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:: o ! \ MASTERCLASSES
Opetusesimerkki hiukkasfysiikan
avoimella datalla:

CMS Masterclass 2017

Tracker
ECAL
HCAL
Muons

Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla
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: QuarkNe) CERN ja LHC

LHC-kiihdytin ja sen koeasemat
sijaitsevat 27km pitkassa tunnelissa
noin 100 m maan alla Ranskan ja
Sveitsin raja-alueella.

beams accelerated in large rings
(27 km circumference at CERN)

Experiments
particle source where beams cross and

(injector) some particles collide



R QuarkNet\, Koeasemien ilmaisimien rakenne

Yleinen rakenne
Sylinterin muotoiset ilmaisimet hiukkassuihkun
ympérillé collision |
Listattuna sisalta ulos: | : beam
Jalki-ilmaisin (tracking) 7
Sahkomagneettinen kalorimetri

(Electromagnetic calorimeter) é \
Hadronikalorimetri beam™ & &
(Hadronic calorimeter)
Magneetti

Muonikammiot (Muon chamber)
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Hiukkasten ja

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Muon signature: Signals in the Tracker and muon chambers; almost nothing seen in the calorimeters.
Muons are perhaps the easiest paricles to identify in CM3: no other charged particle traverses the whole detector.
Being charged, they are bent by the field in one direction inside the solenoid and in the opposite direction outside. As

muans can anly arise from the decay of something heavier their presence signifies that something potentially
interesting has happened.

Dervad from CMS Detector Slice from CERM

CERN
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https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile?docid=97&version=1&filename=CMS_Slice_elab.swf
https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile?docid=97&version=1&filename=CMS_Slice_elab.swf

QuarkNet Hiukkasten ja

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Electron signature: Signals in the Tracker and the ECAL; nothing in the HCAL or muon chambers.

These electrically charged particles bend in the field and leave signals in the Tracker, enabling their paths to be
reconstructed. The amount of bend depends on the momentum they carry, with the radius of curvature, r, being given
by the momentum, p, divided by 0.3xB, where B is the magnetic field strength (3.8T in CM3). Electrons are slowed to
a stop in the transparent lead tungstate crystals of the ECAL, producing a shower of electrons, photons and

positrans along the way and depaositing their energy in the form of light, which is detected. The amount of light is
proportional to the electron energy.

Dermvad from CMES Detactor Slice from CERN

CERN
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https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile?docid=97&version=1&filename=CMS_Slice_elab.swf
https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile?docid=97&version=1&filename=CMS_Slice_elab.swf
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transversze slice Heutral Hadron Signature: Signal only in the HCAL; nothing in Tracker, ECAL or muon chambers.
through CMS Meutral hadrons, such as neutrons, travel straight through the Tracker and ECAL, without being bent by the magnetic
field or leaving any signals. Like charged hadrons, they are slowed to a stop in the HCAL, depositing their energy and

leaving signals in the form of light in the plastic scintillators. The amount of light is proportional to the energy of the
incoming hadron.

Darvad from CMS Detector Slice from CERMN
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QuarkNet Hiukkasten jaljet -

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice Charged Hadron signature: Signals in the Tracker and HCAL; almost nothing in ECAL and nothing in the muon LU L)
through CMS chambers.

L}

Charged hadrans, such as protons and pi plus ar pi minus (made of pairs of quarks), are bent by the magnetic field
and travel straight through the ECAL leaving almost no signals. Upon reaching the HCAL they are slowed to a stop by
the dense materials, producing showers of secondary paricles along the way that in turn produce light in thin layers
of plastic scintillator material. The amaount of light is proportional to the energy of the incoming hadran.

Dearvad from CMS Detaector Slice from CERMN
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice

Photon signature: Signal in the ECAL only; nothing in Tracker, HCAL or muon chambers. =
Being electrically neutral, photans pass through the Tracker undetected and not bent by the magnetic field. They

interactin the ECAL in a similar way to electrons, producing electromaagnetic showers that leave their energies in the
form of lightthat is detected.

through CMS
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;dﬁiguarkNet Energia ja hiukkasten massat

Jos protonisuihkujen energiat ovat 6,5 TeV....
*Tormaysenergia on 2 x 6,5 TeV = 13 TeV.

*Kuitenkin, protonien sisalla olevilla hiukkasilla on vain
osa tuosta 6,5 TeV:sta.

*Joten syntyvien uusien hiukkasten massan faytyy olla
pienempi kuin 13 TeV.
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} Q- QuarkNet

Tormayksissa syntyy uusia
hiukkasia, jotka hajoavat
lahes valittomasti, ja syntyy
kevyempia hiukkasia.

Sailymislait maaraavat, mita
hiukkasia voi syntya.

Kysymys: Mita
sallymislakeja muistat??
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Hiukkasten hajoamiset
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3 "%Q“Mkmt W- ja Z-hiukkaset

Etsimme nyt heikon
vuorovaikutuksen
valittajahiukkasia:

° W+bosonia (positiivisesti varattu)

_ i ﬂ % o _
* W  bosonia (negatiivisesti varattu) ON O ©- G
- Z bosonia (varaukseton)
&)
Heikon vuorovaikutuksen valittajahiukkasilla on \
massa, minka seurauksena vuorovaikutukset ll+

tapahtuvat vain lyhyilla etaisyyksilla (toisin kuten I
esim. sahkomagneettisella vuorovaikutuksella ja
massattomalla fotonilla)
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,,,.i;-‘;Quakaet W- ja Z-hiukkaset

W-bosonin hajotessa syntyy
neutriino ja elektroni/myoni, joka
Kuljettaa varausta.

Z-bosoni hajoaa elektroni/myoni 0o O
pariin, varaus ei muutu. —> 0990 <
Riittavan suuri tormaysenergia /

voi synnyttaa Z- ja W-bosoneita
tai muita hiukkasia.
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,ﬁQ“akaet W ja Z hiukkaset

W-bosonin hajotessa syntyy
neutriino ja elektroni/myoni, joka f
Kuljettaa varausta.

Z-bosoni hajoaa elektrom/myonl /
pariin, varaus ei muutu. 0 Q o
Oh

Riittavan suuri tormaysenergia
voi synnyttaa Z- ja W-bosoneita
tai muita hiukkasia.
Jet
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‘ ’Q‘Q““kNet Higgsin bosoni

Higgsin boson Ioydettiin CMS

ja ATLAS-kokeissa, ja loyto e_\ /e 1a
julkistettiin 4.7.2012. o /

H@~ 70
Pitkaan etsitty hiukkanen oo

liittyy “Higgsin mekanismiin>, —> ;.0 .0 «<—
joka selittaa muiden
hiukkasten massat.

jet
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‘ ’Q‘Q“a"kNet Higgsin bosoni

Higgsin boson loydettiin CMS
ja ATLAS-kokeissa, ja loyto

julkistettiin 4.7.2012. ;
,_,ur.,ﬂ'Y
Pitkaan etsitty hiukkanen 0'\/0

littyy “Higgsin mekanismiin”=——> .0 .0 «—
joka selittaa muiden
hiukkasten massat.

Jet
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"9' e RS R W ja Z -hajoamiset

Bosonit hajoavat lahes valittomasti, joten niiden
“ialkia” el havaita.
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CMS voi havaita: @
. elektrpnlt & ::ﬂ_@
* myonit o R T ®
* fotonit -
——— " @ |=.'::=-:"'
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CMS voi paatella:
* neutriinojen esiintymisen “puuttuvan energian” avulla
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Tormayksien seurauksena kvarkit
saattavat sirota eri suuntiin.

Kvarkkien valinen sidosenergia
muuttuu tuolloin uusien
hiukkasten ryopyiksi (“jets”),
joissa voi olla elektroneja ja
myoneja.

Tietokone suodattaa pois ne
tormaykset, joissa on
hiukkasryoppyja, koska nyt
emme ole niista kiinnostuneita.
Joitakin saattaa silti jaada
suodattamatta.

Tausta
5
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Jet
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muon-like
signal
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Detector
Tracker
ECAL Barrel
ECAL Endcap
ECAL Preshower
HCAL Barrel
HCAL Endcap
HCAL Cuter
HCAL Forward
Drift Tubes (muon)
Cathode Strip Chambers (muon)
Resistive Plate Chambers (muon)
Tracking
Tracks (reco.}
Clusters (SiPixelz)
Clusters (Si Strips)
Rec. Hits (Tracking}
ECAL
Barrel Rec. Hits
Endcap Rec. Hits
Preshower Rec. Hits
HCAL
Barrel Rec. Hits
Endcap Rec. Hits
Forward Rec. Hits
Quter Rec. His

event display
controls

event vertex : . _
(near collision) -~ / beamline

% '9..

inner detector
(tracker)
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Kaytamme aitoa LHC-dataa testataksemme CMS-

kokeen suorituskykya:
* Pystymmeko erottelemaan W- ja Z-kandidaatit™
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Tehtava 4

* Pystymmeko yhdessa tekemaan kuvan Z-
kandidaattien massojen jakaumasta?
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CMS preliminary 2010
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[1 dt = 198 nb™

el )
100 110 120

g
M(L™ 1) [GeV]
El pxl pyl pzl ptl etal phil a1 E2 px2 py2 pz2 pt2 eta2 phi2 Q2 M
128943239 72.89895 13.36098  -26.087 66.74727 29.3095 1.5612 -1.09746 1 376277 -10.9181 35.80517 -3.82334 37.3966 -0.10197 1.B6677 -1 90.31227
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) *Q- QuarkNet Tehtava 5

. Lc'jydémmeké') harvinaisia H->ZZ tapahtumia?
* L > ete-
® Z % M+u_

Voimmeko valikoida S oR g
elektronit ja/tai myonit? . AN —

Miten tapahtumat pitaisi
visualisoida, jotta havaitsen - /%
P L. {‘1@

kiinnostavat jaljet? Vo
f.-'f [ I
J ,\{\\\ iI ||

\, ‘. \\
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) *Q- QuarkNet Tehtiva 5

*Loytyyko H->vyy tapahtumia?

—

Kuinka havaitsemme fotonit, joista ei jaa jalkea jalki-ilmaisimeen?

Mista etsimme ja mita pitaisi nédkya? Mita ei pitaisi nakya?
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o Oikea mittausdata

S| ¢ ] Bk

Tracks (reco.}

Clusters (Si Pixels)

Clusters (Si Strips)

Rec. Hitz (Tracking)
ECAL

Barrel Rec. Hits

Endcap Rec. Hits

Preshower Rec. Hits
HCAL

Barrel Rec. Hits

Endcap Rec. Hits

Forward Rec. Hits

Cuter Rec. Hits
Muon

OT Rec. Hits

DT Rec. Segments (40}

CEC Segments

RPC Rec. His

CSC Rec. Hits (2D}
Physics Objects

Electron Tracks (GSF)

Tracker Muons (Reco)

Stand-alone Muons (Reco)

Global Muonzs (Reco)

Calorimeter Energy Towers
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Avaa ISpy-online Firefoxissa:
http://tinyurl.com/mcl6-hki-ispy

Avaa taulukj<o ,J;_

http://tinyurl.com/mc1l5-cima



Luokittele
tormavstanahtuma

Dataset Ord No Ev No electron muon W+ cand W- cand W cand Z cand 00" H cand Mass Mass-->odd
maslerclass 1 1 104488192 1 1
masterclass 1 2 104883322 1 1
masterclass_1 3 106817913 1 1
masterclass 1 q 105019570 1 1
masterclass 1 3 110202776 1 1
maslerclass_1 6 111147144 1 1
masterclass_1 7 143928422 1 1 o
masterclass 1| 8 145942990 1 1 89.40 —t—uf 59 ) —
masterclass 1| 9 143498854 1 1 93.61 93
masterclass_1 10 150447432 1 1
masterclass_1 11 151909513
masterclass 1 12 152676268
masterclass_1 13 155762440
masterclass_1 14 157942843
ey ae AEARATIAE
masterclass_1 99 95617291
masterclass 1 100 96831177 '
sums --> g 2 2 6 0 2 o 0
E z C D EFIGH I[JE/LMNOPORS T U NV[W X ¥ Z A.ABACADAEAFAG AH Al AJJAK ALTAM AN AD] AP ADAR[AS|AT AU AV] AW Ax]av| AZ
elmu  Wi/w- g
Ratios --> a 0.33333333 ERIRIEIS
E,.l:'REuI'Is_Tmntq::nr,.l:'ru1agg-..|::|I|::'t_Tmn1;c:|r3| Data_TEHm'nLls_.f:REuHs_Tenn'ln u5J{Hasspbt_Terr'n'|nL ! 11 13 15 1? 1su T 13 15 17 1 21 23 25 27 23 31 33 35 37 33 41 43 45 47 43 51 53 55 57 59 61 63 65 67 63 71 73 15 17 19 &1 63 &5 Isa Ell ;3 35 97 ot

dmvarizns Mass fGeid davarians > fige 1

Flace 2 "Taboce aaoh res g et roundiad to the nearest oud number Fthees ira 'T'thens aaad, place powrs abava that Mewsr diets or owsmets soms eiee sty o ver 15

Totals: " 47 57 3" 27 1" o" 0" 0" 0" 0" 0" 0" 0" 0" a" 0" 0" 0" 0" 0" 0" 0" 0" 0" a" 0" 0" 0" 0" 0" 0" 0" 0" a" 0" 0" a" 0" o ofa"o" 0" 2F 0" "o a" ¢

Mass Plot /
6

) /1 placed in table
shows in mass plot

No.of Events /2 Gew
w

1 5 ¢ 13 17 21 25 20 33 37 41 45 49 53 57 61 65 &8 73 77 Bl BS B9 ©3 97 101 105 109 113 117 121 125 139 133
Mass

!E){REuI'IE_Tmntur,.{Ha;s:pbt_Tmntur,.{Da‘la_Tem'ln UE,{REL”'E_TEI'ITI-II'I u51 Massplot_Terminus _,f: In u_md_dala,.{ll_ext_dah,{
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~ uarkNet .
Q"Q Muista. . .

* Tama on tilastollista tutkimusta; kaikkia tapahtumia ei
pysty luokittelemaan, eika tarvitsekaan

Parin kanssa analysoidaan max 100 tormaystapahtumaa.
Keskustele ohjaajien kanssa. Lopuksi on yhteinen
yhteenveto.
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