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2. How to Detect High-Energy Cosmic Rays



Detecting particles

Particle detectors measure physical quantities related to the outcome of a collision;
they should ideally identify all the outcoming (and the incoming, if unknown)
particles, and measure their kinematical characteristics (momentum, energy,
velocity).

In order to detect a particle, one must make use of its interaction with a sensitive
material. The interaction should possibly not destroy the particle one wants to
detect; however, for some particles this is the only way to obtain information about
them.

In order to study the properties of detectors, we shall first need to review the
characteristics of the interaction of particles with matter.



Some reminders of particle physics...

Cross-section = ¢ (normally given per particle, or per atom, in a reaction)
Frequently used unit: 1 barn = 10%*cm? (surface of a large atom; it (0.5 fm)? ~ few mb)

Attenuation length or “mean free path” A = 1/nc, where n is the number density of atoms
Attenuation of a beam | = |, exp(-x/A)

For materials, we often use the attenuation coefficient, u, (cm?/g), which is rescaled by the
density (this is what you usually find in the PDG)



PARTICLE INTERACTIONS WITH MATTER



Interactions of photons with matter
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Photoelectric absorption

Photons interact with matter by photoabsorption
which causes excitation or ionization of atoms.
Photons are absorbed.

No simple analytic formula (guess why). “Edges”
occur at the characteristic electronic transition
energies. When in emission, elements produce
characteristic lines at these energies

ZI/
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with v =4-5
* High-Z detectors are more efficient

* Above the highest edge, the cross-section
scales roughly as E-3. This means that photo-
absorption rapidly becomes inefficient at high
energies.

Cross section (cm?g)

10000.0f
1000.0}

100.0}

0.1

10.0}

1.0}

" a2 3l
1 10
Energy (keV)




Compton scattering

* Is the scattering of a photon by an electron

* If the electron is initially free and at rest, after the collision, the photon is scattered at an

angle 8 and comes out with a reduced energy E' < E , E
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The electron acquires an energy E' - E E .
@7R‘ecoil I+ m,c? (1 cos 9)
/ electron
Target /

incident  gjactron
photon 5t rest ,< @

- e+ /\f - /\,‘ =AM
\A"" ()
N

Scattered
Y photon
h AN
AN = (1 — cosf ) A
ma.c Py

Ai

. 8Ta” ”
» Cross-section below m,? o7 =~ ~—(hc)”  ~665mb
I(mi %)=
, 3m,c’ il 2E |, 1
well above m.c UKN~OT§ E n e +§

* The scattering electron could also be moving: in this case, we might have E’ > E (“inverse”
Compton)



Pair Production: y =>»e+e-
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Pair Production - Il

A =(9/7) Xo for Ey >>2m,

Energy spectrum ~ flat
Angular opening ~0.8 MeV/E e
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Charged particles: “Collision” energy loss

This is one of the most important sources of energy loss by charged particles.
The average value of the specific (i.e., calculated per unit length) energy loss due
to ionization and excitation whenever a particle goes through a homogeneous

material of density p are described by the so-called Bethe formulal. This has
an accuracy of a few % in the region 0.1 < By < 1000 for materials with
intermediate atomic number.

dE Z X (e [1 2mc2f2y2 o 0(B,p)

where
e p is the material density, in g/cm?;
e / and A are the atomic and mass number of the material, respectively:;
e 2, is the charge of the incoming particle, in units of the electron charge;
e D ~0.307 MeV cm?/g;
e m.c? is the energy corresponding to the electron mass;

e [ is the mean excitation energy in the material; it can be approximated
as I ~16eV x Z%° for Z > 1;
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The energy loss by ionization (Fig.4.1) in first ap-
proximation is:

e independent of the particle’s mass;

e typically small for high-energy particles (about
2MeV /em in water; one can roughly assume a pro-
portionality to the density of the material);

e proportional to 1/32 for Sy < 3 (the minimum of
ionization: minimum ionizing particle, often just
called a “mip”);

e basically constant for 8 > 0.96 (logarithmic in-
crease after the minimum);

e proportional to Z/A (Z/A being about equal to
0.5 for all elements but hydrogen and the heaviest
nuclei).

In practice, most relativistic particles (such as
cosmic-ray muons) have mean energy loss rates close
to the minimum; they can be considered within less
than a factor of two as minimum ionizing particles.
The loss from a minimum ionizing particle is well
approximated as
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Multiple scattering

When a charged particle passes near a nucleus it undergoes a de-
flection which, in most cases, is accompanied by a negligible (ap-
proximately zero) loss of energy. This phenomenon, called elastic
scattering, is caused by the same electric interaction between the
passing particle and the Coulomb field of the nucleus. The global
effect is that the path of the particle becomes a random walk (Fig-
ure 1.5), and information on the original direction is partly lost —
this fact can create problems for the reconstruction of direction in
tracking detectors. For very-high energy hadrons, also hadronic
cross section can contribute to the effect.

Summing up many relatively small random changes of the di-
rection of flight for a thin layer of traversed material, the dis-
tribution of the projected scattering angle of a particle of unit
charge can be approximated by a Gaussian distribution of stan-
dard deviation (projected on a plane: one has to multiply by v/2
to determine the variance in space):

N 13.6 MeV T

L Bep P\ Xo
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Electron bremsstrahlung and radiation length

§
As pair production, forbidden in vacuo

by 4-momentum conservation e

— Requires interaction with the medium

Photons of momentum g<E, emitted Y
with probability ~proportional to 1/q

— (and collimated: ~ m_/E) 16 \
ie, energy emission is ~constant for each \
interval of photon energy; total is propto _'2 \
E

radiation

— The dependence on the material appears
through the radiation length Xo:

dEe/dX = '1/XO lead our\
— Xo can be found in tables. It is ~400 m for air 4 \ \

Fractional energy loss

at NTP, ~43 cm for water; for density 1 g/cm3 | \\collision \\
— Collision energy loss is almost constant o \qﬁ\\
(plateau) 7 8 9 10 13



Cherenkov radiation ([3>1/n)

When >1/n in a medium, light is emitted in a coherent cone at
an angle such that

cos . = i
n
from the direction of the emitting particle. The presence of a
coherent wavefront can be easily derived by using the Huygens—
Fresnel principle. The number of photons produced per unit path
length and per unit energy interval of the photons by a particle
with charge z, at the maximum (limiting) angle is
d’N B 27raz%, e

~ “f
d)\dx A2 B

* The total energy radiated is small, some 107 times the energy
lost by ionization. In the visible range (300—-700 nm), the total
number of emitted photons is about 40/m in air, about
500/cm in water.

* Due to the dependence on A, it is important that Cherenkov
detectors be sensitive close to the ultraviolet region. However,
both n and the absorption probability of light can depend
strongly on A

14



Hadronic interactions

 The nuclear or hadronic force is felt by hadrons, charged and neutral; at high energies
(above a few GeV) the inelastic cross section for hadrons is dominated by nuclear
interaction

* Above some 100 EeV, the “hadronic” component of photons dominates their behavior,
and this becomes also the most important interaction for photons

* High-energy nuclear interactions can be characterized by an inelastic interaction length A .
Values for pA,, are typically of the order of 100 g/cm?; a listing for some common materials
is provided in the PDG — where the inelastic length A,and the total length A; are separately
listed, and the rule for the composition is

1/)\1' = 1/)\.H +1/)\| .

* The final state products of inelastic high-energy hadronic collisions are mostly pions, since
these are the lightest hadrons. The rate of positive, negative, and neutral pions is more or
less equal—as we shall see, this fact is due to an important approximate symmetry of
hadronic interactions, called the isospin symmetry.



Neutrino cross sections

10

=
Q
~

Reactor

—_—
=

Accelerator
Terrestrial |

per-K
Borexino

—

Q
-t
o

MINOS+

Cross Section (V, e~ 2V, e~ in mb)
~ —X
< <
©o w

—_ —l —
e © 9
N N N
(-] (4] N

DWW

-1

]
w
——

Cosmic

T2K i
w2k Atmospheric
Hyper-K
LBNO
RADAR

10* 102 1 102 10* 10° 10* 10 10% 10" 10° 10"

Neutrino Energy (eV)



—

N OB o

1.

Neutrino cross section
guantitative

oce! E, (10°%° cm?/ GeV)

—L

0.8
0.6
0.4
0.2
0 I | s aauul P nnllllllllllllllllllllllllllII
1 10 100 150 200 250 300 350
E, (GeV)

The neutrino-nucleon cross section grows with energy. It can be parameterized for intermediate energies,

1 MeV < E <10 TeV (Fig.4.9) as
o,n =~ (0.67 x 107 E)cm? = (6.7E) fb, (4.11)

E being the neutrino energy in GeV. At energies between 10 TeV and 107 TeV (10! eV), a parametrization

1S
| E
—34 2
OuN = <0.67 x 10 —IOTeV) cm”. (4.12)

Solar neutrinos, which have MeV energies, typically cross the Earth undisturbed (see a more complete
discussion in Chap.9).
The low value of the interaction cross section makes the detection of neutrinos very difficult.
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Bruno Rossi

Expelled from Italy in 1938 with a bad
treatment, moved to US

Toward the end of the 1950s, as accelerator
experiments came to dominate particle
physics, Bruno Rossi turned to space research

At MIT he initiated a program of detector
development and rocket experiments aimed
astrophysics (but the excuse was the control
of nuclear explosions above the atmosphere)

To implement his ideas about X-ray
astronomy, Rossi addressed the young
Giacconi (Giacconi & Rossi (1960): “A
‘Telescope’ for Soft X-Ray Astronomy”) and
they obtained support for rocket experiments
from the Air Force. After two failures, the
third satellite, launched in 1962, discovered a
bright X-ray source.

Giacconi won the Nobel prize in 2002 (Rossi
died in 1993).




Multiplicative showers (Rossi 1934)

* (Cascades of particles produced as the
result of a primary high-energy
particle interacting with matter

— The incoming particle interacts,
producing multiple new particles with
lesser energy; each of these interacts in
turn, a process that continues until
many particles are produced. These are
then stopped in the matter and
absorbed

* 2 basic types of showers:

— electromagnetic showers are produced
by a particle that interacts via the
electromagnetic force, a photon or
electron

— Hadronic showers are produced by
hadrons, and proceed via the strong
nuclear and the electromagnetic forces




Electromagnetic showers

* When a high-energy e or y enters an absorber, it initiates an
em cascade as pair production and bremsstrahlung generate

more e and y with lower energy
* The ionization loss becomes dominant < the critical energy E.

— E.~ 84 MeV in air, ~73 MeV in water; ~ (550/Z)MeV
* Approximate scaling iny = E/E.

— The longitudinal development ~scales as the radiation length in
the material: t = x/Xo

— The transverse development scales approximately with the
Moliere radius Ry, ~ (21 MeV/E,) Xo

* |n average, only 10% of energy outside a cylinder w/ radius Ry,
* Inair, Ry~ 80 m; in water R, ~ 9 cm

» Electrons/positrons lose energy by ionization during the
cascade process

* Not a simple sequence: needs Monte Carlo calculations



A simplified approach (Heitler)

* |f theinitial electron has energy E;>>E, 1 | | ' I
after t Xo the shower will contain 2t L HA b R
particles. Yequal numbers of e+, e-, v,
each with an average energy

E(t) = Eo/2t

 The multiplication process will cease
when E(t)=E,

- In (Eo/Ec)

{mar =1 (EC) In B

and the number of particles at this point will be

Nma.x' =€Xp (Tmax In 2) = EO /EC



An analytic model: Rossi’s “approximation B”
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— Electrons lose energy by ionization &

bremsstrahlung; asymptotic formulae
hold

— Photons undergo pair production only;
asymptotic formulae hold (E > 2 me)

1
~N

Longitudinal energy deposit (arbitrary units)
R (90% containment) [py]

Very good approximation until E ~ Ec

Incident electron Incident photons
Peak of shower, tnax 1.0 X (Iny~1) 1.0 X (Iny—0.5)
Number e* and e~ at peak 0.3y x (Iny—0.37)""% 03y x (Iny—0.31)"""2

Total track length T y y 22



(Rossi-Greisen 1941, Rev. Mod. Phys. 13, 240)

or(E, t) 1 v F du 1 1 E or(E, 1)
— = f 7(——, t %(u)-—-—f [w(E, t) — r( )]<po(v)dv+ €— :
0 " i 0 2 \1 —v oFE

dy(W, t)
’ f (-—- t)soo(v)—-—aw(W )
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A useful parametrization of the longitudinal
development

0.125 T T T T T T I | T LI T I I |

f0+°° t*1etdt. In the above approximation,

tmax = (o — 1)/3, which should be thus equal to 0.025
In(Ey/E.) — C with C = 1 for an electron and
C = 0.5 for a photon.

A common parameterization of the longitudinal - 30'GaV eléchion ’
profile for a shower of initial energy Ej is 0.100 — incident on iron .
dE B N .

— —E Py tlg-e 4.13 S 0075 , ®

5 “T(a) (Bt) (4.13) § 0075 | 2

= B N

where I' is Euler's Gamma function I'(z) = SQ 0.050 — . 5

t = depth in radiation lengths

Number crossing plane



Energy measurement

 The calorimetric approach: absorb
the shower

— As much as possible... But the
logarithmic behavior helps

— Typically (20-30) Xo give an almost
full containment up to hundreds of
GeV

* But sometimes it is difficult
(calorimeters in space)
— Errors asymptotically dominated by
statistical fluctuations:

O-E kE
= @ c
E +E

k can be a few per cent for a compact
calorimeter




Shower age; transverse profile

The description of the transverse development of a shower is more complicated. Usually the normalized
lateral density distribution of electrons is approximated by the Nishimura-Kamata-Greisen (NKG) function,
which depends on the “shower age” s, being 0 at the first interaction, 1 at the maximum and 3 at the death

[F4.1]:

3t
= 4.14
e v (4.14)
but not on its energy. The NKG function:
N [‘(4 5 ) s—2 s—4.5
L H—s r r
pNKG(T’ S, NE) = R}QW 27TF(S)F(45 ) 28) (R]\l) (1 + ..R_M) (415)

where N, is the electron shower size, r is the distance from the shower axis, and Rj; is a transverse scale
called the Moliere radius described below, is accurate for a shower age 0.5 < s < 1.5. A variety of transverse

distribution functions can be found in the literature (Greisen, Greisen—Linsley, etc.) and are mostly specific
modifications of the NKG function.
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Hadronic showers and calorimeters

Although hadronic showers are qualitatively similar to em, shower
development is more complex because many different processes contribute

— Larger fluctuations

Some of the contributions to the total absorption may not give rise to an
observable signal in the detector

— Examples: nuclear excitation and leakage of secondary muons and neutrinos

Depending on the proportion of m% produced in the early stages of the
cascade, the shower may develop predominantly as an electromagnetic one
because of the decay n°>yy

The scale of the shower is determined by the nuclear absorption length A,

— Since typically A > Xo, hadron calorimeters are thicker than em ones

The energy resolution of calorimeters is in general much worse for hadrons
than for electrons and photons

— Energy resolution typically a factor of 5-10 poorer than in em calorimeters

27



A Heitler model for hadronic showers

e Subject to large fluctuations

e At the end of a hadronic cascade, most
particles are pions; 1/3 of the pions are
neutral and decay almost instantaneously
(~10°% s) into a pair of photons; thus on
average one-third of the hadronic cascade is
indeed electromagnetic (and the fraction of
energy detected in electromagnetic form is
larger, since roughly three quarters of the
charged pion energy is "wasted" into
neutrinos)

e Although needing MC, can be in a Oth-order
approximation sketched by a simple Heitler-
like model: after each depth d an equal
number of pions (+ - 0) are produced.
Neutral pions decay into yy and their energy
is transferred to the electromagnetic
cascade.




Extensive air showers (EAS)

Showers due to the interaction of HE particles with the atmosphere.

High-energy hadrons, photons, and electrons interact in the high atmosphere. The process is
conceptually similar.

For photons and electrons above a few hundred MeV, the cascade process is dominated by
the pair production and the bremsstrahlung mechanisms.

The maximum shower size occurs approximately In(E/Eo) radiation lengths, the radiation
length for air being about 37 g/cm? (approximately 300m at sea level and NTP). The critical
energy is about 80 MeV in air.

The hadronic interaction length in air is about 90 g/cm? for protons (750 meters for air at
NTP), being shorter for heavier nuclei—the dependence of the cross section on the mass
number A is approximately A%/3.

The transverse profile of hadronic showers is in general wider than for electromagnetic
showers, and fluctuations are larger.

Particles release energy in the atmosphere, which acts like a calorimeter, through different
mechanisms—which give rise to a measurable signal.

primary Y cosmic ray (p, o, Fe ...)

atmospheric nucleus

EM shower /"~ I,
= nuc;Jeons,
K-, etc.

= ANS EM shower

. ) B :
e\ e \ & nucleons, . L L\ Y
S\ -\ + ) = I\
. 0 e \ K-, etc. X ‘ ‘- @ ].1

:F ot et \

EM shower



The events: Cosmic rays “rain”




The events: Cosmic rays “rain”




The events: Cosmic rays “rain”




The events: Cosmic rays “rain”
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The events: first interaction




The events: shower development




The events: shower development
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Photon-initiated shower in the atmosphere
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A frequent experimental problem: y/hadron
separation

Il Simulated gamma
| in the atmosphere:
” 50 GeV
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Simulated gamma
1 TeV
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Simulated proton
100 GeV
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LET’S DETECT



Tracking detectors (charged particles)

A tracking detector reveals the path taken by a
charged particle by measurements of sampled points
(hits). Momentum measurements can be made by
measuring the curvature of the track in a magnetic
field, which causes the particle to curve into a spiral
orbit with a radius proportional to the momentum of
the particle. This requires the determination of the
best fit to a helix of the hits (particle fit). For a particle
of unit charge

p (GeV/c)~ 0.3 B,(T) R(m)

A source of uncertainty for this determination is given
by the errors in the measurement of the hits; another
(intrinsic) noise is given by multiple scattering. In what
follows we shall review some detectors used to
determine the trajectory of charged tracks.

Prototype: the ionization tube (Geiger-Muller, ...)

HV
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Tracking detectors (charged particles)

1/
P p+ strip side/ /E
\ LA
VR@\\\)(\\\\'\\‘ Y =
n-bulk -
Y ,
/ B N L
P— n+ strin side P+ Al
A{>-
Detector type Spatial resolution Time resolution Dead time
RPC <10mm ~1ns (down to ~50 ps) —
Scintillation counter 10 mm 0.1 ns 10 ns
Emulsion I wm - -
Bubble chamber 10100 wm I ms S0ms—1s
Proportional chamber 50-100 wm 2 ns 20-200 ns
Drift chamber 50-100 wm few ns 20200 ns
Silicon strip Pitch/S (few pum) few ns 50ns
Silicon pixel 10 pm few ns S0ns




Photodetectors

Most detectors in particle physics and astrophysics rely on
the detection of photons near the visible range, i.e., in the eV
energy range. This range covers scintillation and Cherenkov
radiation as well as the light detected in many astronomical
observations.
One needs to extract a measurable signal from a small
number of incident photons. This can be achieved by
generating a primary photoelectron or electron—hole pair by
an incident photon (typically by photoelectric effect),
amplifying the signal to a detectable level (usually by a
sequence of avalanche processes), and collecting the
secondary charges to form an electrical signal.
The important characteristics of a photodetector include:

e the quantum efficiency QE

* the overall collection efficiency

 thegainG

* the dark noise DN, i.e. the electrical signal when there

is no incoming photon;
* the intrinsic response time of the detector.

Prototype: the avalanche photomultiplier tube (PMT)
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Photodetectors - |l

e Other photodetectors:

* Gaseous detectors
* Solid-state detectors (SiPM)
— high fashion now

3

PMT HA R19200 (private communication D. Nakajami)
-------- SiPM (adapted from Otte et al. 2015)
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PART 2
LET’S BUILD COMPLEX DETECTORS, NOW!



Direct measurement of Cosmic Rays
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The ideal detector:
see a particle physics experiment

innermost layer » outermost layer

tracking clectromagnetic hadronic muon
system___calorimeter _calorimeter  system

photons
—_—

But:
electrons * Heavy

' * Expensive

muons
_—
rotons
(aons
pions
—

Different setups for:

* Space (large fluxes)
* Ground (detection of EAS)

neutrons
0
K

C. Lippmann - 2003
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Space-based experiments

Measure of charge, particle identification: need magnetic field?
* If so, a technical complication
Protons dominate the yield, maybe you want to measure different particles
* Antimatter?
* Low energy: TOF, Cherenkov
* High energy: RICH, TRD, electromagnetic calorimeters

Advanced Composition Explorer ACE, launched in 1997 and still in space: different ions (with
TOF, dE/dX)
The Balloon-borne Experiment with Superconducting Spectrometer (BESS) performed
successive flights > 1993 to measure the anti-proton spectrum and to search for anti-helium
PAMELA launched in 2006 measured charged particles and anti-particles out of the
atmosphere during 6 years, with a permanent magnet of 0.43T and a silicon tracking system
AMS-02 was installed in May 2011 on the ISS. Its concept is similar to PAMELA but with a
much larger acceptance and more performing detectors
ISS-CREAM (Cosmic Ray Energetics and Mass for the ISS) is in orbit since 2017. It uses a Si
detector, timing detectors, and a TRD
DAMPE (electrons/positrons: tracker + calorimeter) in orbit since 2017

50



Particle Identification

Particle identification (mass, charge, energy /
momentum)

Spectrometer: instrument for measuring rigidity in the
magnetic field.

B is known, Z and p can be measured

Momentum resolution depends on the accuracy in
the measurement of the track and on multiple
scattering

A ToF (for example A, C are 2 scintillation counters)
provides the measure of dE/dx (thus Z), time,
position. The measurement of the ToF between two
known positions provides v. The mass of the particle
is obtained from r.. Sometimes, a destructive
detector (calorimeter) can be used to measure
independently the particle energy.

R = 'I’LBC —

pc

Je

O
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 Particle ID:

ANTICOINCIDENCIE —_— TOF
(CARD) )
ANTICOINCIDENCE — EM Calorimeter
Lol . A2 - (CAT) — Neutron detector
] (EM cascades vs.
~1.3m HAD cascades)
SPECTROMETER —_ ioidi
ANTICOINCIDENCE o R | g | d Ity .
(CAS) masurement using a
permanent magnet
TOF (53) L and a Si tracker
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Alpha Magnetic Spectrometer
Experiment

m ISS:108 mx80m, 420t Inclination = 51.57°
m orbit height 400km 15.62 revolutions/day




AMS-02: up to TeV
energies

The value of |Q] is measured
independently in Tracker, RICH
and TOF.

The signed charge, +Q, and the
momentum of the particle, P,
aremeasured by the 8 layers of
doubled-sided silicon tracker in
the magnet.

The velocity, B = v/c, is measured by
the TOF, TRD and RICH.

The energy of electromagnetic
particles is measured by the
calorimeter.

Helium Vessel
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Silicon Tracker




AMS Transfer to the Shuttle, 26 March 2011

© Michele Famiglietti / AMS Collaboration
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Two astronauts working on
the Space Station near AMS
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Cosmic ray studies with AMS

Goals:

Searches for primordial antimatter:
— Light anti-nuclei: D, He, ...
— p/ p ratio

« Dark Matter searches:
T e.*.’ et , p ’ LR ; :
— simultaneous observation of several signal channels.

« Searches for new forms of matter:
— strangelets, ...

 Measuring CR spectra — refining propagation models;

» lIdentification of local sources of high energy CR (~TeV):
— SNR, Pulsars, PBH, ...

+ Study effects of solar modulation on CR spectra over 11 year
solar cycle
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Electron to positron ratio

e As antimatter is rare in the Universe today, all antimatter we observe are by-product
of particle interactions such as Cosmic Rays interacting with the interstellar gas.

e The PAMELA and AMS-02 satellite experiments measured the positron to electron
ratio to increase above 10 GeV instead of the expected decrease at higher energy.

0.25 T T T T T T T T T T T T T

e HEAT
AMS-02
+ PAMELA

o
N

0.15

Positron Fraction F (e*)/(F (e*)+F (e))

o
=0

0.05

O

0

Energy (GeV)

This excess might hint to to contributions from individual nearby sources (supernova

remnants or pulsars) emerging above a background suppressed at high energy by
synchrotron losses
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Indirect measurements of Cosmic Rays:
Extensive Air Showers
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EHE charged particles:
for astrophysics, the bigger the better

Detect EAS at ground (mostly
detect the charged particles in
the shower)

Go as high as possible (¥4km)
You can sample

You can use simple detector
units

— Water pools (Cherenkov effect in
water) with PMT(s)

— Scintillators
— RPC

Your results are “dirty”: difficult
to identify the cosmic ray — also

its charge L T S
10° 10" 10 10”107 107 10*
E (eV)

F (m?sr s GeV)'




Highest energies: Extended Air Showers

* Three detectable components of EAS:
— EM
— Muons
— Hadrons

* CR energies much higher than energies at accelerators (> 100
TeV in the c.m. vs. < 14 TeV)

— Access to new phenomena
— But: lower luminosities
— Initial conditions unknown



CORSIKA E=10"4 eV | 50 km
Simulation

QGSJET/EGS4

40 km

.30 km

Why does the & nucle it ct higher in - ere’ LA | ARy 59 \ " 20 km




Shower components

cosmid ray proton

Top of the Atmosphere

Ln(#) of Particles

Ground Level

A

P

Secondary particles

mt




How to detect high energy CR?

You need:

A large collection area, S

A large solid angle acceptance, (2

A large collection time T
The quantity “exposure” SQT = m2-steradian-days
determines the number of detectable events

Sampling is possible! JEE——

Flux for E,>10%° eV e
~0.5 particles per km?-sr-year



EAS detectors

* Experimental apparatus (Extensive Air Shower Arrays, EAS) are
in general located at high altitude

 Measure showers“sampling”

on a large surface

—

4

HAVERAH PARK

Scargill 0
Reservoir ten Acre
Reservair

Coemic
Ray

I - |Photomukiplier

STAINBURN MOQR




Which counters?

e Scintillators
e RPCs

* Water tanks detecting the Cherenkov light of superluminal
particles in water through PMTs



The average distance between the counters determines the
minimum energy of the detectable shower

The number of counters, the accuracy of the measurement

The total area covered determines the maximum
measurable energy

Each counter measures the energy loss of the particles
passing through it; we can derive the number of incident
particles

From the particle density measurements in each counter of
the array, we infer the lateral distribution D(r).

From the measurement of D(r), from the reconstruction of
the height of first interaction and from the hits count we go
back to the energy of the primary, and from the frequency
of the number of counts we go back to the flow.

The direction of the shower can be determined by the
measurement of the delay time in the arrival of the swarm
on different counters



Principle of operation




Chemical composition?

* We expect to see heavier ioins at higher energies
* Not easy for EAS to measure <A>

o~ Y0r - = =
EPOS-1HC _—

5 8S0F
cd -

~~_S0F

(RN

7 IS0k, . > 4({. --------------
: ©
TOF g
A
6505, i
M‘(): ' l A A A n l A e A e l ' a A l A . A A (' A l . e a ' l ' ' ' l e A ' e 1 o ' A '
s 155 19 s ) I8 I8 S G 03 50
log (EieV) log (EfcV)
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Additional detection methods

Charged particles in EAS also produce light in the atmosphere due to
Cherenkov effect (electrons with E> 20230 MeV).

Cherenkov light can be revealed (Cherenkov telescopes) on moonless
nights by special detectors on the ground.

EAS also induce the excitation of atmospheric nitrogen, which re-emits

by irradiating light. This fluorescence can be detected on the ground
(Fluorescence detectors).

The muon component can be revealed by "underground"” detectors.



, Large hybrid detectors needed!

Located in the southern

- hemisphere, Auger is the

| - world’s largest experiment for

Pt G - | UHECRs with its extension of
oo | 3000 km?

Powerful hybrid detection technique

Main components of the

observatory:

e Surface detector (SD):
array of 1600  water-

Cherenkov tanks, spaced by
1.6 km

b " ...‘ L]
Malargiie A 3o N\F s

N » UL l..’l. 5=

% i sevesee L .
u«.«,:h + LEONESNSS e on e % <=1 TN
Harinero o alariassees LA 14

b

e Fluorescence detector (FD):
24 telescopes in 4 buildings
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The largest in the world: surface of 3000 km?
(Veneto: 18000 km?)

1600 surface detectors & 4 telescopes

Still not enough for astronomy



The Surface Detector Array
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Cerenkov detectors in AUGER

R GPS antenna
Communications
*

antenna

Electronics
enclosure

3 - nine inch
photomultiplier
tubes

Pierre Auger Project
Surface Detector Station

Plastic tank with
12 tons of water

GPS Receliver
and radio transmission



Fluorescence Detectors

Telescope

2 FD Telescopes

440 photomultipliers upon a
spherical cup of 1.741 m ray



A hybrid event - 1021302
Zenith angle ~ 30° Energy ~ 10 EeV

Zenith

Impact Point

8 =27
Rp= 12 km
Xo =94 °

Tanks

6
4
2
0

400 500 600 700 800 900
X(g/cmz)

505 6715720 25730 32
X



20 May 2007 E~101eV




Oinel (Proton—proton) [mb]

—

-
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l

o0
O
|

-o- ATLAS 2011
- TOTEM 2011

-+ JAS
-+ CDF/E710

.-
L
-
-
-
-
-
-
L
-
-
-
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..

®-Auger 2012 (Glauber)

===+ QGSJet01
—— (QGSJetll.3
— = Sibyll2.1
...... Eposlgg
—  Pythia 6.115
=121 Phojet

104 10°
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Future: the EUSO concept?

JEM-EUSO

Ground
Support
Equipment

’-

= Mission
E Operation
— Control

s g ‘ A Grovu_n'.d Based C3libration System %§ Data

~ABIE=S=""4 LIDAR station g > - ; Xe Flasher _ “=<g== Center




Gamma Rays



Photons in the nonthermal region

10*

LE or MeV : 0.1 (0.03) -100 (30) MeV
HE or GeV : 0.1 (0.03) -100 (30) GeV

VHE or TeV : 0.1 (0.03) - 100 (30) TeV
UHE or PeV : 0.1 (0.03) -100 (30) PeV

102+

0°F

—

107/

10™ , ] , ] L LN )
102 10* 10° 108 10" 10"

LE,HE domain of space-based astronomy Frersy (1)
VHE+ domain of ground-based astronomy

When no ambiguity, we call “HE” all the HE and VHE+
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Transparency of the atmosphere

Rockets and sateliites

~400 km

Hot-air balloons

~40 km

~10 km
Mountaintop
observatories

1peV 1 meV leV 1 kaV 1 MeV 1 GeV 1TeV

Darvlo Somsi
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keV instruments (satellite)

Detection must be based on photoelectric effect

Very difficult to track
Two designs: sacrifice acceptance or sensitivity

INTEGRAL, Swift, Chandra, NuSTAR

Beam 2

Field of View

=.5 Degrees Beam 1
3

Doubly
Refliected .-

X-rays ,o—'/" Focal Suttace (Coded

,*” Doubily
Reflected
X-rays

Four Nested Paraboloids




MeV photon detectors (satellite)

The MeV region is crucial for nuclear physics, and for
the study of high-energy emitters

An “easy” way to do MeV photon detectors
— Scintillating crystals

But:
— Bad directionality
— No polarization information

Typically used in Gamma-Ray Burst monitors

No tracking instrument since COMPTEL (1990)
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Fermi GBM detectors

Photon Energy [keV]

B —
7.
. . S — -
N'E On-orbit Performance Simulation
L
g
E Total o
® Lo m Photopeak
= i '
>
8 [
ﬁ Nal Spectroscopic ._| "
o Energy Range 2
g l“ BGO Spectroscopic "'I é
3 10 \ Energy Range 1 @
- - o]
[ ali iil A R N il P VO
10 100 1000 10000 1000

C. Meegan et al. 2009, Ap], 702,

effective area

1.0000¢

0.1000

0.0100

0.0010

0.0001
4 F+

Sigma

O o ro
T

~ 160 cm?

Times: 0.384: 1
T

408 s

=Typical “famous”
revent

BGO_00
NAI_05

L

T
0O A

T

| PR 1

=

10 100 1000
Energy (keV)

10000
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MeV photon detectors: the hard way

* Specific Compton detectors

* Need accurate tracking of the
directionality of the scattered
photon or of the ejected COMPTEL
E|eCtrOn, |f any e -' . GAMMA RAY

Gamma Ray scattered;
Nght emitted.

* The COMPTEL onboard the
CGRO (1991-2000) was the
last example. Now we could
do better thanks to Si
technology...

Gamma Ray absorbed,
light puise emitted
and recorded.
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How to do it with today’s technology?

Pair event
Y

Compton event j I .
:

Event circle I
Event arc

\
\
|
\
\ AMEGO (NASA, Mc ENERY at al.)
' ‘| E-ASTROGAM (ESA, De Angelis et al.)
)
\
\
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Precision Si-strip Tracker (TKR) 'Y
|

H ' h 18 XY tracking planes
I g e r Single-sided silicon strip detectors 228 um
pitch, 8.8 10° channels
Measure the photon direction

Energies — g

* GeV Satellites (AGILE, Fermi,
DAMPE)

— Silicon tracker (+calorimeter)

* Cherenkov telescopes
(H.E.S.S., MAGIC, VERITAS)

UHE gamma

VHE gamma
~ 1000 TeV

~1TeV

First inTer‘acfion\

* Extensive Air Shower detectors
(HAWC, LHAASO):
RPC, scintillators, water o
Cherenkov

/Secondory particles —_

Photons Particles

Cerenkov

HEP detectors! de




The GeV (pair production):
Fermi and the LAT

Gamma Rav Riiret Manitar (GRM)

Large Area Telescope (LAT)

eart of the instrument is the LAT,
detecting gamma conversions vy

I

1 -
T——
% X

T TR

ACD !

L&WE

-==-JdL

'TRACKER




Fermi-LAT launched June 2008
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LAT overview

Si-strip Tracker (TKR) AntiCoincidence Detector (ACD)
18 planes XY ~ 1.7 x 1.7 m2w/ converter 89 scintillator tiles around the TKR
Single-sided Si strips 228 um pitch, ~106 Reduction of the background from charged
channels Y particles —
Measurement of the gamma direction I —
I
1= ;

Astroparticle groups
INFN/University Bari,
Padova, Perugia, Pisa,
Roma2, Udine/Trieste

The Silicon tracker is mainly built

in Italy Calorimeter (CAL)

_ _ Array of 1536 CsI(TI) crystals in 8 layers
Italy is also responsible for the Measurement of the electron energy
detector simulation, event display

and GRB physics Eﬂ:




Detection of a gamma-ray

2 o L S e O O
— —I— —
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LAT 8-year Point Source Catalog (4FGL)
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AGILE & DAMPE

AGILE: inside the cube...

* 2 more instruments in space HARD X-RAY IMAGER
(SUPER-AGILE)

-

e The all-Italian teleSCOpe AGILE GAMMA-RAY IMAGER

— A Fermi precursor: see Fermi, 16 times i} || My
smaller '

— Launched April 2007 _
— Pointing systems has some problems

(MINI)CLORIMETER

e The Chinese-ltalian-Swiss DAMPE
— ~AGILE

Plastic Scintillator Detector
— Launched December 2015 Sl T gsten T N
— Better calorimetry than Fermi

BGO Calorimeter
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Effective area

Performance of Fermi

P8R2 SOURCE_V6 on-axis effective area
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- ~y 2
0.7} 1m
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0.5 Grows as k InE from 2 MeV to 2 GeV
0.4F- Then ~0.9 m? from 2 GeV to 700 GeV
0.3} Then decreases as k’ InE
0.2
0.1k Acceptance: 2.5 sr
010 102 10° 10*
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High energies

— Only way to build sensitive >TeV instruments

— Maximum flux < 1 photon/h/m? above 200 GeV in
Fermi

High statistics /short timescales
— Large collection areas O(km?)

Precision (Imaging Air Cherenkov telescopes, IACTs)
— Superior angular resolution

Limitations?
— |ACTs

* Smaller duty cycle
* Smaller field of view

— EAS ground particle detectors
* Modest resolution and background rejection power
— Complementary approaches

et \WWhy detection at

ground?

VHE gamma UHE gamma
~1 TeV ~ 1000 TeV

First interaction —

/Secondary particles ——

Cerenkov
light

Photons Particles

5erenkov¢ Particle
telescope detector

array
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Highlight in y-ray
astrophysics (mostly
HESS, MAGIC, VERITAS)

Thanks mostly to Cherenkov
telescopes, imaging of VHE (> 30
GeV) galactic sources and discovery
of many new galactic and
extragalactic sources: > 200 (and
>200 papers) in the last 9 years

— And also a better knowledge of the
diffuse gammas and electrons

— TeVCAT

A comparable success in HE (the
Fermi realm); a 10x increase in the
number of sources

A new tool for cosmic-ray physics
and fundamental physics

+180

+90

1996

180

273r

-
-
\\




d

+180

Source Types
. PWN

. Binary XBRB PSR Gamma
BIN

' HBL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

' Shell SNR/Molec. Cloud
Composite SNR
Superbubble

' Starburst
. DARK UNID Other

. uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR

>200 sources detected

by ground-based
instruments

ot impressive versus
(O(2K)), but...




Incoming

’y—ray

0.~ 19
e Threshold @
sl: 21 MeV
Maximum of a 1 TeV
shower
~ 8 Km asl
~ 200 photons/m?
in the visible
Angular spread ~ 0.52

N
%
S
\k.
<
&
¢

Image intensity

& =» Shower energy

Image orientation
=» Shower direction

Image shape

=» Primary particle101




Signal duration: ™~ 3ns




v/h Separation

Proton shower

calibrated
FADC

alibrated
ADC

calibrated
FADC

5 LENGTH 0415 WIDTH 0312 ALPHA71.829

/’\/\

S *

NSB event Hadronic shower Gamma shower

I/l 217, }II L8O ALPHA G4
LEN II! 8. WID'IH 0,13

I“:IAIJTYK“1
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0 10 20 30 40 50 60 70 80 90
jalpha| []
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Instr. Tels. Tel. A FoV Tot A Thresh. PSF Sens.
# (m?) (°) (m?) (TeV) (°)  (%Crab)

H.E.S.S. ! 107 5t 428 0.1 0.06 0.7
MAGIC 2 236 3.5 472 0.05(0.03) \0.06 0.8
VERITAS ! 106 1 424 0.1 0.07 0.7

telescope (CT5)
operating since 2015

VERITAS: 4 telescopes ("'12rnl) N An;ona operatlonal smce 2006
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HESS (Namibia)

4 telescopes (~12m) operational since 2003
HESS 2: 5t telescope (26-28m) commissioned in 2015
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MAGIC: Two 17m @ Imaging Atmospheric Cherenkov Telescopes
15t telescope since 2004, 2" since 2009, upgrade in 2013

~160 physicists from 10 countries:
Bulgaria, Croatia, Finland, Germany, India, Italy, Japan, Poland, Spain, Switzerland

at 2400 m a.s.l.
= o~ »

kTS
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The level of perturbations is 1600 m => 650 m b




Key elements

highly: reflectivermirrors

Active mirror. control D
(BSES9056 oilight' in_sdely
O Sinner plxel) T

2+1-level trigg%r system
&2 GHz DAQ system




Operated from a control room
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Integral sensitivity (5a in 50h) [% C.U.]

Main parameters & performance

Light-weight: ~60 T
Fast re-positioning to any coordinates in the sky: ~ 25 s /180°
Optimized electro-optical design providing ~ 2.5 ns FWHM pulses
Data digitized by using 2 GSample/s DRS4 chips
Producing ~ 1 TB data per observation night

arXiv:1409.5594

20 "',,‘ Mono (2005  —m- Sterso Upar. (2043) 4
~ E hreshold:
. 1 Energy thresho
& oo WSONO (2008 == Stereo Lpyr Zd 3045, (2013
= il 'ffi"iif"*_".'-*ff:‘;-fi"iff'fiff' . >0 GeV

10

0.5

30 GeV Sum-Trigger

TR | Energy resolution:
et 0 15% (@ 1 TeV) - 20% (@100 GeV)

~-/ Angular resolution:

e s ——,0.06°@ 1TeV, 0.1°@ 100 GeV
Energy threshold [GeV]

Best sensitivity: 0.5% of Crab Nebula flux
in 50 hours obs. @ E ~ 400 GeV 111




Fast and smooth repointing (< 30 s)




Adjustement (active control)

All AMC
Lasers
switched on
during foggy
night

(nice
propaganda
picture;
does never
look like that
during
operation ...)




Why bigger and bigger?

Figures of merit of a Cherenkov telescope

Sensitivity: effective area (effective area covered,
=>~ number of telescopes)
Angular resolution: number N of telescopes

Serendipity: FoV, Duty Cycle

Still we use small N (cost: 1-10 MEUR/telescope)



2R T Tightemted al — |
1 . So9 F —]
Figures of merit- 1l =0F N\ |= tvecceoa |
So7 b N | 2km . T
. ! (d2N/dxd oc YAl
* The threshold is Sok S
S 04 fF— | |
Y T B T R = -
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250 300 350 400 450 500 550 600
Waveélength

The Vela pulsar seen with CTS5

Energy distribution
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Higher energies: EAS detectors

(Cost of covering 1 km? with Cherenkov telescopes > 100 MEUR)

Tibet — AS gamma: scintillators
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EAS detectors

— Pro: wide field of view, continuous operation, cheap to instrument large areas
— Minus: Resolution is worse => more background, higher threshold

— Transients: plus is serendipity, can be the trigger; minus is sensitivity
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EEN
=

LOW / HILLS / MOUNTAINS

MEXICO |

e

The present

The HAWC Observatory

£l Paso of America 400 km

New .
HO.US!OH Orieans.- m

C,'Rir?de San
lfan Antonio

S

S
=
o

ot oG Son

Located at 4100 m a.s.l. in Mexico near Pico de Orizaba at 19°N
Effective Area: ~22,000 m?

Instantaneous field of view 2 sr; daily coverage of 2/3 of the sky.
300 Water Cherenkov Detectors (WCDs)

Declinations from -26° to 64° (Part of Northern Fermi Bubble visible)
Inaugurated in March 2015, taking science data since 2013. 120



Very-high-energies (above 200 GeV)

IS

A e . : A s 3
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S/B from Crab
Resolution of 1 degree

NCRin1°x1O

Performance 3

Crab

5 6
Log1 0(E/GeV)

Angular Resolution Hadron Rejection
1 4 . 100 PRERRIRS ' v O a——
- Angular Resolution
1.2 - QOptimal Bin
- Angular Resolution - Milagro
10"
102
- Photon Efficiency
- Hadron Efficiency
1074] Hadron Efficiency - Milagro
0.0 = o b= S L _—
10 10 10 10 10 10

Estimated Energy [GeV] Estimated Energy [GeV]
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HAWC-250 150-Day TeV Sky Survey (38c Crab)

Geminga* - 60

Mrk 501 - 130

180° 180°

®

Mrk 421 - 170

Crab Nebula - 380

PRELIMINARY
‘e . :~_ﬂ’“ d . -




Pulsars,

Far-away AGN, %éi]l Bl
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Performance of different types

of HE gamma detectors

Table 4.5 A comparison of the characteristics of Fermi, the IACTs and of the EAS particle detector
arrays. Sensitivity computed over one year for Fermi and the EAS, and over 50 h for the IACTs

Quantity Fermi [IACTs EAS

Energy range 20MeV—-200GeV 100GeV—-50TeV 400 GeV—-100TeV
Energy res. 5-10% 15-20 % ~ 50 %

Duty cycle 80 % 15 % > 90 %

FoV 4m/5 Sdeg x 5 deg 47 /6

PSF (deg) 0.1 0.07 0.5

Sensitivity 1 % Crab (1 GeV) 1 % Crab (0.5TeV) 0.5 Crab (5TeV)
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Gamma

rays above the keV: an overall picture
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* MeV/GeV worst covered part of the electromagnetic spectrum (only a few tens
of steady sources detected so far between 0.2 and 30 MeV)

* Binding energies of atomic nuclei fall in this range, which therefore is as important
for HE astronomy as optical astronomy is for phenomena related to atomic physics



Neutrinos
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MeV neutrinos

Very important: fusion processes in stars

Cross section is low, but flux is very large (compute the flux
from the Sun through your body)

The first setups used a solution of cadmium chloride in water
and two scintillation detectors as a veto against charged CRs.
Antineutrinos with an energy above the 1.8MeV threshold
can cause charged inverse beta-decay interactions with the
protons in the water, producing a positron which in turn
annihilates, generating photon pairs that can be detected.

Radiochemical chlorine detectors consist instead of a tank
filled with a chlorine solution in a fluid. A neutrino converts a
37Cl atom into a 37Ar; the threshold neutrino energy for this
reaction is 0.8 MeV. Nobel Prize to Davis in 2002 (Homestake,
470 tons)

Also Ga -> Ge



MeV to GeV

Very important: fusion
processes in stars,
atmospheric neutrinos

Needs large volumes:
(Super)Kamiokande

— SK: 50000 tons

— Hyper-K: 20 x SK?

Water instrumented with

large PMTs; detection of
Cherenkov photons

Two Nobel prizes




SUPERKAMIOKANDE DETECTOR
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Do you aim at astrophysical neutrinos?

* You need cubic kilometers to (possibly) do

astrophysics...
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Beyond Super-Kamiokande: a cubic km detector
at the South pole
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Deploying a (string of) photosensors
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MULTIMESSENGER ASTROPHYSICS:

GRAVITATIONAL WAVES



Gravitational waves: physics

O Einstein field equations:

G
Guy —_— 87!' C_4'T“y

O Far from the source: metric is flat with small perturbation

Juv = Muv . hpu

O Far from the source: Einstein equations reduce to wave equation
for the perturbation:

Rt =@

Iz

NN
ot Oz Oy 02
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Gravitational waves

O Gravitational waves have the effect of traveling tidal waves

O Laser interferometer:

O Arms are periodically stretched and compressed by passing
gravitational wave:

e ,/

O Extreme sensitivities required: AL/L ~ 102



Sources of gravitational waves: needs asymmetry

Coalescing binary neutron stars and black holes Fast-spinning neutron stars

Effect is deformation of spacetime
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Time evolution of GW

Quasi-circular Plunge Ringdown
inspiral and merger

Black hole
Post-Newtonian Numerical perturbation

techniques relativity =~ methods
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Gravitational wave detectors

Need to measure strain oL/L
Strain affects space, not light

For typical sources can be very low: ~ 10-%2

— 1 atom over 1012 m

Technique can be interferometry, but needs
resonant cavities
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The Advanced LIGO detectors
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The first detection

Strain (107%%)
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The first detection

OSignal consistent with binary black hole merger

OParameters measured by matching millions of trial
waveforms in 15-dimensional parameter space

Strain (10771
~ © © o H
o

o wm

206

205}
¥
S04k

o
> 03

v O

Inspiral

‘/J()GO

Merger Ri no

=
- | e
1 == Nurmerical relativity N
N Reconstructed (template)
X ' % |
| S — !
[ Black hole separation -
we Black hole relstive velocity -
- 1 ¥ :
0.30 0.35 0.40 0.45
Time (s)

SCHNWEAE

Separation (Rs)

Primary black hole mass
Secondary black hole mass
Final black hole mass
Final black hole spin
Luminosity distance

Source redshift z

36M,

29T$M

621 iM
0.677 55
410118 Mpc
0.095;

145



In the future: more detectors, bigger detectors

LIGO Livingston, LA

- 3 spacecraft in Earth-trailing solar orbit
separated by 5 x10° km.

- Measure changes in distance between fiducial
masses in each spacecraft

— Partnership between NASA and ESA
- Launch date 2034
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More detectors: improved localization

GW170104

R \/T151012

GW151226

BY GW150914

GW170814
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Different arm lengths, different
frequencies, different processes

10718 |- Difference of 10* in wavelength:
Like difference between X-rays and IR!

Coalescence of — NS-NS and BH-BH
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LISA will see all the compact white-dwarf and
neutron-star binaries in the Galaxy 148



Up to now, BH-BH mergers without electromagnetic
counterpart and a NS/NS fusion with EM companion

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

. e ®
O \/iran Naiitron Qtarce
e LIGO-Virgo Neutron Stars

Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern




Summary

* Detectors for charged cosmic rays: (1) need large effective area for the UHE,
(2) smart instruments on satellite for particle identification. For (1) we are
close to the limit (Auger) unless we change technology, for (2) we are close
to the limit

* Photons:

— The keV region is a standard
— In the MeV region, instruments did not reach the technological limit, yet
— In the GeV region, Fermi is close to the technological limit

— In the TeV region, the Cherenkov technique reigns. HESS, MAGIC and VERITAS
have still potential, and there is room for improvement by “brute force”

— In the PeV region, only two detector presently active (both in the Northern
hemisphere), and there is room for improvement by “brute force”, South.

* Astrophysical neutrino detectors: we need several km3; we are close to the
limit (IceCube -> Gen2) but still improving (Antares -> km3NET)

e Gravitational waves: the present and near future



Exercises

1. Cherenkov telescopes. Show that the image of the
Cherenkov emission from a muon in the focal
plane of a parabolic (?) IACT is a conical section
(approximate the Cherenkov angle as a constant).



