Deeltjes om ons heen

en in versnellers -- en het detecteren daarvan!
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https://www.nwo-i.nl/wp-content/uploads/2017/10/Nikhef-logo.png
https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv

Ik ben natuurkundige

Ik analyseer data, maar ik
bedien en test ook
detectoren.

Hier sta ik voor een
deeltjesdetector waaraan
gewerkt heb op CERN.

Door de buis gaan hele kleine
deeltjes met bijna de
lichtsnelheid. De deeltjes zijn
z0 klein, we zien ze niet!




Wat is CERN?




CERN is een groot wetenschappelijk laboratorium




Maar CERN is ook een mini-staat op zichzelf

Naast meer dan 10,000 wetenschappers van meer dan 100 nationaliteiten een
eigen brandweer, verpleging, ingenieurs, technici...

Jij kan er ook werken!

—

- vy

— =
y
|

o

‘,A"
.

2 g -
A 7 - — ;

’ o
IR ey
\ /

Le dauphine



https://cdn-s-www.ledauphine.com/images/28DF5EC2-1F08-4E1E-9AA6-DFE8D8B9B39D/NW_raw/geneve-le-26-mars-2020-dans-la-crise-du-coronavirus-le-cern-vient-en-aide-aux-pompiers-francais-et-suisses-photo-le-dl-cern-1585227851.jpg
https://www.ledauphine.com/edition-genevois-chablais-bellegarde-pays-de-gex/2020/03/26/geneve-pays-de-gex-les-48-pompiers-du-cern-en-aide-a-la-france-et-la-suisse

Waar zijn deeltjes?




Deeltjes vanuit de ruimte

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

HESS: high energy stereoscopic system,
in Namibié, kan gamma stralen detecteren

Wat zijn die deeltjes en hoe gedragen ze zich?
Waarvan zijn wij en het universum gemaakt?
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http://www.isee.nagoya-u.ac.jp/en/assets_c/2016/03/study01_1-thumb-500xauto-153.png
http://www2.cnrs.fr/sites/en/image/hess_new_large_hd.jpg
http://www2.cnrs.fr/sites/en/image/hess_new_large_hd.jpg

Hoe kunnen we zo’n deeltje
detecteren?




7 -ray enters the
atmosphere

y stralen: fotonen

Electromagnetic cascade

Cherenkov telescoop: *#% % o i PR
e Lichtis0.039% EeRESTH s
langzamer in lucht
Ultra-hoge-energie
deeltjes kunnen
sneller dan licht in
lucht
Een blauwe flash van
“Cherenkov licht”
ontstaat
Net als een sonic
boom van een ; -
Vliegtuig dat door de : s 0.1 km? “light pool”, a few photons per m?.
geluidsbarriere gaat ‘



http://www2.cnrs.fr/sites/en/image/hess_new_large_hd.jpg
http://www2.cnrs.fr/sites/en/image/hess_new_large_hd.jpg
http://www.isee.nagoya-u.ac.jp/en/assets_c/2016/03/study01_1-thumb-500xauto-153.png
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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

Wat zijn al die ‘deeltjes’™
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https://upload.wikimedia.org/wikipedia/commons/thumb/0/03/Simple_Periodic_Table_Chart-blocks.svg/1205px-Simple_Periodic_Table_Chart-blocks.svg.png

Water is een molecuul O Vﬁ4 pm
H 104.45° H

O = oxygen = zuurstof
H = hydrogen = waterstof

Wat is pm?

14


https://upload.wikimedia.org/wikipedia/commons/b/b4/Water-3D-balls.png
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b7/H2O_2D_labelled.svg/1280px-H2O_2D_labelled.svg.png

Water is een molecuul O Vﬁ4 pm
H 104.45° H

1 pm =1 picometer = 102 meter!
10"? m = 1/10"2= 0.000000000001 m
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https://upload.wikimedia.org/wikipedia/commons/b/b4/Water-3D-balls.png
https://upload.wikimedia.org/wikipedia/commons/thumb/b/b7/H2O_2D_labelled.svg/1280px-H2O_2D_labelled.svg.png

Waterstof atoom

waterstof:
1 proton
1 elektron

1
1

H

protium

2
1

H

deuterium

tritium

Eerste foto van een waterstofatoom!
Mede door wetenschappers uit

Nederland
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https://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.110.213001
https://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.110.213001

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!
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massa, lading. Op aarde zien we veel muonen.


https://upload.wikimedia.org/wikipedia/commons/0/00/Standard_Model_of_Elementary_Particles.svg
http://physicsopenlab.org/wp-content/uploads/2016/01/muoncascade.jpg
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https://wwwyoutube.com/watch?v=NhXMXiXOWAA



https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg
https://home.cern/sites/home.web.cern.ch/files/image/inline-images/old/lhc_long_1.jpg
https://www.youtube.com/watch?v=NhXMXiXOWAA
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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

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




RO A ' e £ £
-\\’%?/‘%}‘3, <4‘ Ve

SO

—== "= 100 meter onder de grond is een holte voor
E  experimentatie, van de grootte van een kathedraal, die 1

; }9 van de twee experimenten herbergt die het Higgs boson
~ heeft gevonden: CMS, een detector van 14000 ton !

TR R T Y



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.jpg?itok=EzPQHkIv

: ) - | Je kunt nu dwars door
De CMS pixel detector g &= CMS heen kijken!
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Hoe weten we wat er in een botsing
geproduceerd wordt?




De botsingen vinden
hier plaats!




Een pixeldetector

Hele kleine draadverbindingen
voor een elektronische verbinding

ST T
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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



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

Detectie van deeltjes

Deeltjes laten sporen achter!




&
Steeds dunner: zo dun, we kunnen ze buig

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

Kom eens langs op Nikhef of CERN

https://www.nikhef.nl/publiek/bezoek-
nikhef/open-daag/

Nik]hef

Op Nikhef
werken we
onder andere
aan
detectoren
die nu op de Ly

L H C WO I‘d en 1 : ':«‘_‘\Van CER!\;tot Gran{SaSSZ:
.. b N . overal wordt nu gesleutel
geinstalleerd! x - R e cxperimenten

ASTRODEELTJES
Vele vensters
op het universum
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https://www.nikhef.nl/publiek/bezoek-nikhef/open-dag/
https://www.nikhef.nl/publiek/bezoek-nikhef/open-dag/
http://gallery.nikhef.nl/var/albums/SCT/SCT_1.jpg?m=1391374364
https://www.nikhef.nl/en/nikhefdimensies/

Extra materiaal
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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

33



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/

Discovery of antimatter

The first positron ever observed!

Wilson cloud chamber: gaseous mixture of
supersaturated water or alcohol. Energetic
particle ionizes gas and ions form
condensation centers visible as a ‘cloud’.

https://upload.wikimedia.org/wikipedia/commons/6/69/PositronDiscovery.jpg
C.D. Anderson https://journals.aps.ora/pr/pdf/101103/PhysRev.43.491

:‘ + ’;T 3 . $
Somiedpe )

15000 Gauss = 1.5T magnetic field Wilson chamber for | & = = e

detecting cosmic rays
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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://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf

(B (K Faras
Detectors at the LHC

ALICE

Compact Muon Solenoid
- = 14000 tons: 1.5* Eiffel tower weight, half the size of
- = iy | ’ ATLAS: 15 m x 15 m x 21 m very compact!
S | ' = argest superconductin solenoid magnet ever made

= Large Ion Colliderl Wh g e

¥SExperiment: speC|aI|zed in
“heavy ion collisions andg
r‘a» quark-gluon plasma fractlon

A Toroidal LHC
|ApparatuS e
25 m x 25 mx46m =2 Ha
The inner detector has 3
air core toroidaljgg s . f
magnets and onef& =1 NG ' Ll
solenoidal magnet.; =<7 ‘
Multlpurpose detector ==

l~ LAY AMTESS,. B Y.



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
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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/

Note when the muon arrives here

I 1 1 1 1 1 1
om im 2m 3m 4m 5m 6m 7m
Key:
Muon

Electron
Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
'''' Photon

The next
collision
happens
here:

N\ \ A e
s
gl
;‘HHHHHHIIH
LI
Il
L LY
| “’.‘ﬂw
1@23 P

) Electromagnetic /’//'7,/ / / /
3 )]ull Calorimeter /

Silicon
Tracker

Superconducting
Solenoid

Calorimeter
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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

Note when the muon arrives here

f T T T 1
om im 2m m 4m
Key:
Muon A A
Elec .
p— ﬁzl e Use trigger to reduce the rate
----- phc  ®  Step 1: from 40 million collisions per second = 100,000
collisions /s
The next e Step 2: 1000 collisions per second: 2-6 Gb
collision e Hardware-based decisions on the order of microseconds

happens __(
here:

i)

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

Transverse slice

h

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

Electromagnetic
Calorimeter

Superconducting
Calorimeter Solenoid

Hadron

Iron return yoke interspersed
with Muon chambers

D Barmaey, CERN, Febricwy 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
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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

Drift
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projected onto trajectory e 4

4. z (along beam) E, B field
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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

Every point is one
measurement!

Can identify particles
for low momenta

For higher momenta,
all particles behave

-y
o
)

B U NHe

TPC dE/dx (arb. units)

like @ minimum
ionizing particle (MIP)

ALICE performance
Pb-Pb |sy, =5.02 TeV

_—/

https://alice-doc.github.io/alice-analysis-tutorial/analysis/figurés/gid-pnd

10
p/z (GeV/c)
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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



https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg

ldeal signal detection with silicon sensors

e A minimum ionizing
particle (MIP) traveling Al readout strips (AC) wores [ L
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

D=300pm
c1>(r)0. 200, 500 pm

full aluminum backplane or strips

p-in-n silicon sensor

From Frank Hartmann 45



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

CMS silicon tracker

e 10-12 layers of silicon
sensors £

e 15148 modules i

e 9.3 million electronic
channels

e Operated at-20°C and
< 20% humidity

e In over 10 years of
beam more than a
billion particles fly
through detector!

Strips vs pixels: how to
determine location with

B strips?
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The pixel (or vertex)
detector is so close to the
beam pipe, it cannots
survive this radiation:
replaced in 2017, now
inner layer will be



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 % cvs Expenment at the LHE, CERN
W ~Dala recorded 20T0-Nov- 08 1922 o7 8282;)3 GMT(11:22:07
Charged = ‘ Run f Event 150431/541464 :
M NNy
tracks! B R |
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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

neutrino telescope

e Between 2 and 4 km
deep in Mediterranean
(FR-IT-GR)

e 12000 digital optical
modules (DOMs) on

600 strings
'P" e Cherenkov detection
“or with photomultipliers
| e GeV, TeV, and PeV
' neutrinos

Netherlands plays a large
role in construction

https://iop.uva.nl/content/news/2018/04/neutrino-telescope-km3net-receives-12.7-million-euro-nwo-grant.htm|?156 9494601560



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

Plan for the LHC

LHC HL-LHC
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http://hilumilhc.web.cern.ch/about/hl-lhc-project

