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INGRID-MARIA GREGOR

~ Studied here in Wuppertal
~ Physics Engineering
@ First visit to CERN to install DELPHI pixel detector
~ Decided to continue to study Physics
@ Multi-channel dosimeter to be used for Brachytherapy
~ PhD - completed in October 2001
@ Aradiation tolerant optical link for the ATLAS Pixel Detector
.~ Postdoc DESY - HERMES Experiment 2002-2005
@ Detector development and Hermes data analysis
~ Staff Scientist DESY since May 2005
@ ZEUS calorimeter coordinator
@ EUDET Pixel Telescope development
@ ATLAS group leader since 2014
@ Building one end-cap for the ITk
— Joint professorship between DESY and Uni Bonn since 2019
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DISCLAIMER

 Particle Detectors are very complex, a lot of physics is behind the
detection of particles:

@ particle physics
e material science AN A0 To ST soue s
@ electronics '
@ mechanics, ....

~ To get a good understanding, one needs to work on a detector
project ...

— This lecture can only give a glimpse at particle detector physics,
cannot cover everything

— Biased by my favourite detectors !

Pic: DC Comics

Maybe not the ideal detector
physicist
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OVERVIEW

IV.

VL.

Detectors for Particle Physics

Interaction with Matter
Calorimeter

Tracking Detectors Overview
@ Gas detectors

@ Muon Detectors

@ Semiconductor trackers

Current Pixel and Strip Detector Projects

Examples of what can go wrong
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. OVERVIEW:

DETECTORS FOR PARTICLE

PHYSICS

Ingrid-Maria Gregor - HEP Detectors 6



DISCOVERY OF NEUTRAL CURRENTS Gargamelle, 19.7.

| &— Outgoing
: neutrino

Shower of _
particles due to - .
bremstrahlung

Qv

15.094 likes

cern #0nThisDay 50 years ago, a series of tiny

tracks in a bubble chamber at CERN changed the
course of particle physics.

On 19 July 1973, the Gargamelle bubble chamber
at CERN revealed the existence of weak neutral
currents and put the nascent #StandardModel of
particle physics on solid ground.

This observation suggested that the
% Collision electromagnetic and weak forces are facets of a
point more fundamental electroweak interaction that
ruled in the early Universe. Exploring this new
sector of nature has led to the @nobelprize_org
discovery of the W and Z bosons in 1983 and of
the #Higgsboson in 2012.

Swipe to understand what scientists saw in this

&— Incoming picture.
neutrino

© Gargamelle/CERN

& by CERN and Kurt Riesselmann (@fermilab)

a Q & 6
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MARK-1 DETECTOR@SLAC

— Mark | detector: first 47 detector

Discoveries of the J/Y particle and tau
lepton, which both resulted in Nobel
prizes (for Burton Richter in 1976 and
Martin Lewis Perl in 1995)
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DISCOVERY OF THE GLUON 18.06.1979

~ Field theory predicted that the outgoing
quarks radiate field quanta (gluons)
-> 3 jet events

The quantum of the strong force
was discovered and studied at
lepton colliders

Petra experiments: JADE, Mark J, PLUTO, TASSO

— UNI
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EVOLUTION OF DETECTORS

SPS, CERN
UA1, 1981

DORIS, DESY

PLUTO, 1973:
First detector with
super conducting
solenoid ‘
Mark-J
CELLO

SPEAR, SLAC: PLUTO

MARK |, First 4r TASSO
detector,

1973

TRA, DESY
JADE, 1978

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

HERA
H1

Hera B
Hermes
Zeus

LEP

ALEPH,
OPAL
L3

DELPHI, 1989

Tevatron, Fermilab

CDF, 1989
DO
‘ I Future
facilities
LHC,
ATLAS, 2008
CMS
Alice
LHC B

and all of their upgrades

Since the discovery of the gluon
quite some detectors have been
built with increasing complexity

10



BELLE@KEK

[ K. and muon detector ]
EM Calorimeter

\\

[ Particle Identification ]
electrons (7GeV)

2 layers DEPFET

4 layers DSSD

[Vertex Detector: positrons (4GeV)

Weight: 1 500 t
Length: 10 m
Diameter: 10 m
Solenoid-Field: 4 T

[ Central Drift Chamber ]

e

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 1"



BELLE@KEK

o

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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ATLAS@LHC

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

/\ \ som ) R
= A St ——‘ |

25 m

Weight: 7 000 t
Central Solenoid: 2 T
Muon-Toroid: 4 T

\4

Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

-1 Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

lllustration: CERN
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ATLAS CROSS SECTION

DN i
¢ Rk | ST L %

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Foto: CERN
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CMS@LHC

i

Siliziumstreifen- Siliziumpixel-
Spurdetektor Spurdetektor

= A Elektromagnetisches
e—u Kalorimeter (ECAL)

Endkappen-
Myondetektoren

[
V)

\ k . 06' -
. \e{\s\\oo((\Qo
@)

Barrel-
Myondetektoren

Hadronisches

Kalorimeter (HCAL)
Weight: 12500 T Supraleitende
Length: 215 m Solenoidspule
Diameter: 15 m Elseaioch
Solenoid-Field: 4 T

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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CMS CROSS SECTION

Nd3D -0304

16
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SI1ZE AND WEIGHT

CMS is 65% heavier than the Eiffel tower

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Brandenburger Tor
in Berlin

12500 t

17



AMS@ISS

Weight: 6700 kg Star Tracker
Length: 6 m
Diameter: 6 m
Solenoid-Field: 1.5 T

Cryacooler

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

picture: AMS collaboration
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ICECUBE EXPERIMENT

.~ | Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1



EXAMPLE: ATLAS AT CERN

© 2006 CERN

Full movie: ATLAS experiment - Episode 2 - The Particles

Strike Back

Full movie: ATLAS experiment - Episode 2 - The Particles Strike Back
Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 http://cds.cern.ch/record/1096390?In=en



http://cds.cern.ch/record/1096390?ln=en
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PARTICLE PHYSICS DETECTORS

— There is not one type of detector which provides all measurements we need -> “Onion” concept -> different
systems taking care of certain measurement

— Detection of collision production within the detector volume
@ resulting in signals (mostly) due to electro-magnetic interactions

Tracking Electromagnetic Hadronic Myon
Detector Calorimeter Calorimeter Detector

Photons | g
=

Electrons
P '

ositrons
Myons

.
)

P
L)
-
-
| |
L]
-
L ]

>
Charged
gﬁ

Hadrons

Neutrons I
Neutrinos'

M Innermost layer » Outermost layer

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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PARTICLE PHYSICS DETECTORS

Photons

ﬁ
Electrons
P '

Tracking detector

Myon

Energy measurement Detector

=

<

ositrons
Myons

>
Charged )
Hadrons

Neutrons I
Neutrinos'

Tracking detectors
~ Silicon detectors:
® pixel
® strip
~ Gas detectors
@ wire chambers

@ time projection chambers
® ...

Innermost layer

» Outermost layer

Muon detectors
= outside tracker
~ Gas detectors

® Wire chambers

~ Homogeneous e..
~ Sampling

Calorimeter
< Electromagnetic cal
~ Hadronic cal

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 22



HEP DETECTOR R&D . .

electrodes»

~ Many different new or advanced detector technologies are under
investigation:

@ radiation hard silicon sensors (x10 of LHC)

@ new pixel sensor technologies (planar, 3D sensors,
diamond, CMOS!!)

new silicon strip technologies

silicon photomultipliers (SiPM)

micro-pattern gas detectors

heavy fibres, new scintillating crystals

new diamond devices for luminosity monitoring,
use of quartz plates in calorimetry

high resolution calorimetry (EM and Hadronic; PFA,
analog vs. digital ....)

optimal detector geometry
@ magnetic field configurations...

—  Extensive amount of studies of all this new o # -A.p...ls.
technologies to qualify them i i< Casmics alo
M @ Opportunities for master and PhD theses e L e

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 23



DETECTOR DEVELOPMENT CYCLE

Crazy-idea-detector: S [
use glue to build the 2 :
Full system detector.... g,ﬁ [ !
(segment of 3 | AN
detector) to be § [ o N .
tested with O sf "a ATA 2oy rrons |
particles L. A120 70 Mev Protons i ‘
1 10 100

Fluence (10" N cm?)

(beam, cosmics)

i’

Does the crazy-idea-detector “see’
passing particles

Fundamental

Reality check

Prototyping,

System RtD proof of concept

Can we build a small-size detector out

of it ? Test with “real” particles!
24



Il. THE BASICS OF ALL

DETECTION PROCESSES:

INTERACTIONS WITH
MATTER

Ingrid-Maria Gregor - HEP Detectors 25



ANALOGY

— Planes leave tracks in sky under certain conditions ....
Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1




BASIC DETECTION PRINCIPLE

Amplifier _\f\/
Charge L \

Logger

o0 I(t) / V(t)
/ Material

Particle

To interpret the result, we need to know how
particles interact with matter. So that’s
where we start.

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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INTERACTIONS OF

CHARGED PARTICLES

Ingrid-Maria Gregor - HEP Detectors 28



CHARGED PARTICLES

For charged particles the electromagnetic interaction is
dominating

Charged particles penetrating matter can initiate the
following processes:

@ |onisation of atoms

Excitation of atoms
Bremsstrahlung (only relevant for electrons and positrons)

Cherenkov radiation
Transition radiation

o/

@ @ @ @

~ All these processes cause energy loss of the penetrating
particles.
f’} — The relative contribution of these various processes to the total
/ energy loss depends on the kinetic energy of the particle, the
/ detector material, etc.

/’/'
ﬂM.

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 29



INTERACTION OF CHARGED PARTICLES

~ Acharged particle traverses material of thickness Ax

— Upon exiting, the energy of the particle has decreased by AE
— The basis of ~all particle detectors: collect AE from the material

~ The deposited energy AE probably depends on:

Q@

@ @ @

AX
Material density p

Particle mass M and charge ze
Particle kinetic energy T and velocity 3

The key to detector design
is understanding dE/dx

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

R

| dx

Ioh

Z, electrons, q=-¢,

 MeV

CIn

or
MeV

| gem 2
T = px

e

AX

A
v

Linear stopping power

Mass stopping power

30



IONISATION The primary contributor to

A

) 4

A=

dE/dx at typical energies

Particle can collide with atomic electron (EM interaction)

If enough energy is transferred, the electron escapes, ionising the
atom and causing small —dE

@ can also excite the atom, if transferred energy is small e

pan‘\c\e(ma
In general, this happens frequently, with small energy transfers A

(<100eV), so energy loss is ~continuous

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Kolanoski, Wermes 2015
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INTERACTIONS OF ‘“HEAVY?” PARTICLES WITH MATTER 9

~ Mean energy loss is described by the Bethe-Bloch formula

dE £
. QWNAszeC2 (95 ) In (

Material; is the fraction
of nucleons that are
protons

ma%transferred to the electron in a single
collision

y

O

Properties of the [? Excitation energy

particle

2N arimec® = 0.1535MeVem? /g

T'e : classical electron radius A
Me : electron mass 0
N 4 : Avogadro’s number 2
I : mean excitation potential B
/,x““;":_‘”_m_”_| 7/ - atomic number of absorbing material v

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Maximum Kinetic energy which can be

Density term due to polarisation: leads to
saturation at higher energies

Shell correction term, only relevant
at lower energies

NQ e

. atomic weight of absorbing material
: density of absorbing material

. charge of incident particle in units of e

v/c of the incident particle

1/4/1 = 2

32



LUNDERSTANDING BETHE BLOCH

100

. C I I I I I I ]
ah i . i
X .
- ; U™ on Cu
2 100 3 —= E
> - Bethe Radiative .
. L / Andcrson- \ ]
“3’ ol Ziegler 1

L \ L |
Q ga Radiative
:“D .ég \ cffects Eyc

=0 . 0/ —
g 10 Rl \ B reach 1% Radiative ]
=3 - M“."m!lm /7~ losses .
g - \| ionization ) ]
2 [ Nuclear \ i ;:‘_—/——':/:__'/:,—__ SIS, WS .
§ llOSSCS \\= ey Without &

1 | 1 | | | |
0.001  0.01 0.1 ] 10 100 1000 10*  10°
By
| 1 J 1 1 1 1 1 1 |
0.1 1 10 100 1 10 100 1 10
[MeV/c] [GeV/e] [TeVic]

Muon momentum

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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LUINDERSTANDING BETHE

~ Kinematic term (By~0.1-1.0):

@ dE/dx ~ B2

@ slower particles feel electric force of atomic electron
for longer time

~ Minimum ionising particles ( By~1.0-10.0)
@ Most physics tracks happen in this range
@ Semi-classical intuition: after gy~1, the track no

longer gets “faster” as T increases, so there’s a
minimum time spent near atomic electrons

e

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

BLOCH

Mass stopping power [MeV cm?2/g]

I [ I ]
I /’\ U™ on Cu 1
F / \ Bethe .
- ,/ Andcrson- \ §
o Ziegler
H e e \ Radiative ) .
£ 3 \ cffects Epce
10 :'_E[,,‘)) \ I’C;lCh ltv]v"‘) Radlall‘,c —:
- \ Minimum _~ losses ]
= \| lonization - -
I Nuclear \\ »/,—/'_f/:__ﬂ I RS
R I Nt - Without & |
1 | | | l | | |
0.001 0.01 0.1 1 10 100 1000 10 10°
By
[ | | | | | | I J
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/e] [TeVic]
Muon momentum
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LUNDERSTANDING BETHE BLOCH

) 4

Rise after By~5:
@ dE/dx~In(By)2

@ due to more energy transfer from rare high-dE

collisions

@ logarithmic rise due to lateral extension of electric
field due to Lorentz transform Ey—yEy

Ingrid-Maria Gregor -

v=0.9c

Advanced (Tracking) Detectors - Part 1

Mass stopping power [MeV cm?2/g]

L I I [ I I ]
- /\ u'f‘ on Cu N
00 L —= E
.y \ Bethe Radiative -
. ,/ Anderson- \ .
o Ziegler
H e e \ Radiative ) .
%_;:'3 \ cffects Enc /
10 :—Em) \ B reach 1% Radiative E
r Minimum : // losses 7
+ \| lonization s i I
I Nuclear \ /:;/,-;/_/;‘_ S T _________ ]
l losscs Nl == Without &
1 | | | | | | |
0.001 0.01 0.1 1 10 100 1000 104 10°
By
| | | | | | | | J
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/e] [TeVic]

Muon momentum

https://www.feynmanlectures.caltech.edu/ll 26.html
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LUINDERSTANDING BETHE BLOCH - LARGE BY

~ dE/dx diverges at large E {

W[ , ]
@ Radiative losses equal ionisation losses at G /\ FonCu
the critical energy E 2100 =/ = | .
c ~ \
o > -/ \ Bethe .
~ s E‘ / A;dcr:;on- \
’ legler
v é H e e ; \\ Radiative ,
e @ £ g cffects
g %D 10 T-gj \ reach l[”q Radiative -
@ v oy F \ Minimum losses
o % L \ Ionization .
- ® e @ i I\l'uclcar \\ ;;/,-7;:;:7” - 1 S
. v S I N - Without &
Incident electron and o - BN RS N P el P Wi
Bremsstrahlung photon_ v 0.001  0.01 0.1 1 10 100 1000 10* 10°
Photon n{
[ | | | I | | J
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/e] [TeVic]
. . Muon momentum
~ Bremsstrahlung: photon emission by a charged particle
accelerated in Coulomb field of another charged particle (nucleus)
@ due to conservation of energy (with hv=dE) 5 5
dE AN Z° 51 1 e” \2 15 183
—— =4dalNgp—=z n 7173 o

dx A 4Ameg mc?
@_ ~ Effect plays a role only for e* and ultra-relativistic y (>1000 GeV).
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SUMMARY BETHE BLOCH

T~

— i | | | | | | /]
an | : /-
~ ’ /
o i ‘.' + :"' -
- ; L™ on Cu
2100 L= /o
é -/ \ Bethe Radiative \
. - ,/ Andcrson- \ ]
~ 3 Ziegler 1
2 , \ .
dE 1 Q B=t= Radiative -
y x [32 __S;_T_ g —> \ cffects Eyc
X =0 o 0/ / o
_ _ g 0 e \ o reach 1% /" Radiative i
“kinematic term” 2y - Minimum /7~ losses 1
S - \| ionization )y -
v | 1 -—===" .
® Nuclear ~ . 1
© B l losscs .
= 1 I
0.001 0.01

|

Plot: PDG, June 2018

“minimum ionizing
particles” By = 3-4

5

0.1 /1/ 10
[MeV/C ]

[GeV/e]
Muon momentum

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Bremsstrahlung
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A CLOSER ACCOUNT OF ENERGY LaOss

— Bethe-Bloch displays only the average
@ energy loss is a statistical process

@ discrete scattering with different results depending on strength of scattering

@ primary and secondary ionisation

a3
e

© 1982 CERN

Liquid hydrogen bubble chamber 1960 (~15cm).
Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

’ : 4 Example of a delta
electron in a bubble

chamber: visible path

Primary ionisation

e Poisson distributed

e Large fluctuations per
reaction

Secondary ionisation

» Created by high energetic
primary electrons

» sometime the energy is
sufficient for a clear secondary
track: d-Electron

Total ionisation = primary ionisation
+ secondary ionisation

9”@

38



ENERGY LOSS IN THIN LAYERS

— Bethe Bloch formula describes average energy loss
~ Fluctuations about the mean value are significant and non-Gaussian

@ A broad maximum: collisions with little energy loss (more probable)

@ Along tail towards higher energy loss: few collisions with large energy loss Tmax, 0-electrons.
-> Most probable energy loss shifted to lowed values

most probable peak!

The Landau distribution is used in physics to describe ) T LI B B
the fluctuations in the energy loss of a charged particle “_3- 120 == Data _
passing through a thin layer of matter .\9 : = | andau ® Gaus Fit 1
§ 100 MPV,: 15.04 E

1 i

P\ = exp [ — %()\ + e_A)] 80

\ 2T i
60}
 AE - AE,, 40:

A
: 20

1—1 lonln |

| I | | I | 1 llhl
& is a material constant 0O 20 40 60 80 100

AEmp Amplitude [p.e.]
Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 39




LANDAU TAILS

— Real detector measures the energy AE deposited in a layer of finite | &
thickness oz

— For thin layers or low density materials
@ few collisions; some with high energy transfer

4((<

2 Energy loss distributions show large fluctuations towards high losses

- -----.----.---._,4'_- —

? Long Landau tails \E
\} mp . \F >
~ For thick layers and high density materials i
@ Many collisions "
@ Central limit theorem: distribution -> Gaussian l"'ff".
/ L < < < — o'! éi ‘lh
o [0
: EE |ll'\‘ \I ‘
.T . .

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 40



LANDAU AT DIFFERENT THICKNESSES

2011 JINST 6 P06013

5

! I [

"45.6 pum

1 Po:224 pnl] ;\‘ L 12GeV protons
0 : . fi ""\56 um .
Q 112 pm
£ 0.8 A
LL] | \
5 )
e 0.4+ f %;
| —
o)
=

0.2

|
*
¥ 4
:
.
4% .

"ot

Ll
0‘?“’ N ettt el e SR i

B
o W Ny

' =
= WNPTOO LA rr e W i~ - s vy e
- ary -

=-5.6 um
w224 um]
+56 um
whoi] 2 HIAN. |

Silicon

0 10 20 30 40
Energy Loss [KeV]
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RADIATION LENGTH Xg

dE/dx for an electron

A Parameters only depending on
dE 22 183 Xo = » . 183 material the electron is passing
- =4aN,Z-r,’Eln 4aN (Z“r,” In— through.
dx A 7% 7%
_ dE _ E _} E=F e—x/XO Thickness of material an electron travels through until the energy is
dx X, 0 reduced by Bremsstrahlung to 1/e of its original energy
® Usually quoted in [g/cm?], typical
® The radiation length is also an important quantity in multiple scattering values are:
® A very important number when building detectors, one always has to ® Air: 36.66 g/lcm? ->~ 300 m

keep in mind how much material is within the detector volume ® Water: 36.08 g/cm2 -> ~ 36 cm
® Silicon: 21.82 g/cm2 -> 9.4 cm
-« x > ® Aluminium: 24.01 g/cm2 -> 8.9 cm
-~ 20— ® Tungsten: 6.76 g/cm2 -> 0.35 cm
\\\\\ \\\\i ‘P:lane J? ]_
Splane~~~- fla“e ; (90 __ prms Hrms
—~2\ plane — \/* space
? eplane
A 13.6 M
.6 MeV
Oy = 3 z+/x/Xo 1+ 0.0381In(x/Xg)]
~ UNI cp

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 42



CONSERUENCE OF MULTIPLE

secondary
vertex

=1 Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Kolanoski, Wermes 2015
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USING MULTIPLE SCATTERING

— Possibility to provide x/Xo maps of complex targets -> input for detector simulations

@ Currently only coarse information of modules available as radiation length for composite materials typically not
available

~J

Calibration
with Copper

Preliminary
E=24GeV

()]

Measuring kink angle

y [mm]
Scattering angle [mrad]
w »

.0 GeV

Highland prediction

O 1 II 1 | 1 L 1 I 1 1 1 I L 1 1 | L 1 1 |
0 0.2 0.4 0.6 0.8 1

8 6 -4 2 0 2 4 6 8
X [mm]

=1 Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1




INTERACTIONS OF

PHOTONS

Ingrid-Maria Gregor - HEP Detectors 45



BIG DIFFERENCE

Charged particles Photons

vy

Y

R I

\J

\J

Y

Kolanoski, Wermes 2015
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PHOTONS:

- Photons appear in detector systems
@ as primary photons,

@ created in Bremsstrahlung and de-excitations

~ Photons are also used for medical applications,

both imaging and radiation treatment.

~ Photons interact via six mechanisms
depending on the photon energy:

< few eV: molecular interactions
<1 MeV: photoelectric effect
< 1 MeV: Rayleigh scattering

> 1 MeV: pair production
> 1 MeV: nuclear interactions

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

INTERACTIONS

N, | ! ! | |
.\:’Q)o
N "o 00, b) Lead (Z =282 ]
:Oo k \:é) ( ) ( . )
i 3 o - experimental Oy
IMb[— ¥ —
/é\ L —
o
IS
> - —
=
<
<
1 kb [~ ]
=
R
> - ]
2
gL .
/ N Og.d.l‘.
1bh— ’ / Pair prod., elegtron field
, Y At
/ OCompton TN €
L ._‘,“\ —
, .““ “ N\ "
ompl_ & 14 N N Y
10 eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy
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PHOTONS: MAIN

® Most dominating effects:

Photo-Effect

e
e

A7 is absorbed and photo-

electron is ejected.

e the 7Y disappears,

e the photo-electron gets an
energy

Ep.e - E'y - Ebinding

/

7
HM.

INTERACTIONS

Compton-Scattering

Vv e

H

\Y

vte— +¢

Elastic scattering of a photon
with a free electron

1
B, =
7 14 ¢€(1—cosb,)

< Reduction of photon intensity with passage through matter:

I(:U) = Ioe_’“:

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Pair creation
e+

Nucleus

Only possible in the Coulomb
field of a nucleus (or an
electron) if

E, > 2. 2
~1.022 MeV

48



EXAMPLES HOW TO USE THIS

— 400 >6 .
= ] . B o | e
= 300 gl
200¢ —; 10*
1.4
100 =
0! 13 10
-100f
- 2 10°
-200F TPC
300 E 1 SPD drift gas
E R A" A ¢ ;I’Plg inner TPC inner ° 10
- I |.|'|.'| l'l“].':l.l' ia braand il:q 1: NI A ieve;;aege ods COI;L&;ZZIGH! : ALI_C_E’
40900-300-200-100 0 100 200 300 400 ° B S et Bl B 21
X [mm] X (cm) :
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A SHORT SUMMARY

Lifetime of lambda:
2.6 10-10 sec
-> a few cm

7r_+p%Kg—|—A ?

|
© 1960 CERN The decay of a lambda particle in the 32 cm hydrogen bubble chamber

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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lll. CALORIMETERS

IN A NUTSHELL
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CALORIMETRY
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CALORIMETRY: THE IDEA BEHIND IT ....

O @

Ice-calorimeter from Antoine
Lavoisier's 1789 Elements of
Chemistry.

e What is the effect of a 1 GeV particle in 1 litre
water (at 20°C)?

AT: E / (C Mwater)= 3810-14K '

S

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

~ Calorimetry originated in thermo-dynamics

@ The total energy released within a chemical reaction can be measured by
measuring the temperature difference

Motorized stirrer

- i - Electrical leads for
+ - 3 igniting sample
: Thermometer

Insulated container
O, inlet

=

i

Bomb
(reaction chamber)

Fine wire in contact
with sample

Cup holding sample

Water

<~ In particle physics:
@ Measurement of the energy of a particle by
measuring the total absorption

Picture: Francois G. Amar
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CALORIMETRY: OVERVIEW

~ Basic mechanism for calorimetry in particle physics:
— formation of electromagnetic
~ or hadronic showers.
~ The energy is converted into ionisation or excitation of the matter.

/ ; mkov light

Charge Scintillation light

— Calorimetry is a “destructive” method. The energy
and the particle get absorbed!

. Detector response «E

. Calorimetry works both for charged (ex and

hadrons) and neutral particles (n,y) !

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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REMINDER

T l‘\ll\ll\l T T IIIIII T T L II\_
B . —0.20
Positrons Lead (Z=82) i
PElectrons I
S — 015 ~
>é:: Bremsstrahlung i o
~ - N
S P 10.10 <
._.!Lu Ionization 4
0.5 ]
—0.05
—— | Lg‘_
L 1000

Cross section (barns/atom)

IMb

1kb[™

1bp—

ORayleigh

pair creation .
in electron ]
field

1 MeV 1GeV 100 GeV
Photon Energy

® Critical energy: the energy at which the losses due to ionisation and Bremsstrahlung are

equal

® Radiation length defines the amount of material a particle has to travel through until the

energy of an electron is reduced by Bremsstrahlung to 1/e of its original energy

716.4 A

g

empirical: Xo
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Z(1+7) In(287/V/Z) cm?

A
O(ﬁ

(Ee(x)) o eXo
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Cloud chamber photo of
electromagnetic cascade

ELECTROMAGNETIC SHOWERS

between spaced lead
plates.
Eo y et w,dw<;ﬁ—
AVAVAVAV, VaVaVae = :\j,(»«:’:'
e [Tl 3
Xo is the S E
characteristic °
£
scale I t t t t t t t > §
0 1 2 3 4 5 6 7 t[Xo] §
o

- High energetic particles: form shower if passing through (enough)
matter.

~ Alternating sequence of interactions leads to a cascade: ~ Next layer X,, charged particle energy decreases
e Primary y with E, energy produces e+e- pair in layer X, thick to E,/(2e)

e On average, each has E,/2 energy ~ Bremsstrahlung with an average energy between
e IfEJ/2>E_ they lose energy by Bremsstrahlung E,/(2e) and E,/2 is radiated

-~ Radiated ys produce again pairs
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HADRONIC CASCADE: THE DETAILS

| absorber material / %
electromagnetic

| ~°//MMMM component Hadronic showers are way
n i

et more complicated than em

N
| \\\O\’TA hadronic component

. heavy fragments

showers.

_ Different processes are created by the impinging hadron:
@ high energetic secondary hadrons taking a significant part of the momentum of the primary particle [e.g.

O(GeV)]
@ a significant part of the total energy is transferred into nuclear processes:
nuclear excitation, spallation, ... ™ Particles in the MeV range

@ neutral pions (1/3 of all pions), decay instantaneously into two photons ™ start of em showers
@ Breaking up of nuclei (binding energy) neutrons, neutrinos, soft y’'s, muons

invisible energy
-> large energy fluctuations
-> limited energy resolution

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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CALORIMETER TYPES

o/

Two different types of calorimeters are commonly used: Homogeneous and Sampling Calorimeter

® Homogeneous Calorimeter

The absorber material is active; the overall deposited energy is converted into a detector signal
e Pro: very good energy resolution

Contra: segmentation difficult, selection of material is limited, difficult to built compact calorimeters

Particle

|::>

Read out

ﬁ
long enough to absorb the cascade

Example: Crystal calorimeter

Pic: Cornell

Ingrid-Maria Gregor - HEP Detectors - Part 2
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SAMPLING CALORIMETER

Sampling Calorimeter

@ A layer structure of passive material and an active detector material; only a fraction of the deposited energy is

“registered”

@ Pro: Segmentation (transversal and lateral), compact detectors by the usage of dense materials (tungsten,

uranium,...)
@ Contra: Energy resolution is limited by fluctuations

Read out I

Particle

o

-_— -

long enough to absorb the cascade

_ _ Passive material
Active material (high 2)

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

Important parameter:
Sampling Fraction

The fraction of the energy of a
passing particle seen by the
active material.

Typically in the percent range

B ———

Example: ZEUS Uranium Calorimeter
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CALORIMETER: IMPORTANT PARAMETER (1)

_ The relative energy resolution of a calorimeter is parametrised:

(G = () + (B + (o)

® Stochastic term cs

® the resolution depends on intrinsic shower fluctuations, photoelectron statistics, dead material in front of calo,
and sampling fluctuations

® Noise term ¢n

® Electronic noise, radioactivity, i.e. dependent of the energy
® Constant term cc

® Energy independent term contributing to the resolution: due to inhomogeneities with in the detector sensitivity,
calibration uncertainties and radiation damage

Losses of Resolution:

® Shower not contained in detector — fluctuation of leakage energy; longitudinal losses are
worse than transverse leakage.
@ Statistical fluctuations in number of photoelectrons observed in detector.

® Sampling fluctuations if the counter is layered with inactive absorber.
® ...

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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Active
CALOS: ACTIVE MATERIAL ma;\ériall

~ Detectors based on registration of excited atoms

— Emission of photons by excited atoms, typically UV to visible light.
@ Observed in noble gases (even liquid !)

@ Polyzyclic Hydrocarbons (Naphtalen, Anthrazen, organic scintillators) -> Most
important category.

@ Inorganic Crystals -> Substances with largest light yield. Used for precision
measurement of energetic Photons.

Picture: CDF@Fermilab

e PbWOy: Fast, dense scintillator,

e Density ~ 8.3 g/cm3 (!)
e pm2.2cm, Xo0.89 cm
e |ow light yield: ~ 100 photons / MeV

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1 61



DETECTING THE LIGHT

High-energy
— The classic method to detect photons are photomultipliers particle
. . . . %, or photon Scintillator
@ Conversion of a photon into electrons via photo-electric effect when the N Phiotcdathodston
photon impinges on the photo cathode \
@ The following dynode system is used to amplify the electron signal \“‘;
@ Usable for a large range of wave lengths (UV to IR) { ;_gphm } _
- - on
@ good efficiencies, single photon detection possible . i
__ .
@ large active area possible (SuperKamiokande O 46¢cm) Fhatosie S
+100V /<va 5 '-.II o
Vo
2 Photo-
/% s multiplier
+300V &q} '-.I +400 V tube

+500 V |

Pulse output to
counting device

Source: Cutnell and Johnson, 7th edition image gallery

Pic: ICRR/University of Tokyo

o
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OVERVIEW OF CALORIMETI Tile barrel Tile extended barrel ATLAS

® In order to maximise the sensitivity for T | pe—

H — ~y decays, the experiments need to have |,
. . . ] adronic
an excellent e/ 7Yidentification and resolution end-cap (HEC)

AAAAAAAAA

LAr electiromagnetic o
C M S end-cap (EMEC) ————8—
CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 gm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 um) ~200m® ~9.6M channels
Magnetic field :38T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

LAr electromagnetic
barrel

PRESHOWER
Silicon strips ~16m* ~137,000 channels

LAr forward (FCal)

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating POWO, crystals

RON CALORIMETER (HCAL

J ’ A
/ B 145 f
) |
+ Plastic scintillator ~7,000 channels \ .’._‘ y g
ha A XL
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CMS CALORIMETER

< ECAL: homogeneous calo

@ high resolution Lead Tungsten crystal calorimeter -> higher
intrinsic resolution

80000 crystals each read out by a photodetector

constraints of magnet -> HCAL absorption length not
sufficient

@ tail catcher added outside of yoke

< HCAL: sampling calo
36 barrel “wedges”, each weighing 26 tonnes
brass or steel absorber

plastic scintillators

read out by hybrid photodetectors

CMS ECAL during installation (CERN)

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1




ATLAS CALORIMETER

- ECAL + HCAL: sampling calo

@ Liquid argon LAr calorimeter > high granularity and
longitudinally segmentation (better e/ ID)

@ Electrical signals, high stability in calibration & radiation
resistant (gas can be replaced)

@ Solenoid in front of ECAL -> a lot of material reducing
energy resolution

@ Accordion structure chosen to ensure azimuthal uniformity
(no cracks)

@ Liquid argon chosen for radiation hardness and speed

Tile calorimeter: covering outer region
@ “Conventional” steel absorber with plastic scintillators.

A ATLAS Hadronic endcap Liquid Argon

: : _ Calorimeter. (CERN)
Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1



CURRENT HADRON CALOS ... AND DREAMS

CATLAS

. A EXPERIMENT

® Extreme granularity to see shower

~ Tower-wise readout: light from many layers of plastic substructure: small detector cells with
scintillators is collected in one photon detector (typically individual readout for Particle Flow
PMT) O(10M) channels for full detectors

' O(10k) channels for full detectors

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1




THE JET ENERGY CHALLENGE

-~ é Jetl o

@M.A. Thomson, Nucl.Instrum.Meth. A611 (2009) 25
L
ﬁ *

<1400 —
m -
S1200F
2]

51000

>

W 800
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vV

Jet2

F\\ ) "L\\ éjeﬁ )
e ‘. §Jet@

-a)

F W jetjet i
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Many interesting physics processes involve W or Z bosons
predominantly decay into jets

Goal: distinguish the decays Z — jet jet and W — jet jet by
their reconstructed mass

Required resolution: o(Ejet)/Ejet = 3-4% for Ejgt = 40 to 500
GeV
“typical” calorimeter:

0(Ejet)/Ejet = 60%/NE(GeV) ® 2%
= O(Ejet)/Ejet = 10% at Eje = 50 GeV

promising solution:
Particle Flow Algorithms

67



PARTICLE FLOW CALORIMETER

~ Attempt to measure the energy/momentum of every particle with the
detector subsystem providing the best resolution

| PR g pEri ~em mEn

~ Used in three main contexts: =
@ “Energy flow” -> Use tracks to correct jet energies

@ “Particle flow/Full event reconstruction” e.g. CMS
-> Aim to reconstruct particles not just energy deposits

@ “High granularity particle flow” e.g. ILC

-> Technique applied to detector concept optimised for particle flow

~ Need
@ a calorimeter optimised for photons: separation into ECAL + HCAL
to place the calorimeters inside the coil (to preserve resolution)
to minimise the lateral size of showers with dense structures
the highest possible segmentation of the readout
to minimise thickness of the active layer and the depth of the HCAL

@ @ @ @
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NEw CONCEPTS: HIGHLY GRANULAR CALOS

~ CALICE (CAlorimeter for a LInear Collider Experiment) HCAL prototype:

@ highly granular readout: 3 x 3 cm? scintillator tiles, 38 layers (~4.7 Aint),
each tile with individual SiPM readout

Pictures: CALICE collaboration

tiles in one layer

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

scintillator
tile with
WLS fiber

Silicon
photo-multiplier

69



EXAMPLE: CALO DESIGN AT ILC

“no” material in front — calorimeter inside the solenoid
large radius and length — to better separate the particles
large magnetic field — to sweep out charged tracks
small Moliere radius — to minimize shower overlap
small granularity — to separate overlapping showers
7 / ILD: International Large Detector
/HcAL « SiW sampling calorimeter
/// Ne— « longitudinal segmentation: 30 layers
/= o transverse segmentation: 5x5 mmz2 pixels

HCAL:

//ﬁ  Steel-Scintillator tile sampling calorimeter
- longitudinal segmentation: 48 layers (6 )

o transverse segmentation: 3x3 cm2 tiles
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CMS HIGH GRANULARITY

~  Current CMS calorimeter endcap will not survive in HL-LHC conditions
~ 2015, decided to replace it with silicon-based high-granularity calorimeter
_ Synergy with high granularity calorimeter concepts developed

Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

|
for electroff-r |
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CALOS: NOT ONLY AT ACCELERATORS!

~ The methods used in particle physics are more and more used in astro particle physics.

10° [
10° N\ | ms Requirements are different
10? » Search for extremely rare reactions
< 10 » Large areas and volumina have to be
% o covered
ke . » Background needs to be well suppressed
§ 0 ~ | m2yr! » High efficiency: no event can be lost!
o » Data rate, radiation damage etc. are less
10°'8 of a problem
o 102! n
§_ | km™2 yr"
= 104
=
5 1077
0° 10" 10”10 107 10® 10¢  Flux of cosmic ray particles as a function
A E (eV) of their energy.
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AIR SHOWER

R.Engel, ISAPP2005

=

o 12km

o

|

shower size Ne

X

(=]

00T

00L

Ne(max) «E,

sea level

vertical shower

dop yues
0£0T

0021

sea level

V zenith angle of 30 deg.

wo/3)
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——

Use atmosphere as calorimeter
Nuclear reaction length A ~ 90 g/cm?2

Radiation length Xo ~ 36.6 g/cm?
Density: ~ 1035 g/cm?
~11 N, ~ 28 Xo
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TWO TECHNIQUES

~ The atmosphere as homogeneous calorimeter:

@ Energy measurement by measuring the
fluorescence light

This is only possible with clear
skies and darkness !

Pic: Pierre Auger Observatory

® A one-layer sampling calorimeter 11 A absorber

® Energy measurement using particle
multiplicity on the surface

Always possible but has large
uncertainties !
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Pics: Pierre Auger Observatory

AUGER-SOUTH: ARGENTINIAN PAMPA

Loma Amarilla ____

y

Coihueg

/&

oradas

. Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1

1600 water-Cherenkov detectors on ground
4 Flourorescence-stations with 6 telescopes

Covered area:
3000 km2 (30 x Paris)

Designed to measure energies above 1018V




AUGER-DETEKTOR: GROUND ARRAY

.~ -\ Ingrid-Maria Gregor - Advanced (Tracking) Detectors - Part 1
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AUGER HYBRID INSTALLATION

R B PV o it

=0

——_ aperture system
7 UV filter +
corrector segmented

lens T, mirror

pixel camera | T |

I

shutter
I
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SUMMARY PART 1

lonisation and Excitation:

Charged particles traversing material are exciting and ionising the atoms.

Average energy loss of the incoming charged particle: good approximation described by the Bethe Bloch
formula.

The energy loss fluctuation is well approximated by the Landau distribution.

Multiple Scattering and Bremsstrahlung:
Incoming particles are scattering off the atomic nuclei which are partially shielded by the atomic
electrons.

Measuring the particle momentum by deflection of the particle trajectory in the magnetic field, this
scattering imposes a lower limit on the momentum resolution of the spectrometer.

The deflection of the particle on the nucleus results in an acceleration that causes emission of
Bremsstrahlungs-Photons. These photons in turn produced e+e- pairs in the vicinity of the nucleus....

~ UNI
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SUMMARY CALORIMETERS

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.

— UNI
Ingrid-Maria Gregor - HEP Detectors - Part 2
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