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Maijor historical discoveries with new particle detectors

Many discoveries in history were enabled by new instruments. Some examples:

* 1896 Discovery of X-rays w. photographic plate (Nobel prize W.C. Rontgen 1901)

* 1912 Invention of the cloud chamber (Nobel prize C.T.R. Wilson 1927)

* 1953 First observations of charged particle tracks in a bubble chamber (Nobel prize D.A. Glaser 1960. For
his invention of the bubble chamber")

* 1968 Invention of the Multiwire Proportional Chamber (MPC) (Nobel prize G. Charpak 1992. For his
invention and development of particle detectors, in particular the multiwire proportional chamber")

e 1986 Neutrino oscillations in solar and atmospheric neutrinos (Nobel prize R. Davies and T.Koshiba 2002.
Development of neutrino detection techniques")




Major historical discoveries with new particle
accelerators

Particle accelerators in the history. Some examples:

* 1896 X-rays tube (Nobel prize W.C. Rontgen 1901)

* 1931 Lawrence proposal: Cyclotron (Nobel prize E.O. Lawrence 1939. Invention and development of
cyclotron")

*  1989-2000 Precision measurements at LEP test QCD and establish the precise form of asymptotic freedom
(Nobel prize D.J. Gross, H.D. Politzer, F. Wilczek For the discovery of asymptotic freedom")

* 1995 Discovery of the top quark by DO and CDF, first pp collisions at ps = 1.8 TeV at the Tevatron

* 2013 Discovery of a Higgs boson by ATLAS and CMS, first pp collisions at ps = 7 TeV at the LHC 2010 (Nobel
prize P. Higgs and F. Englert 2013. For the theoretical discovery of a mechanism . . . recently confirmed
through the discovery of the predicted fundamental particle ... ")




Task Physical effect Detector
| ] Gas detectors
Pd55ase lonization chamber
Proportional counter
position

__ Geiger Miiller counters
lonization of gases, Drift chambers

liquids and solids Time projection chambers...

Semiconductor detectors
Silicon diode detectors
Luminescence Silicon microstrip detectors
Silicon pixel detectors, CCDs
Germanium detectors
Deflection in

magnetic field Scintillators + photomultipliers)

Organic (plastic) scintillator
Inorganic (crystal) scintillator, SiPM

Electromagnetic

shower :
Calorimeter

y-ray detector (crystal)
e- y shower counter
Hadronic calorimeter

energy Hadronic shower

Cherenkov radiation
Particle identification detector

Identity Cherenkov radiation detector
(mass) = = Transition radiation detector
________________ Transition radiation Time of flight (scintillators)

Inoization dE/dx (gas detector)



High energy particle source

o Cosmic rays - they have the highest energy but Very Energies and rates of the cosmic-ray particles

low collision rate T ‘ergorow -
. . . 16° | protons on Akeno
e Linear colliders - RF cavity resonators for M P KASCADE  »

-, Tibet

accelleration, typically 8 MV/m, future: e.g. ILC > 35 M ==
MV/m, high cost due to length, ~100km b FiResta

e Storage ring, circular accelerator, particle traverses
the same potential difference many times (eg. LHC).
Circular accelerators are also called (cyclotron,
synchrotron), the particle traverses the same
potential difference many times, magnetic field
keeps particles on circular orbit.

— Conventional coils: 1.5T 10° Fixed target

HER

— Superconducting: LHC 10T (most challenging technological ‘ RHIC TEVATRON
part of the circular accelerators i 1 | \

TA2013
Auger2013

Model Hda
CREAM all particle

pogitrons

N Galactic

- antiprotons

E%dN/JE  (GeV emsr's™)
",
P

10% 10° 10t 10° 10° 10

The pgrtlcle looses energy by synchrotron radiation, electrons E (GeV/ particie)
with the same energy loose much more than protons.

At yte?
AE = —
3 R
LEP: Energy loss per turn R=4.3km, E=100GeV, m,=0.5MeV,

y=2*105 -> AE=2.24GeV

LHC: Energy loss per turn R=4.3km, E=7TeV, y=7*103->
AE=3.4keV




Radioactive sources

Co-60 Radiation Isotopes
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http://pdg.lbl.gov/2019/reviews/rpp2019-rev-commonly-used-radioactive-sources.pdf



http://pdg.lbl.gov/2019/reviews/rpp2019-rev-commonly-used-radioactive-sources.pdf

Muons from cosmic rays on the surface (sea level) and
underground

A summary for all cosmic rays is given in:
http://pdg.lbl.eov/2019/reviews/rpp2019-rev-cosmic-rays.pdf

e Muons are produced in the high atmosphere (15km) and have a mean
energy of =4GeV at the sea level.

e The muonrateis|l=1cm?2minlxz1.7 sm?s?forhorizontal detectors, | <
cos? O (zenith angle ©) for 3GeV muons

* Muons underground, dominant energy loss by ionisation

Elu R a bbroms. bpair IE:'nulzl Z E}i Z IE:'1'-:|::
GeV kmw.e. MeV g~ ! em? 1075 o= em?

10 0.05 217 0.70 0.70 0.50 1.90 1.66
100 0.41 2.44 1.10 1.53 0.41 3.04 2.51
1000 2.45 2.68 1.44 2.07 0.41 3.92 3.17
10000 6.09 2.93 1.62 2.27 0.46 4.35 3.78



http://pdg.lbl.gov/2019/reviews/rpp2019-rev-cosmic-rays.pdf

Te~ Colliders

pp/pp Colliders

74

et—=>p V4 €

/ Emmﬂfsz

Energy of elementary interaction known

Vs=E(e”)+ E(e") =+/s

/ P = By =VS/2

X pp\f.\‘ P

p —» -¢— P

Energy of elementary interaction not known

V& = /X305 < /s

Only two elementary particles collide
— clean final states

Elementary interaction (hard) -+ interaction of
“spectator” q,g (soft) overlapp in detector

Mainly EW processes

EW processes suffer from huge backgrounds
from strong processes

Vs limited by eT synchrotron radiation:

Eheam 1
Ejoss ~ %Hig

Eioss ~ 2.5 GeV/turn
LEP 2 (Epeam ~ 100 GeV)

Synchrotron radiation is ~ (m!(_-,/m@)'ﬂ1 ~ 101

smaller

- high energy more difficult

— next machine: Linear Collider
(ILC, CLIC, /s = 800(30007) GeV?)
- clean environment — precision
measurement machines

- high energy easier — discovery machines
current machine: LHC, pp , /s = 14 TeV
in the LEP ring

more “‘dirty” environment




The LHCb detector for Runl&?2

Particle Identification_

Muon

i System
Tracking Stations BRiImeters y




L (mb-1s)

The LHCb detector luminosity compared with ATLAS
and CMS
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Integrated Recorded Luminosity (1/fb)
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LHCb Efficiency breakdown in 2017
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LHCb Integrated Luminosity in p-p in 2017
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Delivered Lumi: 1875.91 fpb(6.5 TeV), 111.23 /pb(2.51 TeV)

Recorded Lumi: 1714.66 /pb{6.5 TeV), 102.73 /pb(2.51 TeV)
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The LHCb Upgrade

< 9 fb-! B o Goal: 50 tb-1 fe

Runl LS1 Run 2 LS2 Run 3 LS3 Run 4
2010 2011 2012(2013 2014|2015 2016 2017 20182019 2020|2021 2022 2023|2024 2025|2026 2027 2028 2029

Muon stations

Calorimeters M5

M4
M3
Magnet HCAL M2
AL

~ Remove hardware
1 mi i SciFi |
trigger limitation ey —

i JF--f __ﬂ’-_-

= All new electronics to read
all data at 40 MHz

~ Increase granularity -y NN

and longevity (LRI |

= 3 new trackers | | ' A

= New RICH optics
= Lower PMT gain in CALO




Vertex Locator (VELOPIx)

~ Replace Si strips with 55 pmx55 pm pixels

= 72k strips = 41M pixels with 40 MHz readout

~ Improved IP resolution by moving sensor

closer to beam and thinner RF foil

= 8.1 mm — 5.1 mm (active area, module down to 3.5 mm)

~ 20x more rad-hard (8x10"> MeV - neo/cm)
~ Sophisticated cooling for VELOPix ASICs

= Bi-phase CO; passes under chips via microchannels
etched on the silicon substrate

Microchannel substrate

Front-end hybrids

Data cables

Bridge piece 1L ’ Carbon-fiber legs

LV cables

LV foot connector,

Cooling pipes



Upstream Tracker (UT)

~ 4 layers of silicon strips with same arrangement as TT but

= Finer granularity (95 pm close to the beam)
= Improved coverage

= Less material budget

~ Crucial for triggering and for long-lived particle reco

1719 mm




Scintillating Fibre Tracker (SciFi)

ignal mean position ~ 12 layers of 250 um scintillating fibers
amplitude = Readout with SiPMs

0os = 80 pm resolution

- Replace straw tubes and silicon Outer Tracker
+ Slow drift time of tubes limit occupancy

~ channel

T J KU VX fibre mat~y P an Hmbe;djfm“ Read-out
NS <fired pixel ﬂ ’,r/
photon

Mirror

(increase light yield)

2x2.4m
2 x 4 x fibre mats

Vparticle

honeycomb & carbon fibre reinforced polymer

B:::w 4 planes x 3 stations

2x3m Read-out






Star Tracker

Wake
Radiators

Vacuum
Case

Electronics
Crates

RICH—

Tracker Plane 6N
{Between RICH and ECAL)

ECAL

TRD

/ Tracker Plane 1NS

Lower
TOF

AMS-02

Grapple Fixture

Ram
Radiators

Magnet bends in opposite directions charged particles/antiparticles

Transition Radiation Detector (TRD) identifies electrons and positrons
among other cosmic-rays

Time-of-Flight System (ToF) warns the sub-detectors of the incoming of a
cosmic-ray

Silicon Tracker (Tracker) detects the particle charge sign, separating
matter from antimatter

Ring-lmaging Cherenkov Detector (RICH) measures with high precision
the velocity of cosmic-rays

Electromagnetic Calorimeter (ECAL) measures energy of incoming
electrons, positrons and y-rays

Anti-Coincidence Counter (ACC) rejects cosmic rays fraversing the
magnet walls

Tracker Alignment System (TAS) checks the Tracker alignment stability

Star Tracker and GPS defines the position and orientation of the AMS-02
experiment



ICE cube

e http://icecube.wisc.edu/gallery/view/140

1450 m

2430 m
2820 m

(a)

DeepCore

Eiffel Tawar
324 m

Penetrator HV Divider

LED
Flasher

Glass Pressure Housing



Useful relations of relativistic Kinematics

1
_ _ m,: rest mass
=v/c Yy = —— = 0
p=v/ 1— B2 m=moY ¥ : Lorentz boost
e Momentum p = moyv
 Kinetic energy Epin = (y — 1)mgc?

Massless particles:
» Total energy E = {(pc)2+(myc?)? E =npc

E = Eyjn, + moc?=myyc?=mc? y =E/(myc?)

Units:

[E] = eV [m]=eV/c? [p]=eV/c
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Possible subjects for the presentations during the exercises 2020

Photo detectors:
e Comparison of PD, APD, SiPM

 Timing detectors comparison of SiPM,
MCP and LGAD

Tracking detectors:
Emulsion tracking detectors

e Spark Chamber (possible outreach
detector)

e Gas detectors for tracking

Calorimeter:
e Comparison of ECAL and HCAL

Detector systems and experiments:
e FASER vs SND@LHC

e Time of Flight PET
o 7?77

Presentation mode:

35’ presentation, slides, material
No marks, it is an occasion to present in front of the
class and discuss!

Points to pay attention during the presentation:

What is the detector principle?

What type of particles at what energy range can be
detected?

What is the interaction type?

[llustrate the detected signal and how much signal is
expected, intrinsic gain or amplification?

For experiments: What is the goal physics goal of the
experiment? What are the achieved measurements
in the past? What is the role of particular detectors
in the system (for example the RICH detectors in
LHCb are required to separate the hadronic particles
at different energy ranges)?
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