energetic electrons may lead to
the TeV gamma ray emission. Current data do not allow
us to distinguish between the hadronic or leptonic origin
of high energy TeV gamma rays [40]. Since the inverse
Compton scattering at high energies is strongly sup-
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Fig. 3.  (color online) Differential intensity J; of different
species of cosmic rays as a function of the kinetic energy .
Experimental data obtained in the CAPRICE [41], BESS [42],
ATIC-2 [43], CREAM [44], JACEE [45] and KASCADE [46]
experiments are shown. Thin and thick curves refer to two dif-
ferent models of cosmic-ray acceleration in SNRs discussed in
[45].

pressed by the Klein-Nishina effect, the observation of a
gamma ray power-law spectrum extending with no break
up to the 100 TeV and beyond would be a good proof of
the hadronic nature of the interaction.

Unfortunately, current y-ray observations show that
SNRs with hard GeV spectra always have evident spec-
tral softening in the TeV band with a potential cutoff near
~ 10 TeV. For SNRs with soft y-ray spectra, no emission
beyond 100 TeV has been detected either [39, 40]. Fig. 4
shows the multiwavelength spectra of a sample of 35 y-
ray SNRs and their distribution in the Galaxy. The only
source with emission close to 100 TeV, W30, is actually
associated with a pulsar wind nebula. All other sources
do not have detectable fluxes above 50 TeV. Indeed,
HAWC searched for TeV gamma ray emission from GeV
detected SNRs. Among 9 sources with significant emis-
sion above 56 TeV, three SNRs that emit above 100 TeV
have been observed. These 9 sources are close to ATNF
radio-pulsars and exhibit a curved spectrum, implying a
dominant leptonic origin of the emission. However, that
does not immediately disqualify them from being PeVat-
rons [47, 48]. The half-completed LHAASO facility has
reported twelve sources, including Crab Nebula, of > 100
TeV gamma rays [49]. Data collected for a livetime of
308.33 days evidence a gradual spectral steepening with
energy up to 500 TeV. Apart from Crab, all sources ex-
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Fig. 4. (color online) The upper panel shows the multi-
wavelength spectral data of 35 SNRs. The middle panel shows
the spectra normalized at 100 GeV. Lower panel distribution
of y-ray SNRs in the Galaxy. The color indicates the luminos-
ity at 10 GeV. Sources with hard GeV spectra are shown with
open black circles [39]. The light green color indicates the re-
gion covered by molecular survey observations of the Deling-
ha millimeter telescope.

hibit an extended morphology up to one degree. The en-
ergy of the most energetic photon from an extended
source positionally overlapping with the Cygnus Cocoon
is about 1.4 PeV.

Much larger photon statistics will allow detailed stud-
ies of the spectral and morphological features of these
sources needed to assess the origin, leptonic or hadronic,
of the detected radiation. The Crab Nebula spectrum
measured by LHAASO [50] is shown in Fig. 5.1t ex-
tends up to the PeV range including one event of ~ 1.1
PeV energy. The spectrum shows a gradual steepening
over three energy decades that can be explained by a
combination of synchrotron radiation and inverse
Compton scattering of relativistic electrons, accelerated at
the termination shock of the pulsar wind, interacting with
the ambient magnetic and radiation fields, respectively. A
contribution of PeV protons to the production of the
highest-energy gamma rays cannot be excluded. Gamma
ray emission extending up to 50 TeV with no evidence of
a cutoff has been observed by HESS from a small region
surrounding the Galactic center [5S1]. However, the black
hole Sgr A* at the Galactic center cannot be a viable al-
ternative to SNRs as source of PeV galactic cosmic rays
since at present it does not have a high enough rate of
particle acceleration to substantially contribute to the
population of Galactic cosmic rays [52]. Accordingly,
one would expect that a few PeVatrons are currently at
work in the Galaxy.

In conclusion, even if the experimental findings are
not conclusive, there is a general consensus that SNRs, as
well as pulsars, clusters of massive stars, and the black
hole at the Galactic center or, more in general, all the
high-energy systems, end-points of the stellar evolution,
are able to generate the cosmic power-law spectrum and
to account for the total amount of cosmic-ray energy con-
tained in the Galaxy, at least up to 10'7 eV. Galactic
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Fig. 5. (color online) The gamma-ray flux of the Crab meas-
ured by LHAASO (top) and the energy-dependent local power
law index derived by the log-parabola model fitting as indic-
ated by the purple band (bottom). See [50] for details.
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sources are believed to run out of power at 10'7 —10'®
eV, where the transition from galactic to extra-galactic
component should take place. Higher energies beyond
10'7 eV are essentially reachable by extra-galactic phe-
nomena. The need of confining the particles in the accel-
erator region for long times provides a basic geometric
criterion, due to Hillas [53], useful in selecting potential
accelerator sites. This is a simple dimensional argument
which makes it possible to identify objects that are able to
accelerate particles up to a given energy. By demanding
that the Larmor radius of the particle, r = E/ZB, does not
exceed the size of the acceleration region, we obtain a
limit to the maximum attainable energy Ema.x =SZBL
where L the size of the acceleration region, and S the
speed of the magnetic scattering centers. A simplified
version of the Hillas plot, not accounting for energy
losses [54], is given in Fig. 6, showing, for a given max-
imum energy, the relation between the source magnetic
field strength B and its size.

As shown in this plot, the most luminous types of
candidate sources are the Active Galactic Nuclei (AGNs)
and Gamma Ray Bursts (GRBs). In many AGNs, as for
instance the Fanaroff-Riley class II (FR-II) radio galax-
ies hosting supermassive black holes at the core, high-en-
ergy jets of radiation and relativistic material emerge
along the disk ’s axis, with scales of pc to kpc. Shock
waves propagating along these jets with Lorentz boost
factors of I'=10—-30 may be the sources of the highest
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Fig. 6. (color online) The classical Hillas plot. The knee

(1015 eV), ankle (3><1018 eV) and maximum energy (1020 eV)
lines are shown (blue dashed, red solid and green dotted, re-
spectively). See [55] for details. (Reprinted with permission
from Elsevier)

energy cosmic rays [56]. GRBs, believed to occur when
two neutron stars (black holes) merge or a massive star
collapses into a black hole, may also provide the requis-
ite environment for acceleration to ultrahigh energies.
These events would be accompanied by jet formation
where shock with speeds very close to ¢ can occur and
energies up to 102! eV can be reached [57]. Other sugges-
ted extragalatic CR sources are the shock associated with
colliding galaxies or starburst galaxies. The observed Iu-
minosity of all these systems may deliver the required
flux of ultrahigh energy cosmic rays.

To be thorough, we mention the ‘top-down’ scenari-
os in which the cosmic rays are not accelerated, but are
the result of the decay of supermassive ‘X’ particles that
have been trapped in topological defects since the time of
the early Universe [58]. Nevertheless, in all conceivable
top-down theories photons and neutrinos should domin-
ate at the end of the hadronic cascade, a scenario not sup-
ported by observations.

E. The cosmic ray energy spectrum

Protons make up about 90% of all cosmic-ray com-
ponents while helium nuclei amount to nearly 10% and
all other nuclei comprise only about 1% of the total flux.
Traditionally, the term ‘cosmic rays’ refers solely to the
fast charged nuclei of cosmic origin. Other charged
particles in the cosmic radiations are electrons, positrons
and antiprotons with far lower fluxes (see Fig. 1). The
abundance of nuclei in cosmic rays reflects their concen-
tration in outer space. Indeed, the chemical composition
of cosmic rays exhibits remarkable similarities to the sol-
ar system abundances. The main difference is the pres-
ence of two groups of elements, (Li, Be, B) and (Sc, Ti,
V, Cr, Mn), more abundant in the cosmic radiation than
in the solar system material as shown in Fig. 7.

These elements are absent as end-products of stellar
nucleosynthesis and are present in the cosmic radiation as
spallation products of Carbon and Oxygen and Iron nuc-
lei, respectively. The differences can be accounted for by
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Fig. 7. Solar System (SS) and galactic cosmic rays relative

abundances at 2 GeV/nuc normalized to '*Si = 1 [59].
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the collision of cosmic rays with the interstellar gas dur-
ing their propagation from sources to Earth. These sec-
ondary nuclei have energy spectra steeper than the
primary nuclei. At energies above a few TeV, cosmic
rays are conventionally grouped into five groups: protons,
helium nuclei, M(medium: Z = 6-9), H(heavy: Z = 10-
20), VH(very heavy: Z = 21-30). Another classification
often used in the literature, and mainly referred to the
data analysis, subdivides cosmic rays in ‘light’ (protons
plus helium nuclei) and ‘heavy’ (all other nuclei) or in
three mass groups (‘light’, ‘medium‘, ‘heavy’).

Cosmic rays of energies up to about 100 TeV can be
studied with telescopes on board of balloons, satellites or
installed on the International Space Station (ISS). These
devices achieve a reliable charge identification and a high
resolution measurement of the primary energy on an
event-by-event basis. Energy spectra for individual ele-
ments can be obtained, often displayed versus the energy
per nucleon. At higher energies the primary radiation is
studied with experiments detecting the secondary
particles generated in extensive air showers (EAS). These
experiments have limited sensitivity to identify the charge
of the primaries, and the total flux as a function of the
particle energy, the so-called all-particle spectrum, are
typically displayed. As shown in Fig. 1, the all-particle
spectrum follows a power-law with a spectral index of
about -2.7 up to about 3x10'> eV, where a break of the
spectral index is observed (‘knee’). Above this knee the
spectrum becomes steeper with an index of -3.0 up to the
‘ankle”’ around 5x10'® eV where the spectrum becomes
flatter again for about one energy decade. Above 4x10'
eV the spectrum appears to fall-off.

Direct measurements with satellites, balloon-based
detectors or detectors installed on the ISS (AMS [4], ISS-
CALET [60], ISS-CREAM [61]) have provided excel-
lent description of the evolution of each cosmic ray com-
ponent up to 100 TeV, as shown in Fig. 8. These detect-
ors consist of tracking planes and devices to measure the
charge of the incoming particles. The energy measure-
ment is accomplished with magnetic spectrometers at
lower energies and calorimeters at higher energies. The
measurement of the proton spectrum from GeV to TeV
energies is one of the main target of these observations.
Some spectral features have been observed, as shown in
Fig. 9. A break in the spectrum is evident near 500 GV
followed by a spectral hardening. There is also strong
evidence of a softening above ~10 TV. Data from ATIC
[43], CREAM [62], and JACEE [45] demonstrate a de-
crease of the proton-helium flux ratio at TeV energies
(Fig. 10). CREAM [1, 62], DAMPE [11], and HAWC
[63] report a hardening of the helium energy spectrum
near 500 GV, surpassing the proton spectrum at approx-
imately 10 TeV, a trend confirmed by the space-based
observations of ISS-CALET [64]. Possible explanations
to these spectral features include different source popula-
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Fig. 9. (color online) The proton spectrum from 40 GeV to

100 TeV measured by DAMPE [10]. Similar spectral shape
has also been observed by ISS-CALET [64]. (Reprinted with
permission from AAAS)

tions, nearby proton-rich source up to TeV energies or
proton-poor sources in the TeV range and anomalous dif-
fusion [65, 66].

In the energy region >10 TeV, air shower arrays oper-
ating at high altitude, such as Tibet AS [68], ARGO-YBJ
[69] and HAWC [63], can efficiently separate the light
component providing an useful complement to the direct
measurements affected, due to their limited detector ex-
posure, by large statistical uncertainties. A comparison of
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direct and indirect measurements shows a reasonable
agreement for the light component up to 100 TeV and
beyond within estimated systematic and statistical uncer-
tainties (=~ 30%, Fig. 11).

The higher energies above 100 TeV are the domain of
indirect methods exploiting the observation of secondary
particles in the extensive air showers (EAS) produced by
the primary cosmic rays colliding with air nuclei of
Earth’s atmosphere. Last generation experiments operat-
ing up to 10'©-10'7 eV, and measuring different EAS
components with good resolution (mainly the electron
number N, and the muon number Ny, or Cherenkov light
as in TUNKA [70] and BASJE [71] experiments), have
reached the sensitivity to separate into two mass groups
(light and heavy) with an analysis technique not critically
depending on EAS simulations, or in more mass groups
using unfolding techniques heavily based on EAS simula-

tions. Studies at the highest energies by detecting ultra-
high-energy cosmic rays (UHECRs) were carried out by
many pioneering experiments (Volcano Ranch, Haverah
Park, AGASA, Fly’s Eyes, HiRes, see [72] for a short
summary). Fly’s Eyes and HiRes explored the observa-
tion of the ultraviolet light produced by the nitrogen
fluorescence, fully demonstrating the extraordinary po-
tential of this technique. Two giant observatories (Auger
in the Southern hemisphere and Telescope Array (TA) in
the Northern hemisphere) are steadily observing the ultra-
high energy cosmic rays whose origin and nature repres-
ent one of the most intriguing mystery of astrophysics.
Both detectors combine two techniques with surface ar-
rays of particle detectors overlooked by large field-of-
view telescopes allowing for the reconstruction of the
shower development in the atmosphere by imaging the
ultraviolet fluorescence light produced from atmospheric
nitrogen molecules excited by the EAS particles. The
shower size, measured for both electrons and muons, and
the distribution of the shower maximum in the atmo-
sphere are combined to measure energy and mass com-
position.

In Fig. 12, where the fluxes are multiplied by E27, it
is shown the cosmic ray all-particle spectrum versus the
energy-per-nucleus above 10 TeV, as obtained by air
shower experiments. Features as the knee and the ankle
are well evident. A less evident feature around 10'7 eV,
the so-called second knee, is also visible.
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Fig. 12. (color online) Energy spectrum of high-energy cos-
mic rays obtained from air shower measurements. For details
see [73].

F. Primary composition

The origins of these spectral changes are still uncer-
tain. Many astrophysical models assume a dependence of
such features on the charge Z of the primary nuclei,
mainly related to the end of the acceleration mechanism
or escape from the Galaxy volume. These models pro-
duce rigidity-dependent break-offs. Other mechanisms
associate with new physics processes, €.g. the cannonball
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model of [74], may generate atomic number 4-dependent
knees.

Unfortunately, still large uncertainties affect the com-
position measurements preventing any conclusive assess-
ment. According to the KASCADE measurements the
knee at 3x 10" eV is due to the steepening of the light
primary masses, implying an increase of the contribution
of the heavy component up to about 8 x 10'® eV, where a
knee-like break has been observed by KASCADE-
Grande, caused by a steepening in the spectrum of this
heavy component. This is the energy where the charge-
dependent knee of the iron is expected, if the knee at 3
PeV is due to a decrease of the primary proton flux.
However, a number of experiments, in particular those
located at high altitude, seems to indicate that the bend-
ing of the light-nuclei component is well below the PeV
and the knee of the all-particle spectrum can be due to
heavier nuclei.

Observational results of the cosmic ray spectra up to
10'7 eV can be summarized as follows:

e Some ground-based air shower arrays can extend
their measurements into the energy range covered by dir-
ect experiments. The all-particle spectra in the range 10-
500 TeV measured by ARGO-YBJ [75], GRAPES-3
[76], Tibet AS [17], and HAWC [77] exhibit a fair agree-
ment within the statistical and systematic uncertainties;

e The proton + Helium spectra obtained by direct
(CREAM) and indirect (ARGO-YBJ) measurements are
in good agreement in the energy range covered by both
experiments [69], showing the reliability of the hadronic
interaction models used for the energy calibration of in-
direct experiments, at least until 200 TeV (Fig. 11);

e All EAS experiments detect a change of slope
(known as "knee" of the primary "all-particle" spectrum
at about 2-4 PeV. The "all-particle" spectrum above the
knee cannot be described by a single power law (KAS-
CADE- Grande [78], IceTop [79], TUNKA-133 [70],
TALE [80]), showing a hardening around 10'¢ eV and a
steepening at around (8-9)x10'¢ eV;

® The knee has been observed in the main EAS com-
ponents at different atmospheric depths (i.e. observation
height and =zenith angle), including electromagnetic
(EAS-TOP [81], KASCADE [82], TibetAS [68] among
the others), muonic (EAS-TOP [83], KASCADE [82]),
and hadronic (KASCADE [84]) components. The results
obtained on every single component at different depths
are in agreement with the EAS development models

e The experiments located at high altitude - EAS-
TOP, CASA-MIA [85], ARGO-YBJ, Tibet-AS, and
BASJE show evidence that the knee is due to primaries

heavier than protons, or, more in general, than the light
component. As a consequence, the composition already
before the knee is expected rich of heavy nuclei;

e In addition to the knee-like features in the heavy
primary spectrum at about 8-10'® eV, the KASCADE-
Grande experiment claims a flattening of the light com-
ponent (electron-rich sample) near 10'7 eV [86].

The results obtained by ground-based arrays are still
conflicting with each other and the composition around
the knee is being questioned. A key-point is the identific-
ation of the proton knee, at about 3 PeV as quoted by
KASCADE experiment at sea level, or below 1 PeV ac-
cording to the high altitude experiments. This crucial
datum is the cornerstone of the interpretation of the spec-
tral evolution at higher energies. The measurement of the
helium/proton ratio, that looks increasing up to 100 TeV
and beyond, brings into question the proton dominance of
the spectrum. It is thus clear that a firm and precise de-
termination of the proton knee is the key point to further
improve our knowledge of the CR composition at 10"
eV and beyond. The energy range between 10'¢ and 10'®
eV, which encompasses the transition region from
galactic to extragalactic components is of crucial import-
ance to determine origin and propagation of cosmic rays.
Open questions concern the mass composition, presence
of sources other than SNRs, the onset of the extragalactic
component. The KASCADE-Grande results provide a
general picture of the evolution of the mass composition:
from lighter mean mass at 10' eV to a heavier mean
mass at 10'7 eV to lighter again at 10'® eV. This spectral
behavior, observed also by other experiments, is likely
suggesting the contribution of different components. For
instance, in ref. [87] a three component model is pro-
posed including contributions from ‘regular’ SN explo-
sions, exploding Wolf-Rayet stars, and extragalactic
sources.

Different models have been proposed to explain the
ankle, in terms of source characteristics or propagation
effects. The ankle could reflect the transition between the
galactic component at low energies towards a harder ex-
tragalactic component at higher energies. In this scenario
extragalactic cosmic rays dominate only above 10'° eV,
and one needs some kind of process providing the exten-
sion of the galactic component beyond 10'® eV [88]. Pos-
sible solutions imply re-acceleration of the most energet-
ic cosmic rays or cosmic rays due to massive stars ex-
ploding into their own wind (e.g. Wolf Rayet stars) or
cosmic rays accelerated at a Galactic wind termination
shock. In an alternative scenario the ankle is formed as a
dip in the extra-galactic proton spectrum, dominating
above 10'® eV, from the energy loss of the protons via
e —e” pair production in interactions with the CMB. The
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cosmic ray chemical composition is expected to be very
different at energies from 10!7 to 10! eV in these two
cases. It is also not clear whether the suppression of the
energy spectrum above 4-10' eV is due to the interac-
tion of protons with the CMB via pion production (the A-
resonance reaction p+vy — A*'), the so-called GZK cut-
off, or to the photo-disintegration of heavy nuclei like the
iron, or simply to the maximum energies achievable at
the sources. The GZK cutoff could imply a nearby distri-
bution of sources within 50-100 Mpc. In this case
UHECRSs are expected to propagate with less deflection
by magnetic fields and their arrival directions should be
correlated with the direction of powerful extragalactic
sources. From the energy spectrum alone it is not pos-
sible to distinguish among these different scenarios
whose assessment would be made easier by the measure-
ment of the composition and anisotropy. The most recent
results on the cosmic ray composition above 107 eV
come from the Auger experiment. Data point to a com-
position getting lighter up to about 2.1x10'® ¢V, in agree-
ment with the KASCADE-Grande findings, and going to-
wards intermediate-heavy masses above, implying a non-
negligible fraction of heavier elements at the highest en-
ergies [89].

G. Disentangling energy and mass

All the features observed in the cosmic-ray spectra
are naturally related to different types of sources, to ac-
celeration mechanisms, propagation effects, and interac-
tions ‘en route’ from sources to Earth. Generally, apart
from some tension between the flux measured by Auger
and Telescope Array above 10'° eV, the measurements of
the energy spectrum from different experiments are in
agreement on the form of the major features in the spec-
trum when taking into account statistical, systematic, and
energy scale uncertainties (see Fig. 12). From the spec-
tral results alone, however, it is not possible to under-
stand the causes for the observed features. Indeed, many
underlying source, acceleration and propagation models,
though to predict similar energy spectra, differ consider-
ably in composition. To gain insight into this issue it is
important to measure the composition by disentangling
this degeneracy. The traditional approach, consisting in
comparing data with the expected results according to
different mass composition models (for instance: all-pro-
ton, all-iron, mixed ‘light’ plus ‘heavy’ as suggested by
some theoretical model) may provide partial solutions but
fails to give a firm and definitive answer to this question.
Measuring the energy spectra of individual components is
a challenging task. The mentioned goal could be achieved
by selecting, on an event-by-event basis, the single ele-
ments or the main mass groups. It is a common believing
that an efficient sampling of many shower components,
as for instance electrons, muons, Cherenkov and/or fluor-

escence light and also hadrons and radio output, allowing
the simultaneous reconstruction of the lateral and longit-
udinal shower distributions, could provide a reasonable
identification of mass and energy of the primary indu-
cing each observed events. The study of mass-sensitive
parameters is carried out in Section II. Taking advantage
of the high altitude site and of the hybrid detection ap-
proach by a large deployment of different kind of detect-
ors, the LHAASO experiment is expected to be highly
sensible to the individual cosmic ray components.

H. The hadronic interaction models

The interpretation of shower data relies on the output
of hadronic Monte Carlo models. High energy hadronic
interaction models such as QGSJET or SYBILL are used,
while the FLUKA or GHEISHA codes have been adop-
ted to simulate low energy interactions. In recent years
interaction models tuned to LHC data, such as EPOS-
LHC, have been developed. Indeed, all LHC experiments
feature detection capabilities with a wide phase-space
coverage, in particular in the forward direction that drives
the shower development. EPOS event generator is based
on a combination of Gribov-Regge theory and perturbat-
ive-QCD, and can be used to simulate pp, p4, and A4
collisions. The use of different models may introduce
some residual uncertainty in addition to the experimental
systematic and statistical uncertainties. These uncertain-
ties are commonly quoted in summarizing the experi-
mental results. Many results are derived, by unfolding
analysis techniques, from the two-dimensional N,-N,
correlation. The electromagnetic component is less de-
pendent on the choice of the hadronic interaction model,
while the muon content is more affected. A test of the
hadronic interaction models has been carried out by the
Auger experiment by comparing the measurement of a
number of air shower parameters to the predictions of
Monte Carlo simulations [90]. None of the currently used
interaction models provides a consistent description of air
showers at energies above 10'7 eV, in particular of the
muon production profile. A muon deficit in simulations
between 38% and 53% is found. A comprehensive study
shows that all these models give reasonable description,
within a few percent, of experimental data up to a few
10'6 eV. At higher shower energies a growing muon defi-
cit in simulations is observed in all models [91]. No clear
explanation of this effect is given so far.

I. Cosmic ray anisotropy

The measurement of the anisotropy in the arrival dir-
ection distribution of cosmic rays is a complementary
way to gather information on the origin and propagation
of this radiation. Indeed, cosmic ray anisotropy is expec-
ted to reflect the source distribution and the structure of
the galactic magnetic field. Furthermore, heliosphere and
local magnetic fields may represent a significant source
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of perturbation for low energy particles. The gyro-radius
of cosmic rays of 10* GV rigidity (10 TeV protons) is
about 0.0037 pc, comparable to the heliosphere width.
The anisotropy study is thus an important tool to trace the
potential sources and to probe the structure of the mag-
netic fields through which cosmic rays travel.

In the last few decades, the anisotropy in the cosmic-
ray (CR) arrival direction distribution has been observed
from tens of GeV to tens of PeV by a number of experi-
ments located in the northern and southern hemispheres,
with an intensity of 107*-10"3 with respect to the iso-
tropic background. Before the late 1990s, the anisotropy
was usually measured as a variation of the cosmic-ray
flux over the sidereal day and local solar day based on
harmonic analysis in one dimension. With the develop-
ment of ground-based and underground/under-ice experi-
ments, two-dimensional map of the CR arrival directions
distribution was provided [92-98], thanks to the long-
term stable observations and large statistic. Detailed mor-
phological studies of the anisotropy structures became
then possible. In the two-dimensional anisotropy map at
multi-TeV, a few large scale structures have been identi-
fied, as shown in Fig. 13. One is the “tail-in” [100], an
excess confined in a narrow cone with a half opening
angle of 68° from the direction (right ascension @ ~90°,
declination 6 ~-24°) coincident with the heliospheric
magnetotail direction (right ascension a ~ 90°, declina-
tion ¢~-29°). Another feature is the so-called “loss-
cone ”, a broad deficit in the direction of the Galactic
North Pole. A small diffuse excess around o = 310° and J
= 40°, corresponding to the Cygnus region direction, has
been reported by Tibet AS and ARGO-YBJ experiments,
likely due to a large contribution of gamma rays.

The maximum of the dipole anisotropy, about 1073, is
reached around 10 TeV, above which the amplitude be-
gins to decrease with the phase gradually shifting. As the
energy increases a major change in the morphology of the
anisotropy is observed in several experiments in the

Northern hemisphere as well as in the Southern hemi-
sphere (EAS-TOP, IceCube, Tibet AS [101], and ARGO-
YBJ [102]). Data collected by Tibet AS and ARGO-YBIJ
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Fig. 13.  (color online) Combined cosmic ray anisotropy of
Tibet-AS and IceCube experiments in the equatorial coordin-
ate system [99].

over 7 and 5 years, respectively, of data taking show that
at energies above 50 TeV the ‘tail-in’ and the ‘loss-cone’
features gradually fade away, while above 100 TeV a
sudden change of the phase is observed, and the amp-
litude begins to increase with energy with an evident new
pattern. At energies above 150 TeV the ‘tail-in” and ‘loss-
cone’ features completely disappear and the 2D map is
dominated by an excess in the interval a = 20°-300° and a
deficit around o = 0°-100°. The direction of the new ex-
cess is very close to the direction of the galactic center (a
= 268.4°), suggesting this region as a possible source of
cosmic rays. Similar results are obtained by the IceCube
collaboration in the Southern hemisphere up to 5 PeV
[103]. The 2D maps of relative intensity for 8 median en-
ergies, from 4 to 520 TeV, as measured by ARGO-YBJ,
are shown in Fig. 14.

The cosmic ray anisotropy is not well described by a
simple dipole moment which is, however, commonly
used to illustrate the energy dependence of the phase and
strength of the anisotropy. The amplitude and phase of
the first harmonic measured by many experiments, ob-
tained by a projection of the 2D map onto the right ascen-
sion axis, is shown in Fig. 15.

A time variation of the anisotropy in association with
the 11 year solar cycle could be evidence for a helio-
spheric influence. Milagro [94] reported a steady in-
crease of the ‘loss-cone’ amplitude at a mean energy of 6
TeV over a period of seven years as the solar activity var-
ied from near maximum to minimum. This challenging
result is not confirmed by Tibet AS [104], ARGO-YBIJ
[102], and IceCube [103] experiments. A comparison of
data collected by the experiments located in the Northern
hemisphere is shown in Fig. 16. This result implies that
the anisotropy of multi-TeV cosmic rays essentially re-
flects the structure of the interstellar magnetic field.

By filtering out the large scale structure from the CR
anisotropy, several localized regions of significant cos-
mic-ray excess have been observed. The Milagro cosmic-
ray sky map [105] first indicated two excess regions at
(@ ~69.4°, 6§ ~13°) and (a ~ 130°, 15° < § < 50°), the rel-
ative intensity of them being 6x107#, and 4x107*, re-
spectively. Both regions were confirmed by Tibet ASy
and ARGO-YBJ experiments. The ARGO-YBJ experi-
ment [106] presented evidence for two additional excess
regions at (a ~ 240°, 15° < 6 < 55°) and around (a =210°,
§ =30°) with a maximum relative intensity of 2.3x 107
and 1.6x 107*, respectively. The last excess region has
been confirmed by HAWC [107]. In the southern sky, an
excess localized at (a =122.4°, § = —47.4°) were sugges-
ted by IceCube experiment [108].

The study of the anisotropy at high energies above
10'6 eV is a very difficult and challenging task because
of the low CR rate. Thus a very long duration of data tak-
ing is needed to reach a good statistical sensitivity, imply-
ing stability and a strict control of the detector perform-
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TeV [102]. (Reprinted with permission from AAS)

Anisotropies are expected to be stronger at the higher en-
ergies since both source distance and magnetic deflec-
tions are reduced. The amplitude and the phase of the first
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harmonic measured by KASCADE-Grande, IceCube,
IceTop, and Auger at energies above 103 eV are shown
in Fig. 17.

The measured amplitudes increase from 1073 to 1072
up to an energy of about 8 x 10'8. Below 10'® eV all the
measured phases point near the Galactic center (@ = -94°
in this plot). An amplitude of about 6.6x 1072 and point-
ing ~ 125° away from the Galactic center is instead ob-
served by Auger above 8 x10'® eV. The 2D map of the
anisotropy is shown in Fig. 18. Taken together, these res-
ults suggest a transition from a predominantly Galactic to
an extra-galactic origin of cosmic rays somewhere
between 1 and a few EeV.

A number of explanations for the CR anisotropy have
been discussed, pertaining to uneven distribution of CR
sources in the galaxy, propagation effects, the galactic
magnetic field and the local magnetic field. The global
anisotropy changes with energy, however, are intriguing.
According to numerical studies of CR propagation in a
scenario of homogeneous and isotropic diffusion in the
galaxy, the small magnitude and the energy dependence
of the anisotropy amplitude can be explained with nearby
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Fig. 17.  (color online) Amplitude (top) and phase (bottom)

of the equatorial dipole of the cosmic-ray large-scale aniso-
tropy at ultra-high energies [109].

Fig. 18.

(color online) Smoothed cosmic ray flux for £ >8
EeV measured by Auger. The dashed line and the star indic-
ate the Galactic plane and the center, respectively. The direc-
tion of the dipole lies 125° from the Galactic center, disfavor-
ing a galactic origin for these cosmic rays [110].

and recent SN explosions [111-113], mixed mass com-
position, the smoothing effect of the galactic halo and the
position of the Sun on the inner edge of the Orion arm
[114].

The local origin model of the anisotropies was pro-
posed by Amenomori et al. (2010) [115], Zhang et al.
(2014) [116] and Schwadron et al. (2014) [117]. In their
model, the global anisotropy may be generated by
galactic cosmic rays interacting with the magnetic field in
the local interstellar space of scale ~ 2 pc surrounding the
heliosphere. In addition, Qu et al. (2012) [118] proposed
a global galactic CR stream model by extending the ob-
served CR anisotropy picture from the solar system to the
whole galaxy, connecting GCR streaming and the struc-
ture of the galactic halo magnetic field. On the other
hand, a dipolar anisotropy is expected due to the motion
of the observer relative to the CR plasma by Compton &
Getting [119]. Such CR anisotropy due to the solar sys-
tem rotation around the Galactic center at a speed of
~220 km s ' was excluded [92], implying that GCRs
corotate with the local galactic magnetic field environ-
ment. The models for mid-scale anisotropies have been
also discussed since 2008. The excess could be due to the
magnetic mirror effect on CRs from a local source [120],
or could be related to the Geminga pulsar [121]. Cosmic
ray acceleration from magnetic reconnection in the mag-
netotail has been proposed as a possible source [122].
The reconstruction errors in the presence of a large angu-
lar gradient in the cosmic ray flux could also cause small-
scale features [123]. Recently it has been argued that
small-scale structures could be due to cosmic ray scatter-
ing in local turbulent magnetic fields [124]. Models pro-
posed for explaining the small-scale anisotropies are re-
viewed in [99].

J. Cosmic ray electrons, positrons and antiprotons

The CR electrons (the total electrons + positrons) and
antiprotons are less abundant species in the CR family.
Nevertheless, they are crucial for studies of various fun-
damental problems in physics and astrophysics, includ-
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ing the propagation of CRs, the search for anti-matter
Universe, and the detection of particle dark matter (DM).
Usually these particles need to be detected in space, by
e.g. magnetic spectrometers, in order to be robustly iden-
tified from the very high proton and nuclei background.

The extension of the measurements to high energies
by space detectors is difficult due to the limited counting
statistics of high energy particles. Therefore, the ground-
based experiments are expected to play important roles in
the study of high energy (> TeV) electrons and antipro-
tons. Due to improving separation power between had-
ronic and electro-magnetic showers, high energy elec-
trons can be detected by the ground-based experiments.
Using the Earth's magnetic field as a huge magnetic spec-
trometer, the antiproton-to-proton ratio can also be meas-
ured via the observations of the moon shadow by air
shower arrays (Tibet AS, ARGO-YBJ, HAWC).

1. Electrons and positrons

The propagation of electrons in the Milky Way is
very different from that of nuclei. The radiative cooling
of electrons, with cooling time scales proportional to E~!,
becomes very important and dominates the propagation
processes at high energies. Therefore high energy elec-
trons can only retain for a limited time scale and propag-
ate within a limited distance range. The detection of high
energy electrons and the precise measurement of their
spectral features provide unique diagnostic of local
sources of CR electrons.

The electron spectra have been measured to TeV en-
ergies with very high precision by space- and balloon-
borne detectors in the past few years [3, 125-128]. The
ground-based Imaging Cherenkov Telescope Arrays
(IACTs) extended such measurements to about 5 TeV
with relatively large systematic uncertainties [14, 129,
130]. Figure 19 summarizes the current measurements of
the total e + e~ spectra. Data up to a few TeV have been
provided by ISS-CALET [64] and the DAMPE instru-
ment on board a satellite [12]. DAMPE is operating with
high energy resolution and effective rejection of the had-
ronic cosmic-ray background. The observed energy spec-
trum is shown in the right panel. A spectral hardening
near 50 GeV and a spectral break near 0.9 TeV have been
reported after 530 days of operation. In the energy range
of 55 GeV to 2.36 TeV the spectrum is well represented
by a smoothly broken power-law model shown as a
dashed line in Fig. 19.

The CALET results exhibit a lower flux than those of
DAMPE from 300 GeV up to near 1 TeV, likely indicat-
ing the presence of unknown systematic effects. The en-
ergy spectrum measured by CALET above 1 TeV sug-
gests a flux suppression consistent, within the errors, with
the DAMPE results [131]. Thus both experiments con-
firm the change of the spectrum slope above 1 TeV firstly
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Fig. 19. (color online) Top: Fluxes (weighted by E ) of the
total e +e~ measured by balloon- and space-borne experi-
ments [3, 125-128], and the ground-based IACTs [14, 129,
130]. The bottom panel shows the electron + positron spec-
trum measured by DAMPE [12]. The grey band represents the
systematic uncertainty affecting the HESS data.

observed with large systematic uncertainties by the
ground-based IACTs.

Theoretically, CR electrons include the primary com-
ponent which may be accelerated simultaneously with
nuclei, by e.g., supernova remnants (SNRs) and many
other types of CR sources, and the secondary component
from inelastic collisions between CR nuclei (mostly pro-
tons and Helium) and the interstellar medium (ISM). The
secondary contribution is only a small fraction (~ 10%) of
the total electrons. In addition, there might be leptonic
sources which produce dominantly electron/positron
pairs. Candidate sources include pulsars [132] and
sources with e*e” pair production via yy interaction
[133] or photo-nuclei interaction [134]. The existence of
such primary e*e™ pair sources has been suggested by the
observations of remarkable excesses of the positron frac-
tion above ~10 GeV [135-138]. The simultaneous fitting
to the positron fraction and total electron spectra further
indicates the existence of high energy spectral harden-
ings of the primary electrons [139-141]. Such a result im-
plies nearby sources of CR electrons [142, 143].

The annihilation or decay of DM particles can pro-
duce electrons and positrons, which may also explain the
electron/positron excesses [144-146]. However, observa-
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tions of y-rays strongly constrain such models, leaving
only a class of decaying DM models with leptonic decay-
ing products [147-150]. The precise measurement by
CALET and DAMPE of the electron/positron spectrum
up to 10 TeV is expected to narrow down the parameter
space of all proposed models.

2. Antiproton-to-proton ratio

Antiprotons are important probe of the propagation of
CRs and the search for DM particles. It is generally ac-
cepted that galactic antiprotons are produced via the in-
elastic collisions between high energy CRs and the ISM
during their propagation in the Galaxy. Such a produc-
tion mechanism is similar to the process of nucleus frag-
mentation which produces secondary nuclei (such as
Lithium, Beryllium, and Boron) in CRs.

Figure 20 shows the current measurements of the p/p
flux ratio by balloon- and space-borne experiments from
0.1 to 500 GeV [7, 9, 151-153]. The p/p ratio shows an
increase from the lowest energy up to ~10 GeV, which
reflects the antiproton production threshold of the pp col-
lision. The high energy behavior of the p/p ratiois ex-
pected to follow a power-law declination due to the en-
ergy-dependent diffusion of CRs. The current data from
AMS-02 is consistent with either a flat or a shallow de-
cline at high energies [7]. It is still unclear whether there
are antiproton excesses for E > 100 GeV. Based on a
semi-analytical model of CR propagation [158], it has
been shown that the observed p/p ratio is well consistent
with the model inferred from the Boron-to-Carbon ratio
[159, 160], leaving limited room for contribution from
the particle DM annihilation".

The extension of the measurements to higher ener-
gies is very difficult. For the direct detection in space, the
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Fig. 20.  (color online) The antiproton to proton flux ratio

measured by different experiments [7, 9, 151-156]. Compar-
able upper limits in the TeV region have been obtained by the
HAWC experiment [157].

event statistics is very challenging due to the extremely
low fluxes of antiprotons. The ground-based experiments
are, however, lack of effective charge-sign separation
capability. A smart idea is to use the deflection of the
moon shadow by the Earth's magnetic field to separate
antiprotons and protons [165]. Analyses from a few ex-
periments have been done, and no significant deviation of
the moon shadow's deflection from Monte Carlo expecta-
tion based on pure positive CRs was found [154-156].
The corresponding upper limits of the p/p ratio were de-
rived, as shown by arrows in Fig. 20. These upper limits
are 10> — 103 times higher than the direct measurements at
lower energies and can only constrain few exotic theoret-
ical models such as the antimatter model [166].

K. The Multi-messenger approach

Since CRs are electrically charged, their paths are
bent by the cosmic magnetic fields. As a consequence,
they do not point back to their sources. In contrast to cos-
mic rays, gamma rays produced at these sources propag-
ate along a straight line.

They are produced in the interaction of accelerated
particles, cosmic rays or electrons, with ambient matter or
radiation fields, thus TeV gamma rays do trace the emis-
sion sites with the acceleration sites nearby. Since the
photon production processes, hadronic interaction or in-
verse-Compton, are well known, TeV gamma-ray obser-
vations provide crucial information about the intensity
and the spectrum of the accelerators. After the pioneer-
ing observation of the Whipple Telescope that detected in
1989 the first source, the Crab Nebula, the gamma-ray as-
tronomy above a few tens of GeV by ground-based de-
tectors developed rapidly thanks to the IACT techniques.
Nowadays more than 200 TeV sources are reported in the
TeV-cat [167] catalog. Wide-angle devices like MIL-
AGRO, ARGO, HAWC may complement the observa-
tions by IACT due to their better survey capabilities and
better sensitivity to extended sources. The status of this
field and the LHAASO performance in the gamma-ray
observations are discussed in Chapter 2.

In the context of the search of cosmic-ray sources,
high energy neutrinos play a crucial role being able to
provide an uncontroversial proof of their hadronic charac-
ter; moreover, they can reach us from cosmic regions
which are opaque to other type of radiation, including
high-energy gamma rays. High energy neutrinos, as well
as photons, are expected to be produced by UHECRSs in-
teracting with extragalactic background photons during
intergalactic propagation. An attractive plot, see Fig. 21,
has been proposed by the IceCube collaboration [168].
The energy flux of diffuse extragalactic gamma rays, ul-
tra-high energy cosmic rays, and high energy neutrinos
have similar spectra despite their disparate energy re-

1) Note, however, that slightly different conclusions about the low energy (< tens of GeV) part were obtained with more detailed numerical models [161-164].
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Fig. 21.  (color online) Energy flux of extragalactic diffuse
gamma rays, high-energy astrophysical neutrinos, and
UHECRs [168]. (Reprinted with permission from the Americ-
an Physical Society)

gimes, implying a common origin of these radiations. The
expected neutrino fluxes from sources are of the same or-
der of magnitude as the gamma-ray fluxes, however the
km’-scale neutrino detectors currently in operation have a
sensitivity far lower than the LHAASO sensitivity
(~ 107 erg cm ~ s ') in the most relevant, 100 TeV to 1
PeV, energy range, envisaging at this time only a margin-
al contribution to the LHAASO search for cosmic-ray
sources. A dedicated study of the Multi-messanger phys-
ics with LHAASO is given in Chapter 6.

L. Future prospects

Cosmic rays are the most energetic particles in nature
and their studies address fundamental issues as the nature
of the non-thermal Universe and the violent cosmic pro-
cesses there at work. In 1938 Pierre Auger and his col-
leagues detected extensive air showers with two Geiger-
Muller counters operated in coincidence 300 m apart. The
energy of the primary particle inducing these events was
estimated to be about 10'° eV. In 1989 the Whipple tele-
scope discovered TeV gamma rays from the Crab Nebula.
That represents the first direct evidence of a cosmic
source accelerating particles at multi-TeV energies. Since
then a wealth of information about putative sources of
high energy cosmic rays has been produced by the obser-
vations of a remarkable suite of experiments. The emer-
ging general picture evidences that cosmic rays are a
varying mixture of protons and nuclei of galactic origin
up the energies below 10'7 eV, the second knee, and that
a transition from the galactic to an extragalactic compon-
ent takes place in the energy region between the second
knee and the ankle. The energy range above a few 10!
eV is likely dominated by extragalactic cosmic rays.
These findings point out the existence of many types of
candidate sources as anticipated by theoretical models.
However, "neither the most energetic galactic nor the ex-
tragalactic sources of cosmic rays have been discovered,

yet... " [73]. To shed light on this fundamental question,
information about the spectrum and anisotropy of each
cosmic ray component is of paramount importance. In-
deed, understanding the cosmic ray origin and propaga-
tion is made difficult by the poor knowledge of the ele-
mental composition of the radiation as a function of the
energy. Direct measurements by above-the-atmosphere
detectors may provide the energy spectrum of each cos-
mic ray elements. Probing these spectra via direct detec-
tion becomes a challenge beyond 100 TeV, due to the
limited detector exposure. Present ground-based air
shower arrays, which exploit the atmosphere as target and
a calorimeter, do not suffer of this limitation, but have
limited sensitivity to the charge of the primaries. Separat-
ing as much as possible the mass groups is thus a mandat-
ory goal of new generation experiments.

In summary, high energy spectral features such as
breaks, bumps or cut-offs of the all particle spectrum may
reflect the superposition of many contributions that could
be solved only by comparing the proposed models to the
measured energy dependence of the single components or
mass groups. In this respect, the most fundamental topics
concern

1. the measurement of the single component, or mass
groups, energy spectrum through the knee at 3 PeV, al-
lowing the determination of the energy of the knees of
each element or mass groups;

2. the detailed study of the energy range 10'®—10'8
eV, where the shape of the mean of the logarithmic mass
(InA) measured by various experiments (see Fig. 22) can-
not be explained by a single galactic component with ri-
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Fig. 22. (color online) Mean of the logarithmic mass < InA >

as measured by various experiments interpreted with two had-
ronic interaction models (EPOS-LHC and QGSJET-II-04).
Predictions are shown for three different models of the addi-
tional Galactic component: cosmic rays from Wolf-Rayet stars
(C/He = 0.1 and C/He = 0.4) and cosmic rays being re-accel-
erated by the galactic wind. For details and references see
[87]. (Reproduced with the permission @ ESO)
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gidity-dependent energy cut-offs in the individual spectra
of different elements;

3. the measurement of the anisotropy for different
mass groups.

How LHAASO may accomplish this task is dis-
cussed in the second part of this Chapter. In the search for
cosmic sources LHAASO will greatly benefit of its re-
markable sensitivity in gamma astronomy. Indeed, mag-
netic fields prevent the direct identification of the sources
by simply detecting cosmic rays. Observation of high en-
ergy gamma rays produced by the interaction of PeV pro-
tons or nuclei is widely recognized as a very powerful
tool to identify the cosmic ray accelerators. The need of
ruling out their possible leptonic origin requires a proper
sensitivity to survey the sky at above 100 TeV photon en-
ergies. In this respect, LHAASO’s sensitivity and wide
field of view may provide a unique discovery potential,
as discussed in Chapter 2.

By combining the study of the cosmic ray elemental
composition and the observation of very high energy
gamma rays, LHAASO will become one of the most
powerful instrument to search for PeVatrons.

Important contributions to this search may come from
a correlated study with low frequency components of the
electromagnetic spectrum. Radio data at the GHz scale
are produced at the source sites as well as by the interac-
tion of cosmic rays with the ISM. Results from LHAASO
gamma-ray observations in the multi-TeV range may be
usefully combined with data from the next generation
SKA observatory to deepen the problems related to the
cosmic ray acceleration and propagation in the Galaxy.
An overview of this topic is hereinafter reported.

M. Multi-wavelength studies of cosmic ray accelera-
tion and transport in the Galaxy

Multiwavelength observations can be used to study
the Galactic cosmic rays' origin, propagation, and distri-
bution in the Galaxy. With the next generation telescopes,
such as LHAASO and SKA, we may make one giant leap
for understanding GCRs by finding PeVatrons, measur-
ing the magnetic field amplification, examining the en-
ergy conversion rate and nonlinear effect, increasing
evidence for TeV CRs diffusive propagation and study-
ing their distribution in our Galaxy.

1. Background

Supernova remnants (SNRs) are known as the best
origination candidate for GCRs (other candidates include
pulsar wind nebular, X-ray binaries, Galactic center, su-
perbubbles, and so on). Multi-wavelength observations
have provided lots of evidence supporting SNRs as the
origin of GCRs: (1) Radio observations display bright fil-

aments and twisty structures of SNRs which are pre-
dicted by DSA. (2) The average spectral index, a, of
SNRs is about 0.5 (§, « v™®) indicating a particle energy
index, y, of about 2 (y = 1+2a). (3) The magnetic fields
derived from observing OH 1720 MHz masers in the
SNRs shocked regions are significantly amplified to mag-
nitude of mG. (4) X-ray observations detect synchrotron
emissions from young SNRs showing that electrons have
been accelerated up to 100 TeV and the magnetic fields
are amplified to 100-600 pG. (5) Molecular spectral line
observations detect enhanced ionization rate surrounding
SNRs implying efficient low energy CR acceleration. (6)
Many SNRs interacting with molecular clouds or neutral
hydrogen clouds, which are identified by infrared, centi-
meter, millimeter and sub-millimeter observations, are
also GeV and/or TeV emitting objects. (7) The discovery
of two components of optical Ha line supports the exist-
ence of CRs induced shock precursor. (8) Fermi satellite
has detected the pion bump feature from SNRs 1C443 and
W44 giving the first direct evidence that both SNRs ac-
celerate CRs to GeV.

A combination of DSA and CRs propagation in our
Galaxy is usually referred as the SNR paradigm. The the-
oretical and observational works mentioned above are in
favor of this paradigm. However, many questions in the
paradigm are still open. Multi-wavelength observations
from next generation telescopes especially LHAASO and
SKA should play a key role in solving the problems in
DSA theory, CRs diffusive propagation and distribution.

2. The diffuse shock acceleration theory

Some key predictions or requirments of DSA are that:
SNRs could accelerate CRs to the knee, i.e., about 4 PeV;
magnetic field amplification is needed to accelerate CRs;
the energy conversion rate should be high, i.e., larger than
10%, and CRs should have important nonlinear effect on
the structure of the shock [169, 170].

The CRs are usually traced by 4 emission processes.
For electrons, the tracers are synchrotron radiation
(o< NcreB?, where Ncge is the number density of
electron), bremsstrahlung (oc NcreNpy, where Ny is the
number density of ionized, neutral and molecular hydro-
gen) and inverse Compton (IC) scattering (oc NcreNs,
where N, mean the number density of background
photon). For protons, the tracer is neutral pion decay
(< NcrpNu, where Ncrp is the number density of
protons). The first process usually dominates in the radio
band and sometimes appears in the X-ray band. The last
three processes produce radiation in the y-ray band. The
key to illustrate SNRs as the origin of GCRs is to separ-
ate the hadronic process from the leptonic processes.
Since both bremsstrahlung and pion decay are proportion-
al to Ny, their relative intensity is determined by the
density ratio between electrons and protons (K.,). Be-
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cause K., is usually smaller than 0.01, bremsstrahlung is
much less efficient than pion decay (see the estimation
from [171]). The main confusion is from IC.

Multi-wavelength observations are so far the best way
to solve the problem. From synchrotron radiation (radio
and X-ray bands), we could investigate the electron en-
ergy index which can be used to restrict the IC radiation.
Furthermore, the ratio of electron energy loss between
synchrotron radiation and IC is Pgy/Pic = Ug/Upn, where
Ug and Uy, are the energy densities of magnetic field and
background photon field, respectively. Higher magnetic
field strength will lead to less IC radiation. The OH 1720
MHz maser (centimeter band), X-ray synchrotron radi-
ation (X-ray band) can be used to estimate the magnetic
field strength. The background photon field includes the 3
K cosmic background radiation. However, for some
SNRs, the infrared radiation from dust (infrared band)
also has a great contribution to the photon field. For pion
decay, it depends on the material distribution which can
be inferred by the molecular lines observation (centi-
meter, millimeter/submillimeter band), dust observation
(infrared band) and X-ray observation.

1. PeVatrons

In the y-ray band, there are two crucial spectral win-
dows to distinguish pion decay from leptonic processes.
The first one is the sub-GeV window. In this window, the
spectrum of pion decay is characterized by the pion
bump---rises steeply below ~ 200 MeV. This feature has
been observed as the first direct evidence for SNR accel-
erating protons at GeV. Since the current ongoing y-ray
satellites are not sensitive at this band, further MeV-GeV
telescopes, such as PANGU [172], may have a large
sample investigation. Another window is the band well
beyond 10 TeV, such as 100 TeV. In this band, the y-ray
contribution from the IC component is greatly sup-
pressed due to the Klein-Nishina effect. The hadronic ori-
gin could be established through detailed modeling with
multi-wavelength information. So far, LHAASO has the
best sensitivity at the energy above 10 TeV (see Fig. 23).

-1
— 1o _,,.-?-_5.:.?% y
o
o
§ 102k o
> S
P -13
l'kl 10 --‘F"-_c_a[:.n,(_f
L =Tep
&
104 b2y, :
T Frag
sl Cora il PR AT S BRI | T T
0.1 1 10 100 1000

E= Emedian [TeV]
Fig. 23.  (color online) The sensitivity of LHAASO-WCDA
and LHAASO-KM2A [173].

It will not only give the first SNR observation above 30
TeV, but also greatly reduce the error bar of the data
which is critical to distinguish different models. The SNR
paradigm predicts that young SNRs should be PeVatrons,
which can be verified with LHAASO observations.

2. Magnetic field amplification

Magnetic filed amplification is a prediction of suffi-
cient CRs acceleration and is also required if SNRs can
indeed accelerate CRs to PeV. LHAASO could give dir-
ect evidence of PeVatrons, but the process of how the
CRs are accelerated to PeV is not within its reach. As
mentioned above, previous magnetic field strength stud-
ies are mainly based on OH 1720 MHz maser and X-ray
synchrotron radiation observations. Both studies indicate
significant magnetic filed amplification. The OH 1720
MHz masers only appear in shocked molecular cloud
with density of about 10° cm”. That means the magnetic
field strength measurement is constrained to a compact
region. For most parts of an SNR, OH maser observation
is not able to measure the magnetic field strength. For
young SNRs, X-ray synchrotron emission is only identi-
fied in narrow regions close to shock front. So, does mag-
netic field amplification really appear in the whole re-
gion of an SNR?

The Zeeman effect of neutral hydrogen has been used
to measure the magnetic field strength of the interstellar
medium. The difficulty of this method is the superposi-
tion of different hydrogen clouds similar line-of-sight ve-
locities. Recently, observations have shown that some
SNRs are associated with high velocity neutral hydrogen
clouds [174]. Since those clouds are distinct from back-
ground ones, to measure their magnetic fields is possible.
SKA with its sensitivity, angular resolution and big field
of view (see Fig. 24), will bring us a chance to map the
magnetic field strength with great details in the large area
of an SNR. It could help to reveal where the magnetic
field amplification happens and how large the amplifica-
tion is.

Magnetic field amplification is believed to be associ-
ated with turbulence. This turbulence will cause scatter-
ing, scintillation of background light, and might cause the
background point source to become an "extended" one.
The scintillation of pulsars has been widely used to de-
tect interstellar cloud physical properties to study the
Kolmogorov spectrum. When a pulsar is located behind
an SNR, even behind the shock region, we could use it to
detect the turbulence in the shock region with the same
method used to study the interstellar electron clouds.
Since most pulsars are faint (previous studies usually use
pulsars with flux larger than 20 mJy at 400 MHz), a more
sensitive telescope like SKA is needed to do this work.

3. Energy conversion rate and nonlinear effect
To explain the observed CRs energy density, an en-
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Table 1 Parameters for Comparable Telescopes

Table xxx: Parameters for Comparable Telescopes
eMERLIN WLA GBT GMRT Parkes MB LOFAR FAST MeerkAT | WSRT Arecibo ASKAP SKAl-survey | SKAl-low | SKA-mid
A il Toys mi/K 60 265 276 250 100 61 1250 321 124 1150 65 391 1000 1630
Fov deg’ 0.25 0.25 0.015 0.13 0.65 14 0.0017 0.86 0.25 0.003 30 18 27 0.49
Receptor Size m 25 25 101 a5 64 39 300 135 25 225 12 15 35 15
Fiducial GHz 14 14 14 14 14 0.12 14 14 14 14 14 167 0.11 167
Survey Speed FoM _[deg? m k2] 9.00x10 1.76x10" 1.14x10° 8.13x10° 6.50<10° 5.2110' | 2.66x10° | s86x10° [ 3.84x10° | 357x10° 1.27x10° 2.75x10% 2.70x107 1.30x10°
Resolution arcsec | 10-150x10° 14-44 420 2 660 5 88 1 16 192 7 0.8 11 0.22
Baseline or Size km 217 1-35 01 27 0.064 100 05 4 27 225 6 50 50 200
Frequency Range ez " 3'1'3‘2:'3’ = 1-50 0.2-50+ 0.2131,50’_:124314.4 0eato2s | 003022 | 01-3 |®7" 2‘150‘ 971 03-86| 03-10 0.7-1.8 0.65-1.67 | 00s0-0350| 03514
Bandwidth MHz 400 1000 400 450 400 4 800 1000 160 1000 300 500 250 770
Cont. Sensitivity wy-hr*? 27.11 3.88 5.89 6.13 16.26 266.61 0.52 3.20 20.74 0.89 28.89 3.72 2,06 0.72
[sensitivity, 100kHz | puy-he? 1714 388 373 411 1029 1686 82 320 830 89 1582 263 103 63
|£FD ly 46.0 10.4 10.0 110 27.6 45.2 2.2 8.6 223 2.4 42.5 7.1 2.8 17
Notes to Table

eMERLIN Frequencies non-contiguous

VLA Multiple antenna configurations

GBT Single dish

GMRT Frequencies non-contiguous

Parkes MB Multi-beam (13) Frequencies non-contiguous

LOFAR Parameters for all NL stations Frequencies non-contiguous

FAST Single dish Under construction

MeerkKAT SKA Precursor Under construction

WSRT Frequencies non-contiguous

Arecibo Single dish

ASKAP SKA Precursor Multi-beam (36) Under construction

SKAl-survey Multi-beam (36) Mixed 12-m & 15-m dishes FoV based on 15-m dishes Planned

SKAl-low Planned

SKA-mid Mixed 13.5-m & 15-m dishes FoV based on 15-m dishes Planned

Notes: All Fiducial frequency: Most Parameters Oy = (7/4)(662/Ddish)® Gray shading: <400 MHz capable SEFD: System Equivalent Flux Density

(cont’d) SEFD derived from Aee/Teye

Sensitivity derived from SEFD & BW

System efficiency assumed 100%.

Fig. 24.

ergy conversion rate of about ~10% is needed. In the non-
linear DSA theory, the conversion rate in effective CRs
acceleration shock can reach up to 50%. However it is not
true for some SNRs. One case is Cas A. Abdo et al.
(2010) claimed [176] that only less than 2% of the total
energy is used to accelerate CRs. LHAASO may push
this study further by measuring and modeling many SNR
energy spectra with high sensitivity and broad energy
coverage and give more accurate conversion rate estim-
ates to a sample of SNRs.

A general condition for the 10% conversion rate is a
Galactic supernova explosion rate of 2-3 per century.
Considering the typical life time of about 10’ years for an
SNR, the total number of Galactic SNRs should be more
than 1000. This is much larger than ~300 SNRs currently
detected in our Galaxy. Is this gap real or just because we
miss lots of SNRs due to observation selection effects?
For the first one, we need reconsider the theory of SNR
paradigm. For the second one, we need to find the miss-
ing ones. Previous Galactic radio surveys are usually
sensitivity limited or resolution limited which lead to the
failed detection of old, faint, large remnants or young,
small remnants. The ability of SKA (high resolution,
sensitivity, and big field of view) gives us a chance to
discover the missing SNRs in our Galaxy. It will answer
how many SNRs are in our Galaxy and even tell us how
the SNRs are distributed in our Galaxy. The total number
of SNRs is critical to answer whether they are the main
accelerator of Galactic CRs. The distribution of SNRs af-
fect the CRs injection model which is important when
modeling the diffuse y-ray emission of our Galaxy.

Another way to find SNRs is to identify the lower en-

(color online) The basic parameters for SKA [175].

ergy counterparts of unidentified GeV/TeV sources. One
example is the discovery of SNR G353.6-0.7 which is the
first SNR discovered at TeV band and then identified at
radio band [177]. Till now, more than 200 TeV sources
have been discovered, however, more than 1/3 of them
have no lower energy counterparts [178]. It is undoubted
that LHAASO will find more TeV sources and some of
them should be SNRs. The combination of SKA and
LHAASO, will identify those missing SNRs, which al-
lows us a compelling population study of the conversion
rate problem.

When the energy is effectively converted into CRs,
the shock structure will be modified that will lead to a
curvature of electron spectrum with spectral hardening to-
ward high energies. It has been claimed that this effect
was detected for a few SNRs [179], but there are still lack
of a large sample and spatially detailed studies, e.g. more
convincing nonlinear effect towards TeV SNRs. To do
this study, the SKA and LHAASO need work together.

3. CRs diffusive escape and distribution near SNRs

When CRs are accelerated to high energies in SNRs
and the shock also slows down, the CRs will propagate
diffusively from SNRs to the Galaxy. These CRs interact
with the interstellar medium forming the non-thermal dif-
fuse background emissions from radio to y-ray bands.

1. Escape

The escaped CRs take energy away from their moth-
er SNRs. Therefore it is a possible explanation why some
TeV bright SNRs have a very low energy conversion rate.
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One case for CRs escape is from the Fermi observation of
W44 in the GeV band [180]. While, for young SNRs like
Cas A, the escaped CRs should have very high energy.
These CRs can interact with surrounding materials and
produce TeV emission. Compared with CTA, LHAASO
has higher sensitivity to extended sources, which makes it
a perfect facility to detect the TeV halo surrounding
young SNRs. Since pion decay also depends on the ma-
terial density, the infrared, centimeter or millimeter ob-
servations are also needed to derive the density distribu-
tion surrounding SNRs. High energy CRs will escape
earlier and faster than lower energy CRs, so the halo may
also have a GeV/TeV ratio change with distance away
from the SNR. But the angular resolution of LHAASO is
low, so CTA is more suitable for this kind of studies.

2. Distribution

The energy distribution of electrons can be obtained
via modeling the diffuse emission from radio to y-ray
bands. Their spatial distribution can be obtained via
measuring the emissivity of electrons from radio observa-
tions with the help of absorption from HII regions and
planetary nebulae. The first one will only give two di-
mensional information and the second one may map the
three dimensional electron distributions.

By employing the 21 months Fermi data, [181] used
the GALPROP software to analyse the Galactic diffuse y-
ray emission. Their work successfully reproduces the ob-
served y-ray emission and gives the y-ray composition
and contributions from electrons and protons, respect-
ively. However, they do not consider whether the elec-
trons and protons, which are used to model y-ray emis-
sion, could produce the observed radio emission or not. A
combination modeling of radio and y-ray is necessary.
However, the angular resolution of current radio surveys
in frequency of a few tens MHz to a few hundreds MHz
is poor (usually worse than 1 degree) and can not effect-
ively separate point sources from diffuse emission. SKA
can provide the needed high resolution low frequency ra-
dio data and LHAASO will supplement the high energy
TeV data.

Generally speaking, if we could get the synchrotron
emission and magnetic field information at each position,
it is possible to give a three dimensional model of elec-
tron distribution in our Galaxy. The only problem is how
to get the distance information for synchrotron emission.
A long time ago, people have noticed that HII regions can
absorb the background low frequency radio emission
though free-free absorption. This gives us a chance to es-
timate averaged foreground synchrotron emissivity as the
background emission has been screened. Furthermore, if
there are many HII regions distributed close to one line of
sight, we could even estimate the emissivity between
those HII regions. Figure 25 displays the relation between
optical depth and frequency for typical HII regions and

planetary nebulae [182].

Figure 26 shows the spatial distribution of HII re-
gions and planetary nebulae [182]. For HII regions, they
are big, so easy to be detected. Their distances are also
easily determined. However, the total number of known

Optical depth

ol . ; — .
0 200 400 600 800 1000
Frequency (MHz)

Fig. 25.
HII region and planetary nebulae. The solid line is for HII

Optical depth vs observation frequency of typical

with temperature 7. = 10000 K, electron density n. = 100 cm'l,
size A/ =10 pc. The dashed line is for planetary nebulae with
temperature 7. = 10000 K, electron density n. = 3000 cm'l,
size Al=0.1 pc.

ary nebulae (lower) in Galactic coordinates.
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HII regions is small and they are mainly located on the
Galactic plane. For planetary nebulae, their distribution is
wider than HII regions, so they can be used to estimate
the emissivity of middle latitude regions. The total num-
ber of planetary nebulae is big and planetary nebulae be-
come optical thick at higher frequency which mean they
can measure the emissivity at broader region and dynam-
ical range. The disadvantages are that their sizes are small
and measuring the distances are not easy for most of
them.

Currently, only a few tens absorption features from
HII regions have been detected and no absorption detec-
tions for planetary nebulae. The main problem is due to
the poor angular resolution and sensitivity of current low
frequency radio surveys. SKA has enough resolution
(such as a few arcsecond) and sensitivity to carry out this
study. This will be a great step to know the CRs-
electron's distribution in our galaxy.

4. The propagation of cosmic rays in the Galaxy

It has been long considered that SNRs are the origin
of primary Galactic Cosmic Rays, and the diffusive shock
acceleration is regarded as the main acceleration mechan-
ism. CRs are accelerated at SNRs and then diffuse in the
Galaxy due to magnetic turbulence, suffering from frag-
mentation and energy losses in the interstellar medium
(ISM) and interstellar radiation field (ISRF), and other
processes. Considering those processes, the CRs propaga-
tion equation can be written as

oY (7, p,t .
% =0, p,) + V- (D Vi = Vi)
0 , J 1 or. p
+(9pp ppappzlﬁ ap py 3(V Vep)
_y ¥
T

(M

where y(7, p,t) is the density of CR particles per unit mo-
mentum p at position 71), Q(7, p,1) is the source distribu-
tion, Dy, is the spatial diffusion coefficient, V, is the con-
vection velocity, D,, is the diffusive reacceleration coef-

Lo dp .
ficient in momentum space, p = i is momentum loss

rate, and 7 and 7, are the characteristic time scales for
fragmentation and radioactive decay respectively.

In the conventional model (CM), CR diffusion is as-
sumed to be uniform in space and only energy-dependent,
and the diffusion coefficient is parametrized as
D, = BDy(p/po)°, a function where p is the rigidity and J
reflects the property of the ISM turbulence. The reaccel-
eration can be described by the diffusion in momentum

space and the momentum diffusion coefficient D,, is
coupled with the spatial diffusion coefficient D,, as
[183].

4p2vi )
DppDeoc = 36(4 - 2)(4 - 6w’ @
where v, is the Alfvén speed, and w is the ratio of mag-
netohydrodynamic wave energy density to magnetic field
energy density, which can be fixed to 1 for strong turbu-
lence. In this formula, the observed CRs are modulated
by three main processes: injection, propagation and solar
modulation.
It is generally believed that SNRs are the sources of
Galactic CRs. The spatial distribution of SNRs is usually
described by the following empirical formula:

w)exp(_ﬂ), 3)
o s

where r; =8.5 kpc is the distance from the Sun to the
Galactic center, z; ~ 0.2 kpc is the characteristic height of
the Galactic disk, @ = 1.25 and b = 3.56 are adopted from
[184], which are suggested from Fermi studies on diffuse
y-ray emission in the 2nd Galactic quadrant [185]. The
accelerated spectrum of primary CRs at source region is
assumbed to be a broken power law function:

o(P) = do X { (p/poe)™

f(r,2) = (L) exp(—b~

o)

if(p < por), )
(p/po)™ - f(p) if(p = por)

where p is the rigidity, go is the normalization factor for
all nuclei, relative abundance of each nuclei follows the
default value in GALPROP or DRAGON package. py, is
the broken energy and v;,v, are the spectrum indexes be-
fore and after the broken energy py,, respectively. f(p) is
used to describe the high energy cut-off.

Recent measurements have shown a spectral harden-
ing for the CR proton and He at several hundreds GeV,
which suggests a new component in the CR spectra. By
assuming that this spectral hardening origins from the
propagation process, a spatial dependent diffusion is in-
troduced and attributed to different magnetic turbulence
between the galactic plane and the outer galaxy region.

As described in [186], a 1D spatial-dependent diffu-
sion model, the two halo model (THM), has been studied
and can give a good description of the primary proton and
He spectra. As described by the THM, the diffusion pro-
cess of the CRs can be separated into two regions, the in-
ner halo and the outer halo. The inner halo contains the
galactic plane with a lower diffusion coefficient owing to
a higher magnetic confinement, and the outer halo is the

1) Note that it has been assumed that the CR distribution is nearly isotropic, which is appropriate away from the source regions.
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rest region with a higher diffusion coefficient. The scen-
ario is shown in Fig. 27. Based on the discussion about
the THM, the spatial-dependent diffusion coefficient,
D, depends on both the spatial coordinates (r,z) and the
particle rigidity, which is parameterized as [187]

o &(r,2)
n(, z)ﬁ(p—o) , <&z, (disk)
Dxx(rsz’p) = (5(, (5)
Doﬁ(ﬁ) : > &2, (halo)
Lo

where f is the velocity of the particle in unit of the light
speed ¢, Dy represents the normalization of the halo dif-
fusion efficient at py =4 GV, &) characterizes the rigid-
ity dependence of the diffusion coefficient, £z, denotes
the thickness of the disk, n(r,z) and &(r,z) describes the
spatial dependence of the diffusion coefficient in the disk.
n(r,z) and &(r,z) can be related to the source distribution.
The numerical code DRAGON is used to calculate
the spatial dependent diffusion of CRs [194]. Figure 28
shows the model calculation results for the Z-dependent
scenario to compare with the data. In this figure, panels
(a)-(c) are the spectra of protons, Helium, and p+He, cor-
responding to three different data set of the light compon-
ent knee as described above. The model parameters are

2H

Fig. 27. The cartoon of two halo physical scenario.

also different. Panel (d), (e), and (f) is for C and O, for
Mg, Al, and Si, and for Fe, respectively. Panels (g)-(i) are
for the all-particle spectra. It is obvious that CREAM data
prefers a relatively lower energy knee of the light com-
ponents, which under-shoots the all-particle spectra. The
KASCADE data gives the highest energy of the knee,
which slightly over-shoots, but nevertheless is roughly
consistent with the all-particle spectra. The Tibet AS
data, taken at high altitude close to the shower maximum
depth, are expected to provide the best reference for the
all-particle spectrum. In all these fittings, it seems that
there is some tension between the CREAM data and the
ground-based measurements. However a good agreement
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Fig. 28. (color online) The comparison between the model calculations and the experimental data for the Zdependent cases. The pro-
ton data are from: AMS-02 [4], CREAM [1], ATIC-2 [43]; the Helium data are from: AMS-02 [5], CREAM [1]; ATIC-2 [43]; the Car-
bon, Oxygen, Magnesium, Aluminium, Silicon, and Iron data are from: HEAO-3 [188], the proton + Helium data are from: KAS-
CADE [189], Tibet-ASy [190], ARGOWFCTA [69], ARGO-YBJ [191, 192]; the allparticle data are from: Tibet-ASy [17], KASCADE
[189], Akeno [16], and the normalized allparticle spectrum is from [193].
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is found between CREAM and ARGO-YBJ measure-
ments concerning the spectrum of the light component
(see Fig. 11).

In general, as shown in Figs. 9 and 10, discrepancies
between the direct measurements of different detectors
may become increasingly larger at the highest energies
approaching 100 TeV, due to both statistical and system-
atic uncertainties. For example, the proton and Helium
spectra by CREAM [1] differ much from that by ATIC-2
[43]. A direct comparison of the AMS-02 measured
fluxes of Helium and that by CREAM shows that the
CREAM ones are higher by about 20% at 1 TeV/nucleon
[5]. The spectrum measured by AMS-02 is also softer
than that by CREAM. Further more precise measure-
ments of the energy spectra of various species, by e.g.,
ISS-CALET [195], DAMPE [196], and LHAASO [197]
will be very important to address this issue and better de-
termine the model parameters.

II. COSMIC RAY PHYSICS WITH LHAASO

A. Selecting mass groups: the strategy

As illustrated in the previous Section, the energy
spectrum of cosmic rays follows roughly a power-law
shape from about 10'° eV to 10%° eV and is character-
ized by many features. The slope changes at least at three
points, one around 3 PeV energy where the spectral in-
dex steepens from -2.7 to -3.1, the so-called knee, anoth-
er around 80 PeV, the second knee, and then around
5% 10" eV, the so-called ankle, where the spectrum
again flattens. Any viable model of origin and propaga-
tion of cosmic rays has to explain all these features that
contain the imprints of the energy spectra of each cosmic
ray component. The measurement of spectra of five mass
groups (p, He, CNO, MgSi, Fe) up to 10'7 eV should be a
high priority for LHAASO. The approach based on an
event-by-event classification, which has a low depend-
ence on hadronic interaction models and can be used for
anisotropy studies, appears very promising with respect
to the traditional reconstruction of the cosmic ray ele-
mental composition carried out by means of complex un-
folding techniques, procedures that heavily depend on the
hadronic interaction model. Indeed LHAASO consists, in
its basic configuration, of four types of detectors which
may provide the lateral distribution and the size of the
soft and muon shower components, the particle density
near the shower core, and the image of the Cherenkov
light produced along the longitudinal development of the
shower. A large area densely instrumented enabling sens-
itive measurements up to 10!7 eV, and a high altitude site
approaching the atmospheric depth of maximum develop-
ment of showers, where fluctuations are smaller and all
nuclei produce the same electromagnetic size in a large
energy range, are prominent figures of merit of

LHAASO. The envisaged strategy to exploit, event-by-
event, the experimental observables may be implemented
through the following steps:

e combining the experimental observables in order to
obtain an energy estimator and a set of mass sensitive
parameters.

e use of selection criteria or multivariate analysis to
separate the event samples according to the nature of the
primary cosmic ray or mass group.

e cstimate of the purity of the selected samples.

This program has been pursued using data obtained
from the simulation of the shower development and de-
tector response, based on CORSIKA and dedicated codes
for each detector. The performance of the ‘simulated
LHAASQ is then applied to determine the spectrum of
the light components in a wide energy range up to 10 PeV
including the knee of the all-particle spectrum, and to re-
construct the heavy nuclei spectrum above 10 PeV (see
Secs. I1.D, IL.E, and II.F). The envisaged implementation
of the basic layout with neutron detectors and antenna for
radio-detection will add further EAS observables sensit-
ive to the nature of primary particles with energies above
10" eV. The expected results based on preliminary stud-
ies are reported in Sec. II.g and Sec. 1I.H.

B. The LHAASO layout

The LHAASO layout has been extensively described
in Chapter 1. However we find convenient to shortly re-
call here some of its main features.

The Large High Altitude Air Shower Observatory
(LHAASO) consists of a 1.3 km’ EAS array (KM2A), a
water Cherenkov detector array (WCDA), a wide field of
view Cherenkov/fluorescence telescope array (WFCTA).
KM2A includes 5195 scintillator detectors, with 15 m
spacing, for electromagnetic particle detection and 1188
underground water Cherenkov tanks (36 m’ each), with
30 m spacing, for muon detection.

A comparison with other large experiments concern-
ing the number and active area of the deployed electron
and muon detectors is reported in Table 1, singling out
the relevance of this installation to reconstruct the lateral
distribution of the main shower components.

WCDA consists of two 150 m x 150 m water pools
plus one of dimensions 300 m x 110 m, all filled to a
depth of 4.5 m. The total area is about 78000 m’ divided
in 3120 cells of size 5 m x 5 m each. The first pond of
150 m x 150 m (WCDA-1) is equipped with 900 pairs of
8-inch and 1.5-inch of PMTs to enhance the dynamical
range. The other ponds are equipped with pairs of 20-inch
and 3-inch PMTs.

WEFCTA is composed of 18 telescopes each consist-
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Table 1. LHAASO vs other EAS arrays.

.o 2 2
e.m. Sensitive area/m Instrumented area/m

Experiment depth/(g/ Cm)2 Detector AE/eV Coverage
ARGO-YBJ 606 RPC/hybrid 3x 101 —10!6 6700 11,000 0.93 (central carpet)
BASJE-MAS 550 scint./muon 6-10'2-3.5.10'6 10*
TIBET ASy 606 scint./burst det. 5% 1013 =107 380 3.7x10* 1072
CASA-MIA 860 scint./muon 10'4-3.5-10' 1.6x10° 2.3%x10° 7%x1073
KASCADE 1020 scint./mu/had 1015 —10Y7 5% 10? 4x10*
KASCADE-Grande 1020 scint./mu/had 1016 - 1018 370 5% 10° 7x107*
Tunka 900 open Cher.det. 3.1015-3.10!8 - 100 -
IceTop 680 ice Cher.det. 1015 -10'8 4.2x10? 10° 4x10™*
Water C
LHAASO 600 scint./mu/had Wide 3x 10 - 108 5.2x10° 1.3x10° 4% 1073 [KM2A]
FoV Cher.Tel
Muon detectors
Experiment m asl u Sensitive area/m’ Instrumented area /m’ Coverage
LHAASO 4410 42x10* 10° 4.4x1072
TIBET ASy 4300 45x%10° 3.7x10* 1.2x107!
KASCADE 110 6% 102 4x10* 1.5x1072
CASA-MIA 1450 2.5%10° 2.3%x 10 1.1x1072

ing of a segmented spherical mirror of 4.7 m’ with a
SiPM based camera installed at its focal plane. Each cam-
era has a 16° x 16° FoV and is equipped with 1024 pixels
each with a size of about 0.5° x 0.5°. The telescopes are
arranged in a mobile design allowing the array to cover a
wide patch of the sky for diffused cosmic ray measure-
ments in both Cherenkov and fluorescence mode. They
can work also with full Moon light, except the case of
Moon directly in their FoV, with increased energy
threshold, achieving a large duty cycle.

More details concerning construction, calibration and
performance of these detectors can be found in Chapter 1.
A schematic drawing of the LHAASO layout is shown in
Fig. 29. Combining and integrating the information de-
livered by all detectors WCDA, KM2, WFCTA, it is pos-
sible to explore the energy range up to about 10 PeV se-
lecting showers with core inside KM2A or WCDA. At
low energies below 100 TeV, the LHAASO measure-
ments will thus overlap with those from space detectors.
At higher energies above 10 PeV WCDA cannot be used
to sample the shower core due to saturation problems,
and the mass sensitive parameters will be mainly ob-
tained from the KM2 and WFCTA data. Figure 30 shows
a simulated shower event induced by a 20 PeV iron nuc-
leus as imaged by the LHAASO detectors. The map of
hits in the scintillator array, muon counter array and the
Cherenkov image in the cameras are shown (from left to
right). According to the shower geometry determined by
the scintillator counter array the impact parameter R, the
distance between the Cherenkov image and the core loca-
tion on the ground, is about 200 m.

Elevation(®)

-50 0

0 100
Azimuth(?)
Fig. 29. (color online) The layout of the scintillator counter
(small dots) array, muon counter (big dots) array, water Cher-
enkov detector (rectangle in the center) array and the location
of the wide field of view (FoV) Cherenkov telescope (small
squares) array in the LHAASO experiment (upper panel). The
FoV of the telescopes in the northern sky (lower panel). The
azimuth angle 90° is the north direction. Curves in the sky in-
dicate the trajectories of the moon in one year. The FoV of the
array covers a ring in the sky with a 16° elevation width, from

37° to 53° as shown in the figure.
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Fig. 30. (color online) A 20 PeV iron induced shower as im-
aged by the LHAASO detectors. The maps of the scintillation
counters and of the muon counters of KM2A are shown in the
upper two panels. The dimensions of the points are propor-
tional to the logarithm of the particle number, the color scale
indicates the time (in 10° ns) of each hit. The image of the
shower taken by the Cherenkov telescopes at a distance R, ~
200 m is shown in the lower panel. The color scale indicates
the number of photoelectrons

For observations above 100 PeV WFCTA will be op-
erated to detect fluorescence light.

C. Energy estimation and mass sensitive parameters

The basic information concerning the detector set up
and operation is reported in Chapter 1. Here we shortly
summarize the detector performance and describe the
combination of the experimental observables currently
studied to build up an energy estimator independent of
composition and a set of mass sensitive parameters.

1. Energy estimation

Showers are sampled by WCDA and KM2A at a
fixed depth (600/ cos, 6 being the zenith angle of the ar-
rival direction) of their development in atmosphere.
These detectors provide the basic information, namely the
shower core position, the shower lateral profile, the ar-
rival direction, the electron and muon content (N, and N,
respectively) from which an energy estimate is obtained,
as well as a first indication of the nature of the primary
particle based on the ratio N,/N,. The Cherenkov image
carries additional information about the shower energy,
mainly from the total number of photons.

KM2A. The charge output of each scintillation
counter is used to measure the number of crossing shower

particles with excellent linearity up to more than 10*
particles. The shower trigger logic allows high efficient
detection of shower events at an energy threshold of
about 10 TeV. The signals from the scintillation counters
are used to determine the impact point of the shower axis,
the arrival direction, and fitting particle densities by a N-
K-G like function, the shower profile. The electron size
N., the muon number N, and/or the particle density at a
fixed distance may be used as energy estimators. The
weighted combination of N, and N, is a robust way to
determine an energy estimator insensitive to composition.
Work to fix the best combination is in progress. An en-
ergy resolution of about 15%-40% is expected, depend-
ing on the shower energy and zenith angle of the arrival
direction [198].

WCDA. Each cell of the detector collects the Cheren-
kov light signals generated by the shower particles in the
water. The total amount of Cherenkov photons is propor-
tional to the energies carried by the particles, except
muon traversing the water. The energy resolution de-
pends on the shower energy and core location, with typic-
al values in the 20%-35% range [199].

WEFCTA. The Cherenkov image is an integration of
the light yield along the longitudinal shower develop-
ment in atmosphere and turns out to be an excellent es-
timator of the shower energy after corrections to account
for the impact parameter R,, that is the distance between
the telescope and the core location on the ground, and at a
minor extent, for the angular offset 56 of the centroid of
the shower image from the shower arrival direction. Thus
the shower energy is basically a function of the number
of detected photoelectrons Ny, and the impact parameter
R, (Fig. 31 upper). The energy resolution depends on
these parameters, being about 20% with a bias less than
3% (Fig. 31 lower) [200].

2. Mass sensitive parameters

The muon content, the particle density in the shower
core, the depth in atmosphere of the shower maximum,
and the length to width ratio of the Cherenkov image are
experimental observables that can be correlated and com-
bined to define a set of mass sensitive parameters. A pre-
liminary study, based on Monte Carlo simulations (by
Corsika version 74005 with EGS4 to simulate electro-
magnetic processes, and QGSJET-1104 and FLUKA to
model high and low energy hadronic interactions respect-
ively), has been carried out to identify the most suitable
parameters allowing an efficient selection of showers
generated by light primaries (protons and Helium nuclei)
and by nuclei of the iron group. Indeed, an accurate
measurement of the proton and iron spectra can allow to
set the relevant energy scale for all the other components.

Two different cases have been envisaged in this study
corresponding to events with shower core impacting on
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Fig. 31.
Npe as a function of the impact parameter R, for primary pro-

(color online) The total number of photoelectrons

tons. The color scale represents the shower energy in bins of
Alog;o E = 0.2, covering primary energies from 30 TeV to 10
PeV (upper). The shower energy resolution of the Cherenkov
telescopes (vertical bars) as a function of the energy of
primary protons. E,. and E. are the simulated and recon-
structed energies, respectively. A bias less than 3% is visible
(lower).

WCDA or on the surface instrumented with the KM2A
detectors. They address different energy intervals, below
10 PeV in the first case and up to 100 PeV for showers
with core landing on the large area of KM2A. The aim of
the first selection is the study of the light component and
the measurement of its spectrum across the knee of the all
particle spectrum. Selecting showers with core on KM2A
allows the collection a sufficient number of events cover-
ing the relevant energy range from 10 to 100 PeV where
the knee of the galactic iron component is expected.

Mass sensitive parameters are obtained by a hybrid
approach, simultaneously using Cherenkov light and
particle data. What is crucial for the development of an
air shower is the distribution dP/dx =exp[-x/1] of the
first interaction point of the incoming cosmic ray, where
x 1is the slant depth measured from the top of the atmo-
sphere, and 4 is the interaction length.

At TeV-PeV energies the proton interaction length is
about 80 g/cmz, while the interaction length for an iron
nucleus is about 2.3 g/crnz. Thus showers initiated by
light elements, such as protons and helium nuclei, penet-

rate more deeply into the atmosphere than those from
heavier nuclei. That means that the particle density
nearby the core is higher in proton-showers than that of
iron-showers whose lateral extension is more spread.
Thus the measurement of the particle density distribution
around the core of showers landing on WCDA may
provide a sensitive mass parameter.

Usually, the cells with the largest number of particles
recorded, Nn.x, are the closest to the core of the event.
The value of Npax in cores due to a heavy nucleus is
lower than that due to a light nucleus. Obviously, Ny, is
energy dependent and, therefore, a normalization proced-
ure is necessary before it can be used to assess the com-
position. According to the simulation, N,y is proportion-
al to (N)9)'*, where Ni° is the total number of photo-
electrons measured by WFCTA normalized for R, =0
and o = 0°.

A good indicator of the shower composition is the re-
duced parameter, ppna.x, defined as

Pmax = 10810 (Nmax) — 1.44 - log ;o (N([])e)' (6)

The other mass sensitive parameter is the total num-
ber of photoelectrons measured by the WCDA, Ny, -
Obviously, N, is primary energy dependent. The re-

duced parameter
plv\y;:eDA = log;o (Nyyepa) = 118 1og o (NG), (7

may serve as a good indicator of the shower composition.

Another consequence is that the proton initiated
showers develop to their maximum deeper in atmosphere
than ones from heavy nuclei. The atmospheric slant depth
of shower maximum, X.x, is the traditional mass sensit-
ive parameter, which can be reconstructed from the Cher-
enkov image with a resolution of about 50 g/cm2 (see
Sec. IL.F). Since Xy.x depends on the primary energy, a
good indicator of the primary mass is the reduced para-
meter p(Xmax) = Xmax —k-log;o N5 where k=49 isa fit-
ting parameter.

The Cherenkov images look like an ellipse and are
more stretched,i.e. narrower and longer, for showers more
deeply developed in atmosphere. The ratio of the length
to the width (L/W) is therefore a good parameter that is
sensitive to the nature of the primary particle. It is also
known that the image is more elongated when the shower
is farther away from the telescope, i.e. the image be-
comes longer and narrower for showers located farther
away. Before they are used as indicators of the composi-
tion, images must be normalized to showers with differ-
ent impact parameters, R,. Furthermore, the images are
also more stretched for the more energetic showers. Ac-
cording to simulation, the ratio L/W of images is linearly
proportional to R, and N;°. The reduced parameter
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L/W—-0.018R, +0.28log,, N*°, denoted as pc, is related
to the primary cosmic ray mass.

Muons in air are mostly from decay of charged pions
and kaons. They do not multiply but only lose energy by
ionization. The muon content of a shower builds up to a
maximum then attenuates very slowly. On the contrary,
the electron component attenuates relatively rapidly after
maximum. At a fixed observation level the electron num-
ber N, is smaller for a heavy nucleus initiated shower
than for a proton-shower of the same energy, whereas the
low energy muon number N, (> 1 GeV) is larger approx-
imately of a factor A'"? with p ~ 0.86—0.93 according to
different hadronic interaction models [27].

The ratio N,/N, for vertical shower at the LHAASO
altitude (4410 m a.s.l.), obtained by CORSIKA, is shown
in Fig. 32.

The low energy muon size N, is itself a mass sensit-
ive parameter, once the dependence on the energy is
taken into account. From simulations we find that the
parameter

Pu = log(N#)+0.001 'Rp—0_86-Nge (8)

is strongly related to the nature of the primary.

Many other parameters have been studied. The quoted
parameters are not independent, there is some correlation
between them. The correlations between mass sensitive
parameters pmax and pc, pmax and py, px,, and pp.x are
shown in Figs. 33, 34, 35, respectively.

These five parameters combine information from dif-
ferent detectors and turn out to be well suitable to imple-
ment the separation between cosmic ray components.
Two different studies have been carried out concerning
the identification of proton and proton+Helium nuclei
around the knee of the all-particle spectrum, and the sep-
aration above 10 PeV of the iron nuclei from the other
cosmic ray elements in order to identify the knee of this
component. In this preliminary study only the correlation
of two parameters are used for particle identification. The
use of more parameters can be accomplished by means of
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Fig. 32. (color online) N,/N, calculated for EAS observed at
the LHAASO altitude (4410 m above sea level) in the ideal
case of a full coverage experiment without detection errors.
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Fig. 34. (color online) Composition-sensitive parameters

Pmax and p,, for each primary cosmic ray element/group.
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Fig. 35. (color online) Composition-sensitive parameters

Pxtmex a0d ppo for each primary cosmic ray element/group.

a Multivariate Analysis currently in progress.

D. Selection of Proton induced showers

The sample of proton (H event) induced showers is
selected from the coincident events by combining the two
composition-sensitive parameters ppa.c and p,. This

030004-27



Benedetto D’Ettorre Piazzoli, Si-Ming Liu, Domenico della Volpe ef al.

Chin. Phys. C 46, 030004 (2022)

sample can be statistically separated on the pmax — p, map
shown in Fig. 34.

The cuts pmax = —1.0 and p, < —-1.9 resultin a selec-
ted sample of proton showers with a purity of 85% as-
suming the Hoérandel composition models [193]. The
aperture, defined as the geometrical aperture times the se-
lection efficiency, gradually increases to 2600 m’ sr at
100 TeV and remains nearly constant at higher energies
(see Fig. 36). The selection efficiency is defined as the ra-
tio of the selected number of proton events to the total
number of injected proton events in the simulation.

In the selected sample, the contamination from the
heavy species (CNO, MgAlSi, Iron groups) depends on
the composition. Assuming the Hoérandel composition
[193], the contamination of heavy species is found to be
less than 15% at energies ranging from 100 to 3 PeV, as
shown in Fig. 37. After the composition selection, H like
events from 100 TeV to 10 PeV are selected. The total
exposure time of 1x10% seconds per year (~3.2% duty
cycle) is assumed. The number of events in the each en-
ergy bin (Alog,y(Eo/TeV)=0.2) is shown in Fig. 38.
About 1000/year proton-like events around 1 PeV can be
measured after the composition selection.
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Fig. 36.
events as a function of the primary energy E,.
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Fig. 37. (color online) The fraction of heavy nuclei that con-
taminates the proton sample as a function of the primary en-

ergy E,. The Horandel composition model is assumed.
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Fig. 38.
each energy bin measured per year after the composition se-
lection. The Horandel model is assumed in the simulation.

(color online) The number of proton-like events in

E. Selection of proton plus Helium nuclei
induced showers

The selection of showers generated by the light com-
ponents, i.e. protons plus Helium nuclei (He), can be ob-
tained from the same pmax — p, map in Fig. 34.

The cuts pmax > —1.3 and p, <-1.7 resultin a selec-
ted sample of p+He showers with a purity of 96% assum-
ing the Horandel composition models [193]. The aper-
ture gradually increases to 4500 m’ srat 100 TeV and re-
mains nearly constant at higher energies (see Fig. 39).

In the selected sample, the contamination from the
heavy nuclei depends on the composition. Assuming the
Horandel composition [193], the contamination of heavy
species is found to be less than 5% at energies ranging
from 100 TeV to 3 PeV, as shown in Fig. 40.

After the composition selection, p+He like events
from 100 TeV to 10 PeV are selected. The total exposure
time of 1x10° seconds per year (3.2% duty cycle) is as-
sumed. The number of events in each energy bin is shown
in Fig. 41. About 3000/year p+He like events around 1
PeV can be measured after the composition selection.
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Fig. 39.
as a function of the primary energy E.

(color online) The aperture for p+He selected events
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Fig. 41.  (color online) The number of (p+He)-like events

measured per year in each energy bin after the composition se-
lection. The Horandel composition model is assumed.

F. Measuring the spectrum of the heavy components
above 10 PeV

Measuring the knees of the energy spectrum of the
single components would imply a significant improve-
ment in understanding the origin and propagation of the
galactic cosmic rays. This is of particular importance in
the energy range above 10 PeV where, according to some
proposed models, a second galactic component is expec-
ted in addition to cosmic rays from SNRs, for instance re-
accelerated particles at a galactic wind termination shock
or cosmic rays from Wolf-Rayet stars exploding in the
wind of the massive progenitor [87]. In the most accep-
ted interpretation of the KASCADE and KASCADE-
Grande data, the so-called second knee at 80 PeV is at-
tributed to the bending of the iron component, assuming
that the knee of the all-particle spectrum at 3 PeV is due
to the decrease of the proton flux. On the other hand, high
altitude experiments as Tibet As and ARGO-YBJ find the
bending of the light component below 1 PeV, thus imply-

ing the knee of the iron component being at an energy be-
low 80 PeV for both the plausible assumptions of a bend-
ing rigidity or mass A dependent.

An example of the LHAASO capability of imaging
high energy iron induced showers is displayed in Fig. 30,
where the imprint of a 20 PeV iron nucleus event is simu-
lated.

One of the peculiar aspects of the LHAASO experi-
ment is that the atmospheric depth of the experimental
site (4410 m.a.s.l.) is close to the maximum development
of 10'©=10'"7 eV air showers, with the electron size al-
most independent of the masses of the primary cosmic
rays. On the contrary, the low energy muon number N, as
mentioned before, depends on the mass of the primary
particle. Accordingly, the ratio N,/N, between the total
number of low energy muons and the shower size is ex-
pected to be a mass sensitive parameter as shown in Fig.
32. The large electron and muon arrays of LHAASO may
reconstruct these sizes with excellent resolution. A
shower of 10 PeV typically generates more than 5000 hits
in the ED array and about 50-100 hits in MD. The angu-
lar resolution is about 0.3° and the core location is meas-
ured with a resolution < 2 meters. In the reconstruction of
the muon lateral distribution, the information from the
muon detectors close to the core is not taken into account
to avoid the punch-through effect due to high energy
electrons near the shower core. The ratio of the reduced
muon number N, to the shower size N,, C, = N,/N,, can
be exploited to selected heavy nuclei induced showers.
The distribution of 1/C, is displayed in Fig. 42 for all
mass groups.

The plot in lower panel of Fig. 42 shows that, assum-
ing a realistic composition, the parameter 1/C, may be
used to discriminate iron-induced events keeping at a low
fraction the contamination from other nuclei. More effi-
cient selection can be achieved by combining this para-
meter with the measurement of the shape of the Cheren-
kov images provided by the Cherenkov telescopes.
Showers from heavy nuclei develop higher and faster
(and with less shower to shower fluctuations) than
shower initiated by lighter nuclei of the same energy. In
the framework of the superposition model we have
Xmax, A = Xmax, p - A-1n(A), where A4 is the atomic mass
and A, is the radiation length in air (=~ 37 g/cmz). All de-
tailed simulations and hadronic models share this result
predicting that iron showers have a smaller average Xpax
and less fluctuations on Xy« than proton ones.

When the arrival direction of the shower and the im-
pact parameter R, are known, simple geometry can be
used to reconstruct the amount of light received from
each altitude of the shower, light which is proportional to
the number of electrons.

The angular offset (60) of the centroid of the Cheren-
kov image to the arrival direction of the shower is related
to Xmax, though R, dependent due to the elongation of the
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Fig. 42.  (color online) Upper: Distributions of the inverted
muon content 1/C, for 5 cosmic-ray groups, i.e. proton, heli-
um, CNO, MgAISi, Iron (left). Lower: assuming the composi-
tion of the Horandel model [193].

geometry. The distributions of angular offset after R, cor-
rection for the five mass groups are displayed in Fig. 43
with the assumption of primaries evenly distributed or
distributed according to the Horandel model.

1. Selection of Iron induced showers at energies
above 10 PeV

The cuts 1/C, < 6 and 66 —0.0084R,, < 1.8° result in a
selected sample of iron showers with a purity of 70% at
10 PeV and 85% at 100 PeV. The effective aperture,
defined as the geometrical aperture times the selection ef-
ficiency, is about 3.4 x 10° m’ s, allowing a collection of
about 16000 /year iron showers above 10 PeV assuming
the Horandel composition model. The shower energy is
measured by both detectors KM2A and WFCTA with an
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Fig. 43.
set with R, correction for 5 cosmic-ray groups, i.e. proton, he-
lium, CNO, MgAISi, Iron (left). (lower) Assuming the com-
position of the Horandel model [193].

(color online) (upper) Distributions of angular off-

expected resolution of about 20 % over a wide energy
range (see Sec. I1.C.1).

Given a sample of a single cosmic ray element with a
purity of 70% or better, the energy reconstruction of the
shower is rather straightforward by using the total num-
ber of Cherenkov photons in the shower image. This min-
imizes the uncertainty due to the unknown composition.
The total number of photons has been proved to be a
good energy estimator because the resolution function is
symmetric Gaussian with the bias less the 5%. This is a
good feature of the Cherenkov technique in the power-
law-like spectrum measurement with minimized distor-
tion. The other good feature of the technique is that the
energy resolution is almost a constant better than 20%
over a wide energy range. This is very important in find-
ing the structures of the spectrum if there are, such as the
knee. Every part of the spectrum is equally measured
with consistent resolution. Both the resolution and the re-
construction bias as functions of the shower energy are
shown in Fig. 44. With the reconstructed energy of selec-
ted showers, the expected spectrum of iron showers is
shown in Fig. 45 by solid red squares [201]. The flux in
the last bin near 100 PeV corresponds to about 164
events/year. The knee, if it is there, will be discovered
with high significance in one year operation of the hy-
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Fig. 44.
iron showers using the total numbers of Cherenkov photons in

(color online) The energy resolution of 30 PeV pure

shower images well contained in the telescope FOV (upper).
Resolution and bias as a function of the shower energy in the
10-100 PeV energy range (lower).
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Fig. 45.  (color online) The expected spectra of pure irons
and of the mixed heavy nuclei group over the energy range
from 10 to 100 PeV in one year of data taking. The Horandel
model is assumed. The iron knee-like feature expected below
100 PeV should be readily observed.

brid observation using LHAASO instruments.

2. Selection of Iron and MgAlSi induced showers
above 10 PeV

Assuming that the iron spectrum above 10 PeV has a
constant index below its knee, it is possible to observe the
bending of the spectrum of mixed irons and Mg, Al, Si
nuclei, if we can separate the combined event group out
of all events. It turns out an easier job with a purity better

than 70% and even 90% around 100 PeV. The gain is that
the effective aperture increases, and reaches to
4.2x10°m’sr due to relaxing the cut on the angular offset
measured by the Cherenkov telescopes. The total number
per year of selected showers is about 26000 above 10
PeV and 200 events in the last bin near 100 PeV. In fact,
the difference between the two types of showers is not
very significant. The down side is the energy resolution
becoming slightly worse due to the mixing of composi-
tion. From 18% for pure iron showers, the resolution
worsens to 20% for the mixed heavy samples. The expec-
ted spectrum of the mixed sample is plotted in Fig. 45 by
solid black circles. The Horandel composition model is
assumed.

3. Summary

The LHAASO capability to measure the spectra of
the heavy components beyond 10 PeV as well as the
spectra of the proton and Helium nuclei at PeV energies
(Secs. I1.D, IL.E) is a powerful tool to ascertain the evolu-
tion of the cosmic-ray spectra and clarify the phenomena
associated to their detailed structures. This will greatly
enhance our knowledge of the mechanisms governing
production and propagation of galactic cosmic rays.

G. Implementing LHAASO with neutron detectors

When arriving at Earth, high energy cosmic rays in-
teract with the air nuclei producing extensive air showers
(EAS). They consist of a core of high energy hadrons that
continuously feed the electromagnetic part of the shower,
mainly with photons from neutral pion, kaon and eta
particle decays. Nucleons and other high energy hadrons
contribute to the hadronic cascade. High energy hadrons,
which constitute the EAS skeleton, may carry important
information for multi-parameter correlation studies, since
some hadronic observables, primarily the hadron
number/electron number correlation, depend on the
nature of the particle inducing the shower [202, 203].
Thus, the detection of high energy hadrons, designed to
improve the discrimination power in these analysis, is
highly advisable. A way to deal with this problem avoid-
ing the use of huge and expensive HCALs was brought
out in [203-205]. In these papers the detection of thermal
neutrons generated by EAS hadrons is proposed.

Indeed, due to the tight correlation between the air
showers hadrons and the thermal neutrons, this tech-
nique can be envisaged as a simple way to estimate the
number of high energy hadrons in EAS.

It is well known that hadrons interacting with ambi-
ent matter (air, building, ground, etc.) produce evapora-
tion neutrons due to nuclei disintegration. The neutrons
have no charge and lose energy only by scattering. If the
medium is a good moderator, i.e., the absorption cross
section is much less than the scattering cross section, the
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neutrons lose energy via scattering down to the thermal
ones (moderation process) and then live in the matter un-
til capture. Evaporation neutrons need about 0.5 ms to
thermalize in rock (concrete). Neutrons are generated
abundantly, up to 2 orders of magnitude more than par-
ent hadrons. The mean number of evaporation neutrons
<n> produced by hadrons in a 120 ¢cm layer of surround-
ing soil (about 3 hadron interaction lengths) and/or con-
struction materials can be estimated using the empirical
relationship

<n>~36xE}", )

where E), is the hadron energy in GeV [206]. A large frac-
tion of the evaporation neutrons thermalize, so that re-
cording thermal neutrons can be exploited to reconstruct
the hadron content in the shower. This approach looks
very promising for measurements carried out at high alti-
tude. Indeed, since the hadron content in EAS increases
with the altitude, an abundant production of thermal neut-
rons can be predicted for experiments at 4 (or more) km
a.s.l., about a factor 10 higher than that at sea level [206].
These considerations suggested the development of a
simple and cheap thermal neutron detector, to be de-
ployed over a large area, as 'hadron counter' in EAS ex-
periments at mountain level. This idea led to the develop-
ment of the EN-detector, made of a mixture of the well-
known inorganic scintillator ZnS(Ag) with °LiF, capable
of recording both thermal neutrons and charged particles
[204, 207].

Thermal neutrons are detected via the capture reac-
tion (940 barns)

®Li+n—3H+a+4.78 MeV, (10)

producing a light yield in the scintillator of about 160,000
photons per neutron capture.

However the light output is different for different
types of particles. Charged particles produce weak and
fast signals comparing with the high amplitude, slow and
delayed signals from thermal neutron capture. The first
big and fast peak is generated by the large amount of
charged particles in the shower front while the smaller
delayed signals are due to the thermal neutron capture.
Thus these peculiar features make this detector well suit-
able for operation in the framework of EAS experiments.
The amplitude of the fast signal can be used to measure
the charged particle density while the delayed signals re-
corded in a time gate of 10 ms give the number of cap-
tured thermal neutrons.

All details concerning construction, operating princi-
ples and performance are described in Chapter 1 , Sect.
1.6. In order to check the performance of this detector at a
high altitude site, a small array composed of four EN-de-

tectors (PRISMA-YBJ) has been installed inside the hall
hosting the ARGO-YBJ experiment at the Yangbajing
Cosmic Ray Observatory (Tibet, China, 4300 m a.s.l.,
606 g/cmz). The two arrays operated together, and coin-
cident events have been analyzed to gather information
on the PRISMA-YBJ performance [208].

The results of the combined operation ARGO-
YBJ/PRISMA confirmed the excellent linearity of the
EN-detector whose fast output is found proportional to
the number of shower particles measured by ARGO-YBIJ.
Thermal neutrons are found distributed around the
shower core with a very narrow lateral distribution (Fig.
46) and their total number is linearly correlated with the
truncated shower size (particles within 10 m from the
shower axis) measured by ARGO-YBJ. The three N,o
selections characterize the cosmic ray energy range from
0.5 PeV to 2 PeV. Both features are consistent with the
ones characterizing the EAS high energy hadrons. In-
deed, electrons and hadrons are closely related to each
other, many experiments proving that the number of had-
rons N, in a shower is almost proportional to the shower
size N,, that is NV, = kN with « varying between 0.9 and
1.0 [209]. The analysis of more than two thousands EAS
events confirmed that the EN-detectors worked properly
at high altitude in combination with an array of particle
detectors.

To overcome the problem of °Li procurement, a nov-
el type of ZnS(Ag) scintillator alloyed with B,0;, with
the "B isotope about 20%, has been developed to build
up the ENDA array (see Chapter 1, Sect. [V.B).

Up to now, ENDA has totally 66 detectors (ENDA-64
and the other two as backup), ready for deploying inside
LHAASO to make a hybrid detection of cosmic ray spec-
trum from 100 TeV to 50 PeV. ENDA will be extended
up to 400 detectors with an array area of 10" m’ deployed
inside LHAASO to provide additional in-formation for
the study of energy spectrum and mass composition of
cosmic rays up to 300 PeV. The expected capability to
address the mass of the primary cosmic rays is presented
in Chapter 1, Sect. IV.C.

H. Implementing LHAASO with radio detectors

Here we discuss the opportunity to perform radio-de-
tection of extensive air showers (EAS) in combination
with LHAASO measurements. In Sec. II.LH.1 we present a
brief status of EAS radio-detection. We then study in Sec.
II.LH.2 the possible benefit of radio measurements for
LHAASO and finally (Sec. I.LH.3) evaluate how the
LHAASO detector could be instrumental in the perspect-
ive of the foreseen Giant Radio Array for Neutrino Detec-
tion [210].

1. Status of extensive air shower detection

Creation and acceleration of charges during the devel-
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Fig. 46.
Yangbajing (4100 m a.s.l.) fitted by the double exponential

Lateral distributions of thermal neutrons detected at

function. #(m) is the distance from the shower core, pn(mfz) is
the neutron density. (upper) lg(N,1) < 4.8; (middle) 4.8 <
1g(N,10) < 5.4; (lower) 1g(N,10) > 5.4, where N, is the trun-
cated size [208], see text. (Reprinted with permission from El-
sevier)

opment of EAS induced by high energy cosmic rays nat-
urally generates electromagnetic radiations. The domin-
ant effect is the so-called geomagnetic effect [211], cor-
responding to the drift in opposite directions of positive

and negative charges from the shower because of the
Lorentz force associated with the Earth magnetic field
B, The resulting charge current produces brief flashes
(<50 ns) of coherent radio emission in the ~10-200 MHz
frequency range, linearly polarized along the By xv dir-
ection.

Radio emission by EAS was experimentally observed
as soon as 1966 [212], but it was not before the new mil-
lennium that extensive experimental efforts were carried
out in order to establish the radio technique as a valid tool
for the study of high energy cosmic rays.

e CODALEMA and LOPES were the two pioneering
experiments in the early 2000, with radio arrays com-
posed of few tens antennas deployed over areas < 1 km’,
and triggers provided by ground arrays (the KASKADE-
GRANDE experiment in the case of LOPES).

e L OFAR is a radio telescope deployed over several
countries in Europe. Among other science goals, LOFAR
aims at detecting cosmic rays with the central part of the
telescope, composed of ~2400 antennas clustered on an
area of ~10 km’. This high density of antennas makes
LOFAR the perfect tool to study features of the radio
emission created by extensive air showers. Air-shower
measurements are conducted based on a trigger received
from an array of scintillators (LORA). LOFAR com-
prises two types of antennas, recording radio emission in
low-frequency band from 10 to 90 MHz and also in the
high-frequency band (110-190 MHz) [213].

e The members of these three collaborations later
joined efforts with others to develop the Auger Engineer-
ing Radio Array (AERA), with the explicit goal to test if
radio-antenna arrays could eventually replace the stand-
ard technics (ground arrays or fluorescence detectors) for
future UHECRSs detectors. This was motivated by the fact
that radio antennas were suspected to be cheaper, easily
deployable and would require minimal maintenance and
would thus be potentially well suited to the giant detector
surfaces required for the detection of UHECRs. AERA is
an array of 150 radio antennas working in the 30-80 MHz
frequency range and deployed over ~17 km® with array
stepsize between 150 and 350 m. AERA is located in a
region with a higher density of water-Cerenkov detectors
(on a 750 m grid) and within the field of view of the
HEAT fluorescence telescope, allowing for the calibra-
tion of the radio signal using super-hybrid air-shower
measurements, i.e., recording simultaneously the fluores-
cence light, the particles at the ground and the radio emis-
sion from extensive air showers [213].

e Tunka-Rex is the radio extension of the Tunka ob-
servatory for cosmic-ray air showers. Its main detector,
Tunka-133, is an array of non-imaging photomultipliers
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detecting the Cherenkov light emitted by the air-showers
in the atmosphere in the energy range of 10" to 10" eV.
Tunka-Rex is composed of 25 antennas deployed over 1
km’ [214].

e TREND [215] (Tianshan Radio Experiment for
Neutrino Detection) is a setup composed of 50 self-
triggered antennas running in the 30-100 MHz frequency
range deployed over 1.5 km’ on the site of the 21 CMA
radio-interferometer in the Tianshan mountains, Xinjiang
Autonomous Province, China. Compared to the above-
mentioned projects, all triggered by other types of detect-
ors, TREND specifically focuses on autonomous detec-
tion and identification of EAS with radio signals only.

A decade of efforts by these various experiments
brought some significant results :

o As the geomagnetic effect is the dominant contribu-
tion to the radio signal of air showers, its strength
strongly depends on its direction of origin, and more pre-
cisely on the geomagnetic angle (v, B,,). For air showers
developing in a direction perpendicular to the geomagnet-
ic field, energies down to few 10" eV could be detected
by dense arrays like CODALEMA or LOFAR [216]. An
efficiency larger than 80% is reached by CODALEMA
for energies above 107 ev [217]. Detection at low ener-
gies is limited by the sky background noise, due in partic-
ular to Galactic emission, which significantly affects the
signal-to-noise ratio. It should be noted however that, to
our knowledge, no specific signal treatment was ever ap-
plied to identify low amplitude radio pulses in the data.
As both noise (from measurements) and air-shower in-
duced radio waveforms (from simulations) can be de-
termined, a dedicated filtering treatment might allow to
dig out EAS-induced radio signals from noise for primary
energies down to 10" eV.

e LOPES, LOFAR and AERA were able, thanks to
their ~ns timing resolution, to reconstruct the direction of
origin of the incoming cosmic particle from the radio data
with a precision of a fraction of a degree typically [218],
using a conical parameterization of the shower front
[219].

e As the strength of the electromagnetic field is dir-
ectly related to the number of particles in the shower (co-
herent radio emission), it is possible to estimate the en-
ergy of the primary cosmic particle from the radio signal
in a rather straightforward way. A 17% precision was
achieved by AERA [220] and 20% by Tunka [214] (see
Fig. 47).

e The radio signal pattern at ground depends on the
longitudinal development of the shower, and in particular

Sradio [ev]
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prediction season %

T
0.1k % A

Correlation with uncert.
1:1 correlation (x = y) ——

Tunka-133 (air-Cherenkov): energy (EeV)
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Tunka-Rex (radio): energy (EeV)

Fig. 47.
as a function of the cosmic-ray energy measured with the

(color online) (upper) Radio-energy estimator S,,4;,

Auger surface detector. Green filled circles denote air showers
with at least five stations with signal. Open circles denote
events with less than five stations with signal and use the sur-
face detector core position. A 17% energy resolution could be
achieved for events with 5+ stations triggered. Taken from
[220]. (lower) Correlation of the shower energy reconstructed
with Tunka-Rex radio and Tunka-133 air-Cherenkov measure-
ment. Taken from [214].

on the position of its maximum of development Xp,,y, as
can be seen from Fig. 48. It is therefore possible in prin-
ciple to perform a measurement of Xy, and hence de-
termine the nature of the primary from the radio data.
Various technics were used: LOPES used the informa-
tion on the shape of the radio wavefront (with a smaller
curvature radius for showers develozping deeper in the at-
mosphere) to achieve a 140 g/cm”™ resolution on Xpax,
while simulation indicate that precision as good as 30
g/cm2 may be achieved for denser and/or more extended
arrays deployed in quieter radio environment [218].
Tunka-Rex estimated Xp,x with a ~40 g/cm2 accuracy by
measuring the slope of the lateral intensity profile of ra-
dio footprint at ground (steeper for showers developing
deeper in the atmosphere) [214]. LOFAR took advantage
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Fig. 48. (color online) Radio profiles in arbitrary units for a

proton shower with Xp.x = 794 g/cm2 (upper) and an iron
shower with X = 573 g/cm2 (lower). Both showers have an
energy of 2.3 10" ¢V and a zenith angle of 49 degrees. Taken
from [221].

of it high-density array to reach a 17 g/cm2 using a simil-
ar technique [221]. AERA developed very recently a
method based on the measured frequency spectrum (flat-
ter for showers developing higher in the atmosphere), al-
lowing in principle to measure Xy,x from a single an-
tenna only, and reaching a ~20 g/cm2 resolution for a sub-
set of AERA events [222].

e The TREND experiment focused on the detection
and identification of air showers based on their radio sig-
nals only. To achieve this result, TREND developed a
DAQ system allowing for a ~200 Hz trigger rate for each
antenna and performed an offline identification of air
shower signals based on their specific characteristics, fol-
lowing an algorithm detailed in [223]. TREND could se-
lect 465 EAS candidates for 317 live days of data. Ac-
cording to simulations, the distribution of the direction of
arrival of these events follows rather well that expected
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Fig. 49.
(upper) and azimuth (lower) angles for the 465 EAS radio
candidates selected in the 317 live days of TREND data (black
squares). Also shown are the expected distributions for air

(color online) Distribution of reconstructed zenith

showers initiated by protons with £ = 10" ev (green empty
squares).

for EAS with energies of 10" eV for zenith angles 6 <
70° (see Fig. 49). This result, still to be refined, indicates
that it is possible to trigger and identify EAS with a self
triggered radio array, with a limited contamination by
background events. However TREND detection effi-
ciency was estimated to be around 10% only because of
the background rejection cuts applied. Other EAS selec-
tion procedures may have to be found to improve the
EAS detection efficiency.

The experimental developments above detailed al-
lowed a better understanding of EAS radio emission, thus
feeding the various simulation codes [224-226] de-
veloped and refined in that period of time, which now fit
very well the experimental data. These codes in turn con-
stitute a very valuable tool to further develop the air-
shower radio detection technique.
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If nice results were achieved by EAS radio detection,
some limitations were reached as well. We may stress in
particular the fact that the radio emission is very much
beamed around the shower axis, with an abrupt exponen-
tial drop when moving away from the shower core (sig-
nal typically divided by 10 between 100 and 200 m from
the shower core for a vertical shower). This feature does
not significantly depend on the energy, which implies that
arrays of very high density (detector spacing ~50 m)
would be necessary to perform EAS radio-detection and
reconstruction. This is not realistic for UHECRs detec-
tion, which requires huge detection areas. This statement
however has to be mitigated by the observation that the
EAS radio footprint at ground is much larger for inclined
showers [227], as the zone of main electromagnetic emis-
sion (mostly around Xp,,y) is in that case much more dis-
tant from ground, and also because the projection of the
radio emission cone on a flat ground is, by construction,
more elongated for inclined trajectories. Giant radio ar-
rays might therefore be able to perform a competitive
study of UHECRSs by selected inclined trajectories. This
is presently being studied in the framework of the
GRAND project [210].

Another major issue for EAS radio-detection is the
high rate of background events. Even in remote areas like
the TREND site, background radio sources (trains,
planes, cars, but even more frequently HV lines and elec-
tric transformers) generate event rates that surpass the
EAS flux by orders of magnitudes [223]. The DAQ sys-
tem of a radio array has to take into account this con-
straint in order to perform autonomous triggering suc-
cessfully. GRANDproto should allow to determine the
EAS detection efficiency and background rejection po-
tential achievable for an autonomous radio array.
GRANDproto [228] is an hybrid setup composed of 35
radio-antennas with a DAQ guaranteeing a 0% dead time
for an individual antenna trigger rate up to 5 kHz, run-
ning in parallel to a cosmic ray detection array of 21 scin-
tillators. EAS radio-candidates will be selected based on
the events polarization information measured by the
triggered antennas, while the scintillator array will be
used as a cross-check to the EAS nature of the selected
radio candidates, thus allowing a quantitative determina-
tion of the background rejection potential of the array.
GRANDproto will be fully deployed in summer 2016.

2. Benefit of radio-measurements for LHAASO

Here we only give some hints on the potential added
value of EAS radio measurements for LHAASO, in the
light of the status presented in Sec. II.LH.1. We should
stress however that a rigorous response to this issue
would require a dedicated study based on detailed simula-
tions taking into account the specifics of LHAASO (alti-
tude, magnetic field at the detector location, electromag-

netic background,...) in order to determine what goals and
performances would be actually achievable.

In the light of LOPES, Tunka or AERA results for ex-
ample, it seems realistic to think that a radio array de-
ployed at the LHAASO location could provide an inde-
pendent measurement of cosmic ray parameters (energy
and Xy.x in particular) with good precision, provided the
electromagnetic background level is low enough at the
LHAASO site, and that other detectors (PMTs in particu-
lar) are well shielded. There is no reason to think that per-
formances similar to present arrays (energy resolution of
15%-20%, Xmax resolution in the range of 20 to 40 g/cmz)
should not be achievable. An external trigger could be
provided by LHAASO detectors to circumvent the chal-
lenges of radio autonomous trigger mentioned in the pre-
vious section. We shall stress however that the threshold
for radio is presently ~10"" eV for the energy measure-
ment, and even higher for Xy.x. It is possible that a very
dense array (~50 m detector spacing), and a dedicated
signal treatment to improve signal-to-noise ratio could
lower this threshold, but this is hard to assess a priori.
We suggest that a radio array may be interesting as a
complement to the high energy end of the KM2A array
measurements (Xpax ), or as a complement to WFCTA in
order to better constrain the shower geometry through the
measurement of the shower core position.

3. LHAASO and GRAND

GRAND [210] is a proposal to build a giant radio ar-
ray (total area of 200000 kmz) primarily aiming at detect-
ing cosmic neutrinos. The project is still at a very early
stage, and many issues have to be studied and solved be-
fore the project comes to reality. Preliminary sensitivity
studies are however extremely promising, with an expec-
ted sensitivity guaranteeing -even for the weakest expec-
ted fluxes [229]- the detection of the so-called cosmogen-
ic neutrinos produced by the interaction of UHECRs with
CMB photons during their cosmic journey [230, 231].

Among the many steps to be completed before
GRAND comes to life, an important one will consist in
deploying a ~1000 km™ engineering array (GRAND-EA)
composed of ~1000 antennas in order to validate the tech-
nological choices defined for GRAND. This array will
obviously be too small to perform a neutrino search, but
cosmic rays should be detected above 10'®eV. Their re-
constructed properties (energy spectrum, directions of ar-
rival, nature of the primaries) will enable us to validate
this stage, if found to be compatible with the expecta-
tions. Even if the two detectors areas differ a lot, it may
be interesting to consider in more details a deployment of
GRAND-EA around the LHAASO experimental site. An
independent detection by the 2 setups of a statistically
significant number of cosmic ray events would indeed be
very valuable for the evaluation of GRAND-EA perform-
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ances. Given the present status of the GRAND proposal,

GRAND-EA could not be deployed before 3 or 4 years.
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