Image courtesy of CERN

Detector technologies

A brief overview
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https://bynder-public-eu-central-1.s3.amazonaws.com/media/9E3E0032-62BD-4694-A3CCB1BC17CA3CAF/4F376BC4-BB4D-4DDC-845E30774CDE7276/webimage-0EC121C5-8947-4D69-99B1BD30DE597782.jpg
https://indico.cern.ch/event/724025/contributions/3380332/attachments/1830529/2997713/2019-04-16-Teilchendetektoren-I.pdf
https://indico.cern.ch/event/761537/contributions/3554111/attachments/1915139/3165947/CERNintroCERNteachersNLBE019.pdf
https://www.desy.de/~schleper/lehre/Det_Dat/SS_2018/
https://bynder-public-eu-central-1.s3.amazonaws.com/media/9E3E0032-62BD-4694-A3CCB1BC17CA3CAF/4F376BC4-BB4D-4DDC-845E30774CDE7276/webimage-0EC121C5-8947-4D69-99B1BD30DE597782.jpg
https://cds.cern.ch/record/2758788?ln=en

Ik ben onderzoeker in natuurkunde

Ik werk aan de universiteit van
Amsterdam en ontwikkel
detectoren in de Nikhef detector
R&D groep.

data geanalyseerd: sta ik voor
een deeltjesdetector waaraan
gewerkt heb op CERN.

Door de buis gaan hele kleine
deeltjes met bijna de
lichtsnelheid!



Diversiteit




Onderweg naar de carriere gaat veel talent verloren

Onze
bachelorinstroom
is maar 25%
Vrouw

https://iop.uva.nl/people/d-i-council
[posters/leaky-pipeline.html



https://iop.uva.nl/people/d-i-council/posters/leaky-pipeline.html
https://iop.uva.nl/people/d-i-council/posters/leaky-pipeline.html

Voorbeelden zijn er weinig

Het aandeel vrouwelijke hoogleraren bij de universiteiten per gebied (%) op basis =
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— Taal en cultuur — Totaal (excl. gezondheid, divers)

Gegevens: Download als CSV bestand
Bron: UNL/ WOPI

Notities: Exclusief Gezondheid en hoogleraren bij de universitair medische centra. Het percentage vrouwelijke hoogleraren aan
de universitair medische centra is toegenomen van 17,3% in 2012 tot 25,7% in 2020. (Zie ‘Extra toelichting WOPI’).


https://www.rathenau.nl/nl/wetenschap-cijfers/wetenschappers/personeel-aan-de-universiteiten-en-umcs/de-hoogleraar

Weinig vrouwen in techniek in Nederland

Percentage gediplomeerde vrouwen in de betatechniek per studierichting
2020-2021
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https://www.ocwincijfers.nl/sectoren/ocw-internationaal/onderwijs/leerlingen-en-studenten/aandeel-gediplomeerde-vrouwen-in-betatechniek-in-europa

Diversiteit

Image: kcl.ac.uk

Young girls become interested in STEM
subjects around the age of 11 and then quickly
lose interest when they are 15

Study from 2017 commissioned by Microsoft.

Causes

Social pressure

Lack of mentors

Lack of access to hands-on-learning

Girls’ confidence declines dramatically
during puberty, even when they outperform
boys in school.

A study published in 2018 asked 1,300 pupils:

e Similar confidence up to age 12
e 30% lower confidence in girls after

Van Kiara Nirghin in de Economist


https://www.kcl.ac.uk/news/diversity-in-stem
https://www.economist.com/by-invitation/kiara-nirghin-international-womens-day-gender-divide

Diversiteit: waar is iedereen?
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Niet-Nederlandse komaf kiest:
e economische opleiding

Vaak hebben allochtone studenten ook een
grote ‘drive’ om te willen slagen binnen hun
universitaire rechtenstudie schoolloopbaan, omdat ze het gevoel hebben

[ ]
e Niet ‘Cultuur en maatschappij’: te "soft" dat ze zich meer moeten bewijzen dan
L Niet ‘natuur en techniek’: te zwaar (') autochtone studenten.

Van wikipedia


https://nl.wikipedia.org/wiki/Antillianen_in_Nederland#Studenten

You can make a difference

What can you do?
Emphasize importance of trial-and-error
Affirm achievements

Affirm girls’ achievements and identities,
especially between ages 8 and 14:

“The praise | received from my favourite
teachers when | was in middle school has
stayed with me throughout college. [...]
Sometimes all it takes is one teacher
affirming you—especially when your
cultural identities are not being affirmed
anywhere else.”

Van Tigidankay Saccoh in de Economist


https://www.economist.com/by-invitation/tigidankay-saccoh-international-womens-day-classroom-discrimination

Deeltjes: waar komen ze vandaan?
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Deeltjes vanuit de ruimte

10000 keer per seconde gaan er deeltjes uit kosmische stralen door jou heen

Wat zijn die deeltjes en hoe gedragen ze zich?
Waarvan zijn wij en het universum gemaakt?
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KM3net: cubic kilometer neutrino telescope
in Mediterranean Sea, can detect photons
kan gamma stralen detecteren 1"


http://www.isee.nagoya-u.ac.jp/en/assets_c/2016/03/study01_1-thumb-500xauto-153.png
https://www.symmetrymagazine.org/article/a-whale-of-a-tale?language_content_entity=und
https://www.km3net.org/

Hoe kunnen we zo’n deeltje
detecteren?
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fotonen

Cherenkov licht:
e Lichtis 0.25%
langzamer in water
e Ultra-hoge-energie
deeltjes kunnen__ =
_sneller dan licht in" . =
water.

Sl
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- |“Cherenkov licht”
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e Netalseenso
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https://en.wikipedia.org/wiki/KM3NeT

https://upload.wikimedia.org/wikipedia/commons/6/69/PositronDiscovery.jpg

C.D. Anderson https://journals.aps.org/pr/pdf/10.1103/PhysRev.43.491

Ontdekking van antimaterie

Het eerste positron ooit geobserveerd!

Nevelkamer: gasmengsel van

superverzadigd water of alcohol. Een R e

energetisch deeltje ioniseert het gas en

- p— . "‘ - . v‘ ."
ionen vormen condensatiecentra die 6 mm loden plaat,/

zichtbaar worden als wolk.

(nevelkamer) voor detectie van kosmische straling

i
¥ /

15000 Gauss = 1.5T magnetisch veld Wilson cloud chamber | /
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https://upload.wikimedia.org/wikipedia/commons/6/69/PositronDiscovery.jpg
https://upload.wikimedia.org/wikipedia/commons/6/69/PositronDiscovery.jpg
https://journals.aps.org/pr/pdf/10.1103/PhysRev.43.491
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https://dosimetry.web.cern.ch/sites/dosimetry.web.cern.ch/files/field/image/201404-071_01_cut4x2_0.jpeg
https://dosimetry.web.cern.ch/sites/dosimetry.web.cern.ch/files/field/image/201404-071_01_cut4x2_0.jpeg
https://dosimetry.web.cern.ch/sites/dosimetry.web.cern.ch/files/field/image/201404-071_01_cut4x2_0.jpeg
https://upload.wikimedia.org/wikipedia/commons/3/35/113abcd_Medical_Imaging_Techniques.jpg
https://upload.wikimedia.org/wikipedia/commons/3/35/113abcd_Medical_Imaging_Techniques.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/d/d9/Smoke_detector.JPG/1920px-Smoke_detector.JPG
https://upload.wikimedia.org/wikipedia/commons/thumb/d/d9/Smoke_detector.JPG/1920px-Smoke_detector.JPG
https://upload.wikimedia.org/wikipedia/commons/3/3d/PET-MIPS-anim.gif
https://upload.wikimedia.org/wikipedia/commons/3/3d/PET-MIPS-anim.gif

Detectie van deeltjes

Deeltjes laten sporen achter!

See also
https://advacam.com/camera/edu-kit/
or no need for the whole package:
https://advacam.com/camera/minipix-
edu/



https://advacam.com/camera/edu-kit/
https://advacam.com/camera/minipix-edu/
https://advacam.com/camera/minipix-edu/

Sensor :::;g{t?ve Signal Counter
pixel ifi shaping .
H \ A Threshold Time _
Build your own muon detector
Analog Digital

€— Sensor Readout electronics

Readout: arduino

ope ““ " :-'
Silicon ﬁf\\; A
photomultiplier / ___
- |
¢
scintillator
MICROFC-60035- SMT TR1 ; .
Silicon Photomultiplier (SiPM), C-S 6mmx6n With a SCi nti | |atOI’ (plastiC) a nd a Si | iCOI"l [ .= & B % 1

[#) DaterLot Code

photomultiplier you can build your

‘ own muon detector!
\/ =

Cosmic Watch
Detector

Figures from
here and here
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https://github.com/cfuselli/Nikhef-Project-2021/blob/main/NIKHEF_Project-FINAL_REPORT.pdf
http://www.cosmicwatch.lns.mit.edu
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
http://www.cosmicwatch.lns.mit.edu/
http://www.cosmicwatch.lns.mit.edu/
https://nl.farnell.com/on-semiconductor/microfc-60035-smt-tr1/sipm-ic-35um-cwdfn-4/dp/2949095

Wat voor deeltjes?




Vele verschillende deeltjes!
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https://upload.wikimedia.org/wikipedia/commons/0/00/Standard_Model_of_Elementary_Particles.svg
http://physicsopenlab.org/wp-content/uploads/2016/01/muoncascade.jpg

Vele verschillende deeltjes!

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
30000 m \ ‘ (fermions) (bosons)
! I Il
SGC()I?(LI 24 mas =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeV/c2
cosmic rays / chargll |2 - - 0 o
spil| (% u 1% & 1 t 1 w 0 H

Vi ; up | charm | top || gluon higgs
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down strange bottom | | photon
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> 24 >~ electron muon tau | Z boson

<1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2 .o
ok we N o % W Waarom zijn
; electron muon tau W boson Zl) zo m°e||Uk

neutrino neutrino || neutrino |} ) O: te zien?

_._._—-—‘ leder deeltje gedraagt zich anders, afhankelijk van
massa, lading. Op aarde zien we veel muonen.
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https://upload.wikimedia.org/wikipedia/commons/0/00/Standard_Model_of_Elementary_Particles.svg
http://physicsopenlab.org/wp-content/uploads/2016/01/muoncascade.jpg

Hoe detecteer je zo’n deeltje op
CERN?
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https://home.cern/sites/home.web.cern.ch/files/image/inline-images/old/lhc_long_1.jpg
https://upload.wikimedia.org/wikipedia/commons/6/62/CERN_LHC_Proton_Source.JPG
https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg
http://sites.uci.edu/energyobserver/files/2012/11/lhc-aerial.jpg
https://www.youtube.com/watch?v=NhXMXiXOWAA
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https://home.cern/sites/home.web.cern.ch/files/image/inline-images/old/lhc_long_1.jpg
https://upload.wikimedia.org/wikipedia/commons/6/62/CERN_LHC_Proton_Source.JPG
https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg
http://sites.uci.edu/energyobserver/files/2012/11/lhc-aerial.jpg
https://www.youtube.com/watch?v=NhXMXiXOWAA
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https://home.cern/sites/home.web.cern.ch/files/image/inline-images/old/lhc_long_1.jpg
https://upload.wikimedia.org/wikipedia/commons/6/62/CERN_LHC_Proton_Source.JPG
https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg
http://sites.uci.edu/energyobserver/files/2012/11/lhc-aerial.jpg
https://www.youtube.com/watch?v=NhXMXiXOWAA
https://mediastream.cern.ch/MediaArchive/Photo/Public/2008/0808022/0808022_04/0808022_04-A4-at-144-dpi.jpg
http://alice.cern
https://alice.cern/sites/alice.web.cern.ch/files/md-slider-image/201902-053_01.jpg
https://alice.cern/sites/alice.web.cern.ch/files/md-slider-image/201902-053_01.jpg
http://atlas.cern
https://www.nikhef.nl/wp-content/uploads/2015/07/lhcb.jpg
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https://mediaarchive.cern.ch/MediaArchive/Photo/Public/2005/0510029/0510029_03/0510029_03-A5-at-72-dpi.jpg
https://home.cern/resources/faqs/facts-and-figures-about-lhc
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Detectors at the LHC

ALICE

Compact Muon Solenoid

14000 tons: 1.5* Eiffel tower weight, half the size of
ATLAS: 15 m x 15 m x 21 m very compact!

-7 —Largest superconducting solenoid magnet ever made

Large lon Colliderg 55
— = =“Experiment: specialized in/* =
= “heavy ion collisions andgis
' r.i,: quark-gluon plasma: fraction
. of second after big bang!F#

Ry
- A

A Toroidal LHC
pparatuS: e < W

25 m x 25 M x 46m e B . i A single-arm forward

The inner detector has 3 ' i spectrometer designed for thel®

air core toroidalj, ' [study of particles containing bf

magnets and onel 4 o - lwor ¢ quarks. i~ ST ™ . W
solenoidal magnet... 4 ‘ R 7 2 o _Other detectors: MoEDAL, TOTEM,

: . LHCforward, Faser, SNDE - s

La A Y o hw > _ - L :
tips://cms-docdb.cern.c c0|-|n PublicDocDEB/Retrieverile/docid=TIST4&version=l&filename=cms U918 _0U3.png

Multipurpose detecto.



https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=11514&version=1&filename=cms_120918_03.png
https://upload.wikimedia.org/wikipedia/commons/thumb/a/a5/2012-Aug-02-ALICE_3D_v0_with_Text_%281%29_2.jpg/450px-2012-Aug-02-ALICE_3D_v0_with_Text_%281%29_2.jpg
https://cds.cern.ch/record/1696920/files/4_Color_Logo_CB.png

Wat detecteren we?




Niet alle bekende elementaire deeltjes!

Directly detect: Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
. | Il I
Ve rva Is p rOd u Cte n J ets mass | =2.2 MeV/c2 . =1.28 GeV/c2 =173.1 GeV/c2 | {04 =124.97 GeV/c2
charge | % % % 0 o 0
spin | % y % g % 1 ‘ 0 H
H . u charm higgs
Indirectly detect: " 99

=4.7 MeV/c2 | =96 MeV/c2 =4.18 GeV/c2

i

bottom

|Missing energy | o Q J s

= lL down Lstrange

Secondary vertex + jets

=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 m

-1 -1 -1 >
‘9@ |'® 5,
Neutral particles " L electron | muen f| tau ) 8§
Z <1.0 ev/c2 <0.17 MeV/c2 <18.2 MeV/c2 y=80.39 Gevicz m 8
Should be able to detect and identify: E . O @ |-® || ‘ Qg
T t Kt nt electron || muon tau ‘ <r_5
e ’_u YT K P KO’ n . Iﬂ | neutrino | | neutrino || neutrino W boson [OFS

using mass, charge, interaction

https://upload.wikimedia.org/wikipedia/commons/0/00/Standard Model of Elementary Particles.svg

From


https://upload.wikimedia.org/wikipedia/commons/0/00/Standard_Model_of_Elementary_Particles.svg
https://upload.wikimedia.org/wikipedia/commons/0/00/Standard_Model_of_Elementary_Particles.svg
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http://lhcb-public.web.cern.ch/lhcb-public/Images2014/Images_2011/BsMuMu_xz_b.jpg
http://lhcb-public.web.cern.ch/lhcb-public/

What do we measure and how?

Observable Measurable quantity e d=cry
_ _R2
Momentum (p) Bending radius in magnetic field ° Y=V
e [=v/c
Speed (v) Time of flight, Cherenkov radiation e FE?=m2c*+p?c?
o = ymv = mv/+/(1-v?/c?
Charge (Q) Bending in magnetic field P=Y ( )
Lifetime (7) Distance traveled before decay
Energy (E) Absorption in calorimeters
For some examples of
Mass (m) Indirectly from momentum measuring spin see
https://arxiv.org/pdf/1202.6660.pdf and
Sp|n Anqu|ar distributions http://moriond.in2p3.fr/QCD/2013/proceeding

s/Muehlleitner.pdf

Need 1) a magnetic field and 2) interaction with material 30


http://www.feynmanlectures.caltech.edu/III_18.html
https://arxiv.org/pdf/1202.6660.pdf
http://moriond.in2p3.fr/QCD/2013/proceedings/Muehlleitner.pdf
http://moriond.in2p3.fr/QCD/2013/proceedings/Muehlleitner.pdf

Hoe detecteren we?
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\_iCompact Muon Solenoid

\p | wesmmsaands

—== "= 100 meter onder de grond is een holte voor

i#| experimentatie, van de grootte van een kathedraal, die 1
- van de twee experimenten herbergt die het Higgs boson
- heeft gevonden: CMS, een detector van 14000 ton !
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https://mediastream.cern.ch/MediaArchive/Photo/Public/2008/0808022/0808022_04/0808022_04-A4-at-144-dpi.jpg
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https://www.sciencemag.org/sites/default/files/styles/inline 699w __no_aspect/public/ca 0914NID_CMS Detector online.



https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv
https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv
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https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv
https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv

http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
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— — — - Neutral Hadron (e.g. Neutron)
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Transverse slice
through CMS

Electromagnetic
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Hadron Superconducting
Calorimeter Solenoid

Iron return yoke inter

Generic order of detector types: some
measurements destructive!

with Muon chambers

muon:
m = 105.7 MeV
T,=2.2X 10°¢s
compare:

T =15 min

Barney, CERN, Febriuwy 2004


http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

http://inspirehep.net/record/826852/files/EPS CMS Slice.png

Note when the muon arrives here

I 1 1 1 | 1 1
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) Electromagnetic
3 )}“ Calorimeter
Hadron Superconducting

Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers

through CMS
25 ns «c&7.5m

D Barmay, CERN, Febricuy 2004
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https://cds.cern.ch/record/2120661/files/CMSslice_whiteBackground.png?subformat=icon-1440
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT
Run / Event / LS: 273158 / 238962455 / 150




Diboson event:; jets in the ATLAS detector

M(JJ)=5.0 TeV

ATLAS
Event: 2054422947

2016-09-01 16:52:46 CEST EXPERIMENT



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-016/fig_16.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-016/fig_16.png

ware ionen
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27 September 2023, 04:50


https://cds.cern.ch/record/2872625

CMS Experiment at the LHC, CERN r |
Data recorded: 2;023-Sa‘p~126 17:59:51.672000 GMT
Run / Event/ LS: 3’7/428‘8 [ 9272477 | 82 '

e A v o ok P N | o



https://cds.cern.ch/record/2872530/files/run3-PbPb-2023_5_eduej.pnghttps://cds.cern.ch/record/2872530

ATLAS

EXPERIMENT

Run: 461633
Event: 3419440
2023-09-26 19:51:47 CEST


https://cds.cern.ch/record/2872530/files/run3-PbPb-2023_5_eduej.pnghttps://cds.cern.ch/record/2872530

LHCb Experiment at CERN
(‘« /) Run / Event: 277491 / 5197775

‘3 Data recorded: 2023-089-27 11:27:54 GMT

Image from CERN
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https://cds.cern.ch/record/2872623

CERN
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27 September 2023, 04:50


https://cds.cern.ch/record/2872625

Who is ALICE?




From
https://alice.cern/brochures
https://cds.cern.ch/record/2809617
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https://alice.cern/brochures
https://cds.cern.ch/record/2809617
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https://cds.cern.ch/record/2665476

From https://en.wikipedia.org/wiki/Water

A familiar diagram

>

Matter comes in
many different
phases

E
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a 0 .0075 100 374

temperature, °C 48

Image from https://chem.libretexts.org/Bookshelves/General Chemistry/Book%3A_Chem1_ (Lower)/07%3A_Solids_and_Liquids/7.05%3A_Changes_of State



https://chem.libretexts.org/Bookshelves/General_Chemistry/Book%3A_Chem1_(Lower)/07%3A_Solids_and_Liquids/7.05%3A_Changes_of_State
https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/frost-and-ice/ice
https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/frost-and-ice/ice
https://en.wikipedia.org/wiki/Water
https://research.noaa.gov/article/ArtMID/587/ArticleID/1299/Water-vapor-in-the-upper-atmosphere-amplifies-global-warming-says-new-study
https://research.noaa.gov/article/ArtMID/587/ArticleID/1299/Water-vapor-in-the-upper-atmosphere-amplifies-global-warming-says-new-study
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https://education.nationalgeographic.org/resource/sun

A glimpse into the start of the universe




Timeline

5.4-10% s and T > 10" GeV Planck
time

10* s and T ~ 10" GeV Grand
Unification of the forces

Standard Model of Elementary Particles

three generations of matter interactions | force carriers
(fermions) (bosons)
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H
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https://particleadventure.org/history-universe.html
https://upload.wikimedia.org/wikipedia/commons/0/00/Standard_Model_of_Elementary_Particles.svg

https://upload.wikimedia.org/wikipedia/commons/thumb/3/33/Lightning.0257.jpa/1200px-Lightning.0257.jpg

ent/upl ads/2016/08/5maq et.j

http://blog.sciencedyou.es/wp-c

Interactions: four known forces

e _‘F nui\un\o/

https://physics.aps.org/assets/89b4f0e0-b8}|
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Strong nuclear
force: how does

Lo, the proton get its
06"\ 2
Mass?
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%, 1 u

b70d-d90f744d1790/e23_2.png

What are we made of?
How do particles get
mass?

Gravity is not described
by the Standard Model!

Weak nuclear
force
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http://blog.science4you.es/wp-content/uploads/2016/08/5magnet.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/3/33/Lightning.0257.jpg/1200px-Lightning.0257.jpg
https://physics.aps.org/assets/89b4f0e0-b8bb-44ee-b70d-d90f744d1790/e23_2.png
https://physics.aps.org/assets/89b4f0e0-b8bb-44ee-b70d-d90f744d1790/e23_2.png
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg

Hypothetical unification into a theory of everything

Theory of everything

| Quantum gravity |

Space Curvature

Still looking for it!

Electronuclear force (Grand Unified Theory)

Standard model of cosmology

Standard model of particle physics

Strong interaction

SU(3)

Quantum chromodynamics

Electroweak interaction
SU(2) x U(1)y

Weak interaction
SuU(2)

Image from Wikipedia

Electromagnetism
U(1)em

Electricity

Magnetism
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https://en.wikipedia.org/wiki/Theory_of_everything

History of the Universe

Timeline oo @
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10 s and T~ 10" GeV Grand >0

Unification

10%® s and T ~ 10" GeV Inflation —
10" s and T~ 200 MeV Quark Gluon - ST,
Plasma OAING

Inflation

QGP: a state where quarks and
gluons are free: main ALICE goal.
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Image: Wikipedia



https://particleadventure.org/history-universe.html
https://en.wikipedia.org/wiki/ALICE_experiment

Image from

-
b 3 o~ - > > 3 . ~

Large Hadron Collider

Bc 5 https://www.youtube.com/watch?v=NhXMXiXOWAA
PR : : https://home.cern/sites/home.web.cern.ch/files/image/inline-images/old/Ihc long_1.jpg
uMead.wikimedia.org/wikipedia/commons/6/62/CERN LHC Proton Source.JPG



https://home.cern/sites/home.web.cern.ch/files/image/inline-images/old/lhc_long_1.jpg
https://upload.wikimedia.org/wikipedia/commons/6/62/CERN_LHC_Proton_Source.JPG
https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg
http://sites.uci.edu/energyobserver/files/2012/11/lhc-aerial.jpg
https://www.youtube.com/watch?v=NhXMXiXOWAA
https://cds.cern.ch/record/1436153

Images:
wired.com
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https://particleadventure.org/history-universe.html
https://www.wired.co.uk/article/cern-discovers-new-particle

History of the Universe

L] L] ‘s
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Unification
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10" s and T ~ 100 GeV Quark Gluon
Plasma

10° s and T ~ 200 MeV Hadronization
and Baryogenesis

1s orT"™1MeV neutron freeze-out
1sorT™1MeV neutrino freeze-out
3minand T " 100 keV

nucleosynthesis: Key: W, Zbosons A\ photon
D, *He, “He, Li Q quark  (F) meson gy gataxy
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https://particleadventure.org/history-universe.html

Heavy ions for quark gluon plasma




Quark gluon plasma in the laboratory

¢ We collide heavy-ions, like lead on lead at speeds close to ¢, the speed of
light (~0.9998 )

Energy Stopping Hydrodynamic
Hard Collisions Evolution Hadron Freezeout

Initial state

¢ The energy density in the collision is large enough to produce QGP in the
laboratory
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Run number: 529397
) First TF orblt: 5589120
Date: Fri Nov 18 16:57:27 2022

Detectors: ITS, TPC,TRD,TOF,PHS,EMC,MFT,MCH,MID



First ion collisions after
long shutdown of
several years!

See also
https://home.cern/news/news/ex
periments/first-lead-ion-collisions
-Ihc-record-energy
https://alice.cern/node/169



https://home.cern/news/news/experiments/first-lead-ion-collisions-lhc-record-energy
https://home.cern/news/news/experiments/first-lead-ion-collisions-lhc-record-energy
https://home.cern/news/news/experiments/first-lead-ion-collisions-lhc-record-energy
https://alice.cern/node/169

What is the LHC doing right now?

Check out https://op-webtools.web.cern.ch/vistar/vistars.php?usr=LHC1 or google “vistars LHC page 1”

Updated: 13:58:45|
7000

L6000

BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit
Setup Beam
expect collisions at record energy soon! Beam Prasence
Moveable Devices Allowed In alse |

omments {18-Nov-2022 13:56:39)

fill for loss maps & physics

Stable Beams Sioe | fales |

AFS: Multi_20b_7_16_7_3bpi_8inj_PbTest2022 PM Status B1 [WEVSNSMMPM Status B2
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https://op-webtools.web.cern.ch/vistar/vistars.php?usr=LHC1

Hoe detecteren we zo’n deeltje?
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4 LICE inner tracking system°
10 m of active silicon area

| nearly13 bl"lon plxels

A silicon PIXEL detector



https://www.nikhef.nl/en/nikhefdimensies/

Bias Voltage

Threshold

voltage

AN

A AZ

Readout electronics


https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
http://www.umich.edu/~ners580/ners-bioe_481/lectures/pdfs/2017-06-MRSbulletin_Pennicard-semiconductorMaterialsForXrayDetectors.pdf
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif

Deeltjes maken lading los in een sensor: jonisatie

lonisatie: atoom of
molecuul raakt

een elektron kwijt
of krijgt er één bij.

charge collection node
_ High Voltage
~15 pm diameter

Electronics

Electronics

0o


https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf
https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf

Een silicium pixeldetector
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Zo dun, we kunnen ze buigen!
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0.00000000001 seconde

Ik werk aan hele snelle pixel detectoren

10 ps

Mijn passie: pixeldetectoren van silicium -- ook in je telefoon!



https://www.nikhef.nl/en/nikhefdimensies/
https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf
https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf
https://upload.wikimedia.org/wikipedia/commons/5/5a/SAMSUNG_Galaxy_Note10.jpg

http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

Detectors at the Iargg hadron collider
om im m am 4rln
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Iron return yoke interspersed
with Muon chambers

(D Barmay, CERN, Febriury 2008


http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

The ALICE detector: onion-like

Main aim: understand
quark gluon plasma and
test the theory of the
strong interaction

With the Inner Tracking System
at its heart!

From
https://alice.cern/experiment
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https://alice.cern/experiment

ALICE Time Projection Chamber

Een gas detector
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http://cds.cern.ch/record/1046796/files/tpc-2006-007_02.jpg
http://cds.cern.ch/record/1046796/files/tpc-2006-007_02.jpg

TPC

Electron drift

+/-
lonization of gas in b
chamber with electric | H
f \ + .
field causes electron drift ] ', =

Signal gets amplified, in g | .
this case by gas electron Beam ! j \
multipliers = electron "'-. /Gasfilled /Inner field cage|

avalanche / cylinder "

Readout pads can detect [ ¢

signal that can be o Outer field cage L
projected onto trajectory 1V E )
z (along beam) E, B field

information from timing http://aliceinfo.cern.ch/Public/Objects/Chapter2/DetectorComponents/tpc _operation.qgif 73


https://panda-wiki.gsi.de/foswiki/pub/Tagpid/TpC/tpc-gem_principle.png
http://aliceinfo.cern.ch/Public/Objects/Chapter2/DetectorComponents/tpc_operation.gif

https://scx1.b-cdn.net/csz/news/800/2015/55d25b5d82741.png

ALICE time projection chamber: particle identification

e Every pointis one *g AP d t ‘He s;.lgs %ogz;ciw
measurement! =
e Can identify particles g et
for low momenta x
e For higher momentsa, E
all particles behave O 102
like a minimum &
ionizing particle (MIP)
1 10

p/z (GeV/c) 7

https://alice-doc.github.io/alice-analysis-tutorial/analysislfigurés/gid-pa§



https://alice-doc.github.io/alice-analysis-tutorial/analysis/figures/pid.png
https://alice-doc.github.io/alice-analysis-tutorial/analysis/figures/pid.png
https://scx1.b-cdn.net/csz/news/800/2015/55d25b5d82741.png
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Muon momentum


http://pdg.lbl.gov/2018/reviews/rpp2018-rev-passage-particles-matter.pdf
http://pdg.lbl.gov/2018/reviews/rpp2018-rev-passage-particles-matter.pdf

http://inspirehep.net/record/826852/files/EPS CMS Slice.png

Detectors at the Iargg hadron collider: onion-like
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http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

How to measure neutrinos?
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Missing transverse momentum

. Transverse
Neutrinos? / Directions
g
Side View
Mismeasurement? v.Undetected " Undetected
Beam .’u. .~’.
5 Direction *e, ‘."
Detector effect? ; x_©
Proton Proton
Dark matter? Beam — e Beam
M. Strassler 2015
Jet

From Energetic Gluon
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https://profmattstrassler.files.wordpress.com/2015/04/pp2nunuj side.png
https://profmattstrassler.com/articles-and-posts/relativity-space-astronomy-and-cosmology/dark-matter/searching-for-dark-matter-at-the-lhc/



https://profmattstrassler.files.wordpress.com/2015/04/pp2nunuj_side.png
https://profmattstrassler.com/articles-and-posts/relativity-space-astronomy-and-cosmology/dark-matter/searching-for-dark-matter-at-the-lhc/

neutrino telescope

e Tussen 2 en 4 km diep
in middelandse zee
(FR-IT-GR)
e 12000 digital optical
modules (DOMs) aan
600 draden
'r\“ e Cherenkov detectie
“or met fotobuizen
o GeV, TeV, and PeV -
neutrinos

Nederland speeI.t een grote
rol in de constructie!



https://i.ytimg.com/vi/crLCpt2CXDw/maxresdefault.jpg
https://i.ytimg.com/vi/crLCpt2CXDw/maxresdefault.jpg
https://iop.uva.nl/content/news/2018/04/neutrino-telescope-km3net-receives-12.7-million-euro-nwo-grant.html?1569494601560
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Wekelitks kunnen daar acht tot twaalf

https://iop.uva.nl/content/news/2018/04/neutrino-telescope-km3net-receives-12.7-million-euro-nwo-grant.htmi?1569494601560
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https://i.ytimg.com/vi/crLCpt2CXDw/maxresdefault.jpg
https://i.ytimg.com/vi/crLCpt2CXDw/maxresdefault.jpg
https://iop.uva.nl/content/news/2018/04/neutrino-telescope-km3net-receives-12.7-million-euro-nwo-grant.html?1569494601560
https://www.nikhef.nl/news/mensenwerk-centraal-in-nieuwste-nikhef-magazine-dimensies/

Nieuwe detectoren op Nikhef en CERN

Nikhef wetenschapsdag

En hier

Zaterdag 5 oktober 12:00-17:00
Wetenschapsdag Amsterdam

Science Park

Op Nikhef
werken we
mee aan
detectoren
die op CERN
bij de LHC
worden
geinstalleerd!

Nik]hef

Nationaal
instituut voor
subatomaire fysica

UPGRADES

2 < Van CERN tot Gran Sasso:
overal wordt nu gesleuteld
5 " de experimenten

ASTRODEELTJES
Vele vensters
op het universum

Exploring the Hubble tension
A CERN for climate change

Medical technologies
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http://gallery.nikhef.nl/var/albums/SCT/SCT_1.jpg?m=1391374364
https://www.nikhef.nl/en/nikhefdimensies/
https://cerncourier.com/wp-content/uploads/2022/03/CERNCourier2021JulAug-digitaledition.pdf
https://outreach.web.nikhef.nl/open-dag/
https://www.nikhef.nl/www/en/events/nikhef-open-day-science-day-amsterdam-science-park/
https://wetenschapsdagamsterdamsciencepark.nl/
https://wetenschapsdagamsterdamsciencepark.nl/
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CHAMBER 9
e Many different ways to detect particles - E
e We combine many to reconstruct collisions at §
the LHC | g
e The use of particle detectors is not limited to 2
collider physics! TIME i
PROJECTION ‘\%
CHAMBER g
1 9 ) \_E
Y Y
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https://upload.wikimedia.org/wikipedia/commons/c/c0/Detectors_summary_3.png
https://upload.wikimedia.org/wikipedia/commons/c/c0/Detectors_summary_3.png

Extra materiaal
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Credits

Many thanks to Erik Butz, Simon Spannagel, Freya Blekman, Peter Schleper, Erika Garutti
Wikipedia
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https://indico.cern.ch/event/724025/contributions/3380332/attachments/1830529/2997713/2019-04-16-Teilchendetektoren-I.pdf
https://indico.cern.ch/event/761537/contributions/3554111/attachments/1915139/3165947/CERNintroCERNteachersNLBE019.pdf
https://www.desy.de/~schleper/lehre/Det_Dat/SS_2018/

Gluon discovery

From wikipedia

https://www.desy.de/news/backaround
ers/40 vears of gluon/index eng.html

E ¢ =35 GeV

Event in drift chamber of JADE

experiment at PETRA collider at DESY.

Such events were used to prove the
existence of gluons: ete— = qqg.

Wire chamber: particle
T passes through
grounded plate P and

ionizes gas in chamber.
Charge drifts in electric W

NI NS N

field to high voltage

wires W and is
collected at an
amplifier A.

https://upload.wikimedia.org/wikipedia/commons/thumb/4/44/Wife chamber_schematic.g\
- : I\
va/1024px-Wire chamber_ schematic.svg.png

.................

3 ‘jets’”:
bundles of
particles

From
http://www.desy.de/sites2009/site_www-desy/content/e409/e287332/e2873
37/e287345/1980-09-22 TASSO-Event Gluon Entdeckung sw_ger.jpg 85

22.9.80
https://www.desy.de/"schlepér/lehre/physik5/WS 2018 19/Physik 5 72-95.pdf



http://www.desy.de/sites2009/site_www-desy/content/e409/e287332/e287337/e287345/1980-09-22_TASSO-Event_Gluon_Entdeckung_sw_ger.jpg
http://www.desy.de/sites2009/site_www-desy/content/e409/e287332/e287337/e287345/1980-09-22_TASSO-Event_Gluon_Entdeckung_sw_ger.jpg
http://www.desy.de/sites2009/site_www-desy/content/e409/e287332/e287337/e287345/1980-09-22_TASSO-Event_Gluon_Entdeckung_sw_ger.jpg
https://www.desy.de/~schleper/lehre/physik5/WS_2018_19/Physik_5_72-95.pdf
https://upload.wikimedia.org/wikipedia/commons/thumb/4/44/Wire_chamber_schematic.svg/1024px-Wire_chamber_schematic.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/4/44/Wire_chamber_schematic.svg/1024px-Wire_chamber_schematic.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/4/44/Wire_chamber_schematic.svg/1024px-Wire_chamber_schematic.svg.png
https://www.desy.de/news/backgrounders/40_years_of_gluon/index_eng.html
https://www.desy.de/news/backgrounders/40_years_of_gluon/index_eng.html
https://en.wikipedia.org/wiki/Gluon
https://en.wikipedia.org/wiki/Gluon
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https://iopscience.iop.org/article/10.1088/1748-0221/9/01/C01017/pdf
https://upload.wikimedia.org/wikipedia/commons/thumb/4/44/Wire_chamber_schematic.svg/1024px-Wire_chamber_schematic.svg.png

Image from Wikipedia

Photomultiplier tube

Photocathode
Focusing electrode  Photomultiplier Tube (PMT)
Ionlzatlon track

—
. —
High energy —
photon Low energy photons | r—
Connector
pins

Scintlllator Prlmary Secondary Dynode  Anode
electron electrons


https://en.wikipedia.org/wiki/Photomultiplier_tube

KATRIN: neutrino mass measurement

https://upload.wikimedia.org/wikipedia/commons/c/c6/Ortsdurchfahrt-Leopoldshafen.jpg

m_< 0.8 eV: most precise measurement of neutrino mass!

0]
(o]

Recently published! https:/arxiv.ora/abs/1909.06048



https://upload.wikimedia.org/wikipedia/commons/c/c6/Ortsdurchfahrt-Leopoldshafen.jpg
https://upload.wikimedia.org/wikipedia/commons/c/c6/Ortsdurchfahrt-Leopoldshafen.jpg
https://arxiv.org/abs/1909.06048
https://www.katrin.kit.edu/img/spectrum_rdax_1200x678.jpg
https://www.katrin.kit.edu/img/spectrum_rdax_1200x678.jpg
https://neutrino.ikp.kit.edu/personal/drexlin/data/_uploaded/image/KATRIN%20Slider/Slider5_InstallationInnerElectrode.jpg

KATRIN: neutrino mass measurement

Karlsruhe tritium neutrino experiment
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https://www.katrin.kit.edu/img/spectrum_rdax_1200x678.jpg
https://upload.wikimedia.org/wikipedia/commons/c/c6/Ortsdurchfahrt-Leopoldshafen.jpg
https://upload.wikimedia.org/wikipedia/commons/c/c6/Ortsdurchfahrt-Leopoldshafen.jpg
https://www.katrin.kit.edu/img/bdecay.jpg
https://www.katrin.kit.edu/img/bdecay.jpg
https://www.nature.com/articles/s41567-021-01463-1
https://www.nature.com/articles/s41567-021-01463-1
https://www.katrin.kit.edu/img/spectrum_rdax_1200x678.jpg
https://www.katrin.kit.edu/img/spectrum_rdax_1200x678.jpg
https://www.katrin.kit.edu/img/spectrum_rdax_1200x678.jpg

http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

Note when the muon arrives here

Key:
Muon
Elec
Che ®
i | (|
----- Phe @
The next °
collision °

happens __(
here:

|

Transverse slice
through CMS

im m 3m 4m
- A

Use trigger to reduce the rate
Step 1: from 40 million collisions per second = 100,000
collisions /s

Step 2: 1000 collisions per second: 2-6 Gb
Hardware-based decisions on the order of microseconds

Use Field-Programmable-Gate Arrays (FPGAs) for this purpose:
can reprogram these superfast integrated circuits (as opposed
to Application-Specific Integrated Circuits)

Electromagnetic
Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

‘ 25 ns . c27.5m

D.Barmey, CERN, Febricary 2004

‘\
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https://cds.cern.ch/record/2120661/files/CMSslice_whiteBackground.png?subformat=icon-1440
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png

Track reconstruction
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Track reconstruction: find hits that belong to track
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What if 78 interactions happen simultaneously?

Rho Z




Or a collision of 2 lead nuclei?

10000 4 €MS Experlment at the LHE, CERN

3 ' ~ “Data recorded 20'10 Nov- 08 10:22 07 828203 GMT(11 22:0
Charged ‘ ; Run / Event: 150431 / 541464 :

o P ey
tracks! _ \\:’ 3

O‘l..‘.‘
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Calorimeters
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What are these
particles?

Why do some pass
through material
and others don’t?
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https://upload.wikimedia.org/wikipedia/commons/thumb/6/61/Alfa_beta_gamma_radiation_penetration.svg/1024px-Alfa_beta_gamma_radiation_penetration.svg.png

https://upload.wikimedia.org/wikipedia/commons/thumb/3/33/Lightning.0257.jpa/1200px-Lightning.0257.jpg

ent/upl ads/2016/08/5maq et.j

http://blog.sciencedyou.es/wp-c

Interactions: four known forces

4

N
§
N

g\\\\\\\ \ i

5 mn\umo
QY. Z
Strong nuclear

force
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P A\
d Vﬁvm\\\\

https://physics.aps.org/assets/89b4f0e0-b8}|
b70d-d90f744d1790/e23 2.png

What are we made of?
How do particles get
mass?

Gravity is not described
by the Standard Model!

Weak nuclear
force

https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/Th

of NASA%27

- 20100819.jpa/800px-The S

the Atmospheric_Imaging Assembl

e _Sun b

s_Solar_Dynamics Observator
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- 20100819.jpa
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b
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http://blog.science4you.es/wp-content/uploads/2016/08/5magnet.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/3/33/Lightning.0257.jpg/1200px-Lightning.0257.jpg
https://physics.aps.org/assets/89b4f0e0-b8bb-44ee-b70d-d90f744d1790/e23_2.png
https://physics.aps.org/assets/89b4f0e0-b8bb-44ee-b70d-d90f744d1790/e23_2.png
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b4/The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg/800px-The_Sun_by_the_Atmospheric_Imaging_Assembly_of_NASA%27s_Solar_Dynamics_Observatory_-_20100819.jpg
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https://www.universetoday.com/54756/what-is-the-big-bang-theory/

Interaction with matter; destructive measurement

Electron-positron Compton
lonisation pair production scattering
ghargled Electron/ > Pr;oton
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http://inspirehep.net/record/826852/files/EPS_CMS_Slice.png
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Electromagnetic calorimeter

e Electromagnetic shower by interaction with material
e CMS uses scintillating lead tungstate crystals of 1.5 kg that can take 2 days to grow!
e Light detected with a photomultiplier tube

Blocks of scintillation crystal
—
4 PMTs

Slits cut into scintillation
crystal filled with reflective
material

Single detector
element
Single block of
scintillation crystal

—

Same crystals
used in PET
scanners


https://upload.wikimedia.org/wikipedia/commons/thumb/a/a1/Schematic_of_a_particle_shower.svg/220px-Schematic_of_a_particle_shower.svg.png
https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=12030&filename=CrystalWithVPTwithShower.png&version=2
https://www.radiologycafe.com/images/physics/nm-pet-scanner@2x.png
https://assets.nhs.uk/prod/images/S_0917_pet-scanner_M4100302.2e16d0ba.fill-920x613.jpg

Diboson event: jets in the ATLAS detector

M(JJ)=5.0 TeV

ATLAS
Event: 2054422947

2016-09-01 16:52:46 CEST EXPERIMENT



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-016/fig_16.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-016/fig_16.png
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much thicker: larger shower
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http://inspirehep.net/record/1633561/files/airshall.png
http://inspirehep.net/record/1633561/files/airshall.png
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CMS = compact muon solenoid

De CMS solenoid:

Is de grootste supergeleidende magneet ooit gemaakt
Weegt 12000 ton

Is gekoeld tot 4.65 K, 2 graden warmer dan in de ruimte
Is 100,000 keer sterker dan het magneetveld op aarde
Heeft genoeg energie om 18 ton goud te smelten

Heeft bijna twee keer zoveel ijzer als de Eiffeltoren
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Waarom zware ionen bestuderen?

From gsi.de

~155

Temperature (MeV)

106

~923 Baryon Chemical Potential (MeV)


https://www.gsi.de/work/forschung/theorie/theory-new/hot-and-dense-qcd
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https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf

|deal signal detection with silicon sensors

e A minimum ionizing
particle (MIP) traveling Al readout strips (AC) ir‘)’;rit?é?g 2‘;; ‘c’i‘ﬁs\:’;a;‘:l:‘pnng
through a fully depleted
region (V) creates
electron hole pairs

e The charges drift to
opposite directions
under the electric field

e Within nanoseconds,
charges are collected at
the readout

h

D=300pum
<1)(r)<). 200, 500 pm

full aluminum backplane or strips

p-in-n silicon sensor

From Frank Hartmann 108



https://rd.springer.com/book/10.1007/978-3-319-64436-3
https://rd.springer.com/book/10.1007/978-3-319-64436-3

Photomultipliers = silicon photomultipliers

SiPM array in ceramic holder
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
HCAL HO

\\\\4@\“\?\\\

2

HCAL - HB
4

HE View in the r-z plane showing
the tower geometry in
pseudo-rapidity

i
29

HB outer radius 2.9m from Inter:

CMS upgréded their hadronic calorimeter:
From hit information for 4 cells (1 tower) = hit information per cell 109


https://cds.cern.ch/record/2243068/files/IMG_1618.jpg?subformat=icon-640
https://cms.cern/sites/cmsexperiment.web.cern.ch/files/styles/large/public/field/image/HCALupgradeOneFig.jpg?itok=dX9qw2sE

