Detectors in High-Energy Physics

David Stoker

Unwversity of California, Irvine

Overview:
e Types of particles produced in high-energy collisions

e Information we want: their momentum, energy, mass, charge, identity

— get from measurements of position and time (and signal size)

e Ways in which particles interact with matter

— the basis of our “detective” work!
e Types of detectors — several sorts needed in most experiments

e An interesting collision? — how do we decide? — what do we do?
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BABAR Experiment at SLAC

BABAR DETECTOR FORTHE PEP-Il B FACTORY
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BABAR Experiment at SLAC

Electromagnetic Calorimeter bl

DIRC (Cerenkov)

e*(3.1 GeV)

Silicon Vertex Tracker
Instrumentaed Flux Return
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A Future Experiment: ATLAS at CERN

D. Stoker 8/14/2002 UCI QuarkNet Institute: Detectors Page 4



o cte” — BY'BO
o BY — D*ftr~

_ Dy DOt
— DY - K7t
e B — ¢(29)K?

— P(25) = pTp”
- K - ntn™

An Event from BABAR

Only long-lived (> 10~ '%sec) particles seen directly

Find short-lived “parents” wvia charge, energy, momentum conservation (and id)
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Some Common Particles

Particles we do or don’t detect directly, and their mean lifetimes:

electron e stable
muon ,ui 2x107°%s
Leptons:
tau 7 3x1073s e.g. 7 = eTuw
neutrino v  stable
pion 7ri, 7 3x107%s,8x107" s w0 = 4y
kaon K= 1x107%s
Hadrons:
kaon K% KY 9x107's, 5x107%s K2 —ata™ or nln°
proton P stable
photon v stable
Gauge bosons: gluon g ~ 1075

W, 7 ~10"%s
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Interaction of Particles with Matter

Charged particles transfer energy to matter they traverse by:

e ionization of atoms or molecules of the material
— detect ions in gas in a proportional counter or drift chamber, or

— electron-hole pairs in solid-state counter, e.g. silicon microstrip detector

e excitation of atoms or molecules, which then emit light
— scintillation light from some inorganic crystals or organic molecules

— scintillation counters typically use photomultipliers for light detection
Neutral particles may be detected if they:
o decay to charged particles, e.g. K9 — 777~
e interact with matter to produce charged particles, e.g. K%, v do this

e Neutrinos do neither! But “missing” momentum may indicate a neutrino!
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Scintillation Counter

Photomultiplier tube detects light from scintillator, which may be:
e inorganic crystal such as Nal or Csl, usually doped with thallium (Tl)

— “activation center” + freed electron — excited state — photon
— light signal has decay time of about 1 microsecond
— dense materials — CsI often used in calorimeters
— used as gamma-ray detectors for same reason

e organic materials with aromatic rings, e.g. anthracene, naphthalene
— fast charged particle excites molecules — UV light
— light signal has decay time of about 10 nanoseconds

— dye molecules (wavelength shifters) absorb UV light, re-emit blue light

e organic molecules added to plastics, e.g. polystyrene
— light signal has decay time of about 1 — 5 nanoseconds
— often used in high-energy physics when precise signal time needed

— also useful as fast neutron detector due to high hydrogen content
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Plastic Sewhllator, L'-SH‘- Gwde, and Photomultiplier

° ‘hﬂh‘iﬁ" reoches photowmulhipher by series of "nternal reflectiong”
° h‘ﬂ\n‘%‘-jmde. allows use of [nrje. area of sewmtillotor
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® Incoming photon kicks electron out ot phofoeathede
o electron accelerated through voltaqe to dynode.—>more electrons
o repeat precess for e.q. 12 dynedes: amphficational eoch stage
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The reason that detectors are divided into many components 15 that each
component tests for 2 special set of particle propertics. These components are
stacked so that all particles will go through the different layers sequentially. A
particle will not be evident until it either interacts with the detector in a
measurable fashion, or decays into detectable particles.

The interaction of various particles with the different components of a
detector:

*Wewtrinos are not shown on this chart because they rarely interace with
matter, and can only be detected by missing matter and encrgy. Just so you
know, the pion (w) is a charged mesorn.*

A few important things to note:

® Charged pariicles, like electrons and profons, are detected both in the
tracking chamber and the electromagnetic calorimeter.

® Neutral particles, Iike neutrons and photons, are not detectable in the
tracking chamber; they are only evident when they interact with the
detector. Photons are detected by the electromagnetic calorimeter, while
neutrons are evidenced by the coergy they deposit in the hadron
calotimeter.

® Each particle type has its own "signature” in the detector. For example, if
a physicist detects a particle only in the electromagnetic calorimeter,
then he is fairly certain that he observed a photon.



Chnrieds Pacticles : Mausuruj Momentum ond Clno.rje.
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MultiWire. Proportional Chamber
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F.igure 24.3: Electric field lines in a (MWPC) with an anode
pitch of 2 mm as caleulated with GARFIELD program [49].
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Drift Chamber
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Tanec Part of BrBar Drnft Chamber
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RaRar Deft Chamber “Cell”

HEX2 - Wire 168 Isocrones every 30 ns -
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RaRer Dnft Chomber
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Pacticle 1dentificalion via iﬂ'ﬂﬂrﬂv IUSSE m defT chamber
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Physics Background (5)

Insirurnanted Fhor Raturn Saeminar

» The (Famous) Bethe-Bloch Eq2
« Describes enery loss for heavy charged, moderately relativistic particles

Mie T Deasity effect
m‘heimp?:nd : eerrection
B aZ 1|1 Ime By T,
& ik L Ao
Meiacas i 122 10Z eV
energy Loss e
- Basically a function of p. B= v/.g
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Silicon Microsteip  Detector

The Real Basics ?

I. 7 “ I‘

Slide 3 of 33

o St waflers about 2S0m G"ﬂmm) Thick
o electron-hole pair credhion needs 3, el
% 1onizotion n Sn.s needs 20-40eV
o closely spaced steps on surface qwe
very precise position measurement

o use 0¢ detector closest to beaw-pipe
fo get best meogurement of decay vertex

of particles such as B, T



Silicon Microstnp Defector

Doping And Depletion

¢ Depletion on N-Bulk
stants at P gide. P+ Implant

o Drift is only possible in

depleted region.

— Must be filly
depleted

" V4, ~20-30V
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Silicon Microsteip Detector

Detectors

» Double sided
— p side collects e-
= lower noige " implant

= works evenif not
fully depleted

— 11 side collects holes

Shide 14 of 33

® S'l'rlps hplcn“\, ::.20};.,“ npm“\'
o position resolufion = 10 am



Siheon Microstrip Detector

Modules

Si Wafars

Carba oy lar Tiber
Support ribs
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Silicon Microstrip  Deteclor
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Siheon MlC.FﬂS'i'l'lp Detector
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RaRae Silicon Microstrip Detector
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| The Dirc for BaBar i

Silicon Vertex Tracker:

tracking, Az

DIRC PID
K/

1.5T Solenoid

Drift Chamber

tracking, dE/dx Electromagnetic Calorimeter:

good resolution, low enengy
reach for 19, ¥'s

Instrumented Flux Return
u, neutral hadron ID

J. Cohen-Tanugi 12 grad. seminar., November 99
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Cherenkov Radiation: Definition

Consider:

e a charged particle of speed v = fe...

o ..Mmoving in a medium of index n. r-e:Fr ﬂ-ﬂ"'lu'ﬂ ndey
IF—._—-lﬂ""

o Threshold Condition: 7 = %:

Ifg < L (case (a)), no or synch. emission.
n

If3 > £ (case (b)), coherent emission of light:
7]

The Cherenkov effect

= Think of the supersonic “bang” of a plane at Mach 1...
o CLONE nngle.—} speed 1f B=Y% > Fn

o combine with momentum To get macg (eq T of K)
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Cherenkov Radiation: Properties i

/

—"  Cherenkov
cone

Pl
dip
angle

1. Threshold condition:

1
b> =
T

2. Angular distribution: (¢, uniform)

cos (0,.) = 50

3. Franck-Tamm relation:
d? N, - IraZ? sin?(6,)
dedX — A2 ‘
¢ Spectrum is nol monochromatic!

= smearing of #.: chromatism.

¢ Number of generated photons o< A~
= photons generated preferentially in the U.V and visible.

J. Cohen-Tanuagi 5 grad. seminar, November 99



DIRC (BaBAR)

s
e - ,,?““ PMT + Base
s ~11,000
PMT's
Purified Water

17.25 mm ThHickness
/(35,00 mm Width)

Track
Trajectory

Light
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il yis :F 1
=~ il Lﬁ N T b -~ Standoff Box
31 mm— =10mm |
e s b, Sk T ‘] r'1 7 m -

4 %7.225m
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Bars glued end-to-end
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An Example: A -+ K~ a7

4, ire Selection:
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Colormetes

Introduction

% A device which measures the total energy deposited by a primary particle is
called a calorimeter.  (nlse measures post Tion )

% The primary particles energy is degraded by interactions with the
calorimeter material.

% A scintillating crystal calorimeter converts this energy into scintillation
light.

¥ The scintillation light is converted fo an electrical signal.

# Klectrical signal proportional to primary energy. fn‘F E-l&ﬁf‘bﬁﬂ phg‘ﬂ’aﬁ 5,)

% Other experiments using crystal calorimeters- Crystal Ball-Nal(T1),KTev-
Csl, L3-BGO, CLEO, BELLE, BaBar-CsI(T1) , CMS -PbWO,.




CsI(T1) Scintillation and Radiation Damage
Mechanisms

scintillation Mechanism

* CsI(Tl) is an inorganic scintillator.

¥ Scintillation mechanism depends on energy states - determined by
the structure of the crystal lattice.

# Well defined valence and conduction bands.

¥ Impurities, called activators (Thalium) added to modify energy levels -
increase the probablility and A of scintillation light.

Conatirctfon banct Eloetron

Exciton dand |

Alocdifferd energy fovels
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Valenee band




Particle Interactions With Matter

Electron/Positron Processes

* At low energies, 1onisation
dominates.

* At high energies, bremsstrahlung
dominates.

% Radiation length,

y ?Iﬁ.4gcm_3 A
Z(Z + 1 In(287/(JZ))

Xg

Mean distance over which all
but 1/e of energy is lost
due to bremsstrahlung.
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Photon Processes

Palr Production Compton Scattaring
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Electromagnetic showers

¥ When a photon/electron/positron enters a crystal an electromagnetic shower
1s initiated.

# A cascade of secondary photons, electrons and positrons produced by the
particle interactions deseribed previously.

* Average shower properties deseribed by simple model.

#* Define the scale variables:
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BaReae Cg¢T (TL) Ca.lnrlme+e_r

EMC located asymetrically

about interaction point.

Non-projective crystal geometry by135-45
mr in O - minimise lost photons.

—0.775 < cos (§) £0.962  (1ab)

~0.916 < cos(B)<0.895 (Cm)

i —

140.8°

e
Ly b ,".,:_-; e

Barrel:

—0.916 = cos(B)=0.715 (CM)
5760 crystals.
48 0 rows, each with 120 crystals in .
280 modules of 3%7 crystals.

(except for last row - 6 crystals in 6)
Weighs 23.5 metric tonnes,




Colorimetec

Modules made from 300 pym CFC,
and supported from the rear by
an aluminium strongback.
Mounted in an aluminium sup-
port cylinder-supported off coil.
Cooling and cables located at the
back of the modules,




Fiber Oplical Cable
to Light Pulser
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Fig. 62. A schematic of the wrapped CsI{TI) crysial and the
front-end readout package mounted on the rear face. Also

indicated is the tapered, trapezoidal CFC compartment, which
is open al the front. This drawing 15 not 1o scale.
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Tnetrumented Flux Retfurn (IF I'?-B

Outermost detector — muons uﬁ' K‘L

Barra|
42 RPC

432 RRPC
Modules
End Coors

—— Aluminum
X Strips
Insulator

Graphite
Insulator
Y Strips
i Spacers
“ T Aluminum

i

Fig. 74. Cross section of a planar RPC with the schematics of
the high voltage (HV) connection,



Hardware Description (3)

Instrumerded Pl Return Samirar

+ Resistive Plate Counters: {used at L3, and Belle})

»  Fromthe middle outwards - the 2 mm gap
is filled vith an Argon-Freonsobutane
based gas mixture [gas mixture - spark
quenching, safety requirements)

- PVC spacers [0.8 cm? area) placed in 70
cim-square grid ensure RPC planarity, &
gas gap (hence also field) remains
constant.

»  Two Bakelite plates with bulk resistivity in
range §-800 giga ohm cm, [coated on
outside with thin layer of graphite, surface
resistivity around 10 kohm cm?] and a 300
micron PVC insulating film, enclose this

+ Total RPC areas: gap.
~  Barmal: 1320 o7 : : :
—  Endcaps: 15002 A high (& KV nominal) potential is applied

between the graphite layers. (Al groundad)

First Previous MNext Last Index Text
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&

Cp
” FREAMPLIFIER PLLSE SHAPER
BIAS « R é S
RESISTOR  © A R
S | A
Cr R QUTPUT
DETECTOR Cﬂléa
Figure 24.9; Typical detector front-end circuit,
“ L1 Latency Fvent
Digitizer Buifer Buffer
to L1 trigger
L1 trigger accept
row [Mocessed digital
ug:l:!jg digital EvEnE
SN sigoals daty
FrontEnd YME Dataflow E;E;:i:;ff | Iotermediane
Elecironics Coles v Motlarig Ewcol Stors
s locks
s/ N\
L1 Tﬁ[:gt.f Eji"’ Fast Control
Processor trigger and Tuming
lines

Fip. 5. Schematic diagrmm of the dala acquisition.



