Astrofisica Nucleare e Subnucleare
GeV Astrophysics



Exercise on GeV gamma-rays

* Find the web sites of AGILE and Fermi/LAT

* Check the status of “new” gamma-ray detectors
(CALET, DAMPE, Gamma-400, HERD)
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Gamma-ray astrophysics above 100 MeV

Picture of the day, Feb. 28, 2011, NASA-HEASARC




Astrofisica Nucleare e Subnucleare
Electromagnetic Showers



FLECTROMAGNETIC SHOWERS
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log N

Fig. 4.6. The total number of particles N in a shower initiated by an
electron of energy Eg, as a function of depth n, measured in radiation
lengths; F, is the critical energy of the material, (From Leighton, 1959,
p. 693, after Rossi & Greisen, 1941.)
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Astrofisica Nucleare e Subnucleare
Hadronic showers



Hadronic showers

et T, production
absorber M is a one way
__ street:

0 e- all energy
) T, n VW / deposited via
M
T F
____________ ,Q\ —~ € e EM processes

—

—
probability: \\ﬁ‘\?i -
| -exp(z/A) i - feyy = fraction of hadron

i I energy deposited via
A EM processes

Electromagnetic— ionization, excitation (ex)

— photo effect, scattering (y)
Hadronic — jonization (T, p)

— invisible energy (binding, recoil)
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Hadronic shower

1 Hadronic interaction Cross section il

e TOTEM

best COMPETE ¢t fits
GT 114~ 1.52Ins +0.130In?s

o

, =0,+0

inel

o,~10mb o, ~A"

GTot = Gtot (p p ) A2/3

where: o, (pp) increases with Js

tot
1 Hadronic interaction length

int

longitudinal and transverse
shower profile

A = 1 Ap z(35 o/ sz) AR IS A.. characterizes both

int

o, n ) o,A”"N,
N(x) = N(0)e "

Rule of thumb argument: the geometric cross section goes as the square of the size of
the nucleus, a2, and since the nuclear radius scales as a, ~ A3, the nuclear mean free
path in gm/cm?2 units scales as A3,

D. Bortoletto Lecture 5




Nuclear
evaporation

Hadronic shower

Hadronic interaction:

Elastic:
p + Nucleus — p + Nucleus
Inelastic:
p + Nucleus —
at + 77 + 7Y +... + Nucleus*

Fission

Nucleus* — Nucleus A + n, p, a, ...

— Nucleus B + 5p,n,, ...
— Nuclear fission

Courtesy of H. C. Schoultz Coulon

— J

lonization loss

"
lonization loss

Intranuclear casbade
(Spallation 1022 s)

Intranuclear cascade
(Spallation 1022 s)

Inter- and

Intranuclear cascade N
Internuclear cascade

J




Comparison hadronic vs EM showers
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Astrofisica Nucleare e Subnucleare
Calorimeters



W. Riegler/CERN

Calorimetry

TRACKING CALORIMETERS MUONS ~¥
velocity 1 gnetic  hadroni
measurement

FELECTRONS L

"HOTONS

HARGED |_ o |

11ADRONS
NEUTRAI
| |ADRONS 4
(¢.g. neutrons)| ‘%— ! h
MUONS ) R _T__‘__‘_‘_,-ﬁ/ ) *
100 - 200 50100 200 - 400 200 - 400
i - Typical dimensions [em]
; : Trock
lowg Mg lhighy e
I 1 1 1 1 1 1 1
im m 3m 4m 5m 6m 7m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)
----- Photon
(
Silicon
Tracker
A Electromagnetic §
1 )ﬂ]“ Calorimeter g
Hadron Superconducting 5
Calorimeter Solenoid H
Iron return yoke interspersed :
Transverse slice with Muon chambers
through CMS s

27



Calorimetry: Energy Measurement by total
Absorption of Particles
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Bremsstrahlung + Pair Production > EM Shower

EG(/mhagul(c Showev - EN Golovirelev

W. Riegler/CERN
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Detectors for Particle Physics

Calorimetry

D. Bortoletto




\What is a calorimeter ?

* In nuclear and particle physics calorimetry
refers to the detection of particles through

Hadronic

. . Calorimeter
total absorption in a block of matter QN
— The measurement process is Hlectiomagnetic AN
destructive for almost all particle = SN
— The exception are muons (and Photon | \\
neutrinos) — identify muons easily since = Muon\
they penetrate a substantial amount of N V=0T
matter ) I B
: : 4 o Charge
In the absorption, almost all particle’s LS ot %S5 Hadron
energy is eventually converted to heat — X ";:C",Mg i
calorimeter 3.8T 111011
. . Magnetic Field
Calorimeters are essential to measure

neutral particles



Calorimetry: Energy Measurement by total
Absorption of Particles
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Liquid Nobel Gases
(Nobel Liquids)

Scintillating Crystals,
Plastic Scintillators
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Calorimetry

Calorimeters can be classified into:

Electromagnetic Calorimeters,
to measure electrons and photons through their EM interactions.

Hadron Calorimeters,
Used to measure hadrons through their strong and EM interactions.

The construction can be classified into:

Homogeneous Calorimeters,
that are built of only one type of material that performs both tasks, energy degradation
and signal generation.

Sampling Calorimeters,

that consist of alternating layers of an absorber, a dense material used to degrade the
energy of the incident particle, and an active medium that provides the detectable
signal.

C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, NO. 4, October 2003

W. Riegler/CERN
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EM Calorimeter configurations

1 Total absorption .
_ _ If W is the mean energy
— Electrons and photons stop in calorimeter required to produce a
Scintillation proportional to energy of electron signal (eg an e-ion pair in
Usually non-organic scintillator (BGO, PbWO, )or |a noble liquid or a
liquid Xe ‘visible’ photon in a
Advantage: Excellent energy resolution crystal)

1 see all charged particles in the shower (but for
shower leakage) =»best statistical precision

1 Uniform response =»good linearity

Disadvantages:
1 cost and limited segmentation

1 Examples:

Si photodiode — B factories: small
/ or PMT photon energies
' — CMS ECAL which
was optimized for
H—vyy

13




EM Calorimeter configurations

1 Sampling Calorimeter

— One material to induce showering
(high Z)

— Another to detect particles (typically by
counting number of charged tracks)

— Many layers sandwiched together
— Resolution « E-12

Advantages

— Depth segmentation
— Spatial segmentation 1 Sampling fraction

1 Disadvantages: E

— Only part of shower seen, less precise 1. ampling = visible

E, .
i Examples deposited

— ATLAS ECAL
— Most HCALs

D. Bortoletto Lecture 5




GeV Gamma-ray Astrophysics
The EGRET legacy
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The HE sky from EGRET

EGRET All-Sky Map Above 100 MeV




Analysis Topics

EGRET >300 MeV

First a word about interstellar gamma-ray emission:
Brightest at low latitudes, but detectable over the whole sky
>60% of EGRET celestial gamma rays

It fundamentally affects the approach to the analysis
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EGRET All Sky Map
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EGRET Gamma-ray Sources

Third EGRET Catalog
E > 100 MeV
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Challenge #1

* Need simultaneous multiwavelength data to study variability and emission

processes
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Active Galactic Nuclei

X-ray

Optical




Active Galactic Nuclei
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M87 scales...

M87's Black Hole in Context




Challenge # 2

Need more exposure and optimal timing (and radio monitoring) to discover
more gamma-ray PSRs.

CRAB PSR B1509-58 VELA PSR B1706-44 PSR B1951432 GEMINGA PSR B1055-52
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Challenge # 3

* Need fast timing for gamma-ray detection (improving EGRET deadtime, 100 msec

— 100 microsec or less).

Prompt Emission (GRB 930131)

10° Counts / second

800

1993/1/31 (Superbowl) Burst

— BATSE profile

A EGRET photons |

EGRET deadtime ~ pulse width

Time (seconds)

Delayed Emission (GRB 940217)
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Challenge # 4

Need arcminute positioning of gamma-ray sources (improving EGRET
error box radii by a factor of 2-10).
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Challenge #5

Need improvements in Spectral Resolution fo check for DM signals

galdef ID 44 500180
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After a long story ...
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