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Iepiinyn

H rtapotoa didaktopikn) dtotpLPr] xwpiletat e d00 KUpLa LEPY £XOVTAG G ETTIKEVTPO TO TELPUUCL
ATLAS tov Meydhov Emtayvvin Adpoviov tov CERN.

To TPWTO PEPOG OITOTELEL ALVTLKELUEVO TG TTLO ONUOVTLKTG avaFauiong yio v tepiodo ANymng
dedouévarv Katd 1o Run-3, tov New Small Wheel, kau ovykekpiuévo g piag €K Tmv 900 Teyvo-
LOYLOV QVEVEVTMV TTOV TO OITapTiCouV, Toug resistive-strip Micromegas. ITapovotaletol 1 yem-
UETPLOL TOU aviyveuT] KaBmg Kat 1 ovamopdoTooy g 0To AOYLOWKO w¢g PAoKO oVOTOTIKO
™G dLadLKAOlaG TG OVOKATUOKEUNG TOOO TWV TPOCOUOLWUEVWV OGO KL TWV TTPOYUOTLKMV
OedoUEVOIV. T CUVEYELXL, TTEPLYPAMOVTOL TO EPYOLELD TTOV OVATTUYONKAY, KOL PN OLUOTOLOVV-
ToL 01, YLo TOV TOLOTLKO £AEYYO TV SESOUEVMV TTOU KOTAYPAPOVTAL OTtd TOVUG AVLYVEVTEG, OF
UN-TEPAYUATIKO XpOvo. Me tnv tomobétnon tov aviyvevtov otov ATLAS mpayuotomomOnkay
oelpég dokumv pe Micromegas aviyvevtég tov New Small Wheel ypnoupomoumviog wovia og
OoUVOLAOUO UE POOLEVEPYN TTNYY| UE TO TEAKMDG OXESLAOUEVO NAEKTPOVIKG TTPOCAPTNUEVA O
ovtog. To pmTo PEPOG AOLTTOV OMOKANPMVETOL UE T1] TAPOVGIOON TWV KUPLOTEPWV ALTTOTENED-
UWATOV TG OVAAVONG TOV ESOUEVMVY TTOV CUAAEYONKAV LLE OKOTTO TO YOPAKTNPLOUO, OO0V 0pOPdL
™V o300 Ko TH YWPLKY SLOKPLTLKT LKAVOTNTO, EVOG artd Toug aviyveutég Micromegas.

To delitepo PEPOG aPopd T UETPNOT EVEPYDV SLATOUMV TNG TapaywyNg tov pumofoviov Higgs
UEOW TOU Ny aviopon vector-boson-fusion oto kavdl dudomaong H —» WW* pueletmviog iMpwg
LemTovikég TeMKEG Kataotaoelg. H avalvon ypnowwormotel ta dedouéva tov Run-2 oo ovykpov-
OELG TTPWTOVIMV eVEPYELaG KEVTPOU udlag ota 13 TeV mov kataypdgnkav oo tov ATLAS Kat
aVTLOTOLYOVV 08 0hokANpouévy potervétta 139 fb~!. Idiaitepn onuacio divetar oty extipnon
Tov VITOPABpPOV OV TPoEPYETOL OITO TdAKES (jets) oL omoiol havBaouévo avoyvopiovtal mg
LETTTOVLOL KO TTPOLOVTO. TOV TPOTOPYIKDOV ovyKpovoewv. Tapovoldloviol Oheg oL uehéteg mov
TPOAYUOTOTTONONKOV e OTOYO TNV ELOAYMYT] OVOTNUATIKOV afefatot)tmv ot uéfodo extipun-
ong ov PaoileTor oto TPAyUoTIka dedouéva. Avtég mepthappdvouvy v mhoavi diepetivnon
™G eEapTNomng g uebddov amto depyaaieg wov ovuPaivouy TV (dLa OTLYUN Ue QUTHG TG OVYK-
povoNg, YVwotég wg pileup, oG KoL 0ITO LOLOTNTEG TTOV YAPAKTNPLLOUV TOV TPOTTO TOPAYWYNS
tov Higgs mov pehetdtar, 6mme 1 mapovsia jets. Téhog, mpaypatomor|Onke o Eeyyog g ue-
0080V ¥PNOLUOTOLWOVTOG HOVO TPOTOUOLWUEVE. dESOUEVO Y0, VO 0TtodeLYOel 1) apepolpia Tng
ekTiunong ov Paciletan ota TpoypaTikd dedouéva.



YUvoyn oto EMMVIKA.

H mopoioa dtdaktopikn} dLatpLPr] €xeL MG AVILKEIUEVO TOVG aviyVeVTEG Micromegas TG ava-
Baduwong New Small Wheel tov meipduatog ATLAS. TTapddinio, HeLETETOL 1) TOPAYWYY] TOU
umoCoviov Higgs pe ) uétpnon evepymv dLATopmy HECw Tou UNyoviopov vector-boson-fusion
eEeTdlovTag TAMNPWG AETTOVIKEG TEMKEG KATAOTAOELG 0TO Kavaht drdomaong WW* — £vly.

H epyaoia avtn yopiletal oe Tpelg BepaTikég EVOTNTEG.

H Evotnra I mepihappdver kKepdiawa mov Kadtmtovy to Oempntikd vdfabdpo. SvyKekpluéva,
oto Kegpdhato 1 mapovordletor 1 Bempia tov Kabiepmuévou Ipothmov Tmv Soukmv oToLyeimv
TG VANG OTTWG ETLONG KOL 1) (POLVOUEVOLOYLKT] TTEPLYPAPY] CUYKPOVOEWY TTpmTovimv. Kiplo av-
TIKELUEVO TNG €peuvag avTtig amotelel To melipapa ATLAS tov Meydhov Emtayvvin Adpovimv,
LHC, tov Evpomaikot Epyaompiov Zopoatdiaknig Puvotkng CERN. Erouévmg, to Kegdawo 2
mopovotdlel Tov emroyvvt) LHC pe to melpdpatd tov, 1o ox€dio avapaduong tov ue otoyo
™MV aOENON TG POTELVOTNTAG TOV, TOUG VITOAOYLOTLKOUG TTOPOUG TTOV YPTOLULOTTOLOVVTOL YLCL TV
atoOKeVon Tov ueYahou aplBuol dESOUEVOIV, EVED OMOKANPMOVETOL UE TOVG TILOAVOUS TPOTOUG
mopoywyng Kol dudomaong tov umwofoviov Higgs. To Kegpdhowo 3 apopd tov aviyvevtyy AT-
LAS 6mov mepLypdpoviol evOELEMG TO. VITOAVLYVEVTIKA CUOTHUATO TTOV TOV ATTOPTICOVY, TO
oVOTNUO. OKOVOOAOUOU Kol Katoypopig dedousévwv, Ommg emiong Kot 1M aluoida Tov aKo-
MovBeiton yLo TV opaywyn Tpocouolmuévav dedouévmy. Emmhéov, divetor fAon oty avo-
KOTOOKEVY] TV OedOUEVWY, TOGO TOV TPOCOUOLOUEVMY GO0 KAl TOV TPAYUATIK®OV, TO 00l
TeEMKA xpnopomotovvTor amd Tig opnadeg avaivong. To Kegpdhowo ovtd ohokAnpdvetarl Ue tig
avapabuioeig tov ATLAS otpépovtog Ty tpocoyn oty avafaduon New Small Wheel.

Zmv Evotro 1T mapovotdletal 1o mpdto Kouudtl tg €peuvag, o aviyveutg Micromegas tg
avafaduiong New Small Wheel. H yemuetpio Tou aviyveuTr| KoL 1 TEPLYPAPT| TG OTO AOYLOULKO
IOV Y PV OLUOTTOLELTAL YLOL TV AVAKATAOKEVT TV dedouévmv mapovordletor oto Kegpdhaio 4. To
Kepahaio 5 emKeEVIPMVETOL 0TV OELPA ELEYY WY TTOV VITOKELVTOL TOL SESOUEVA DOTE VL ETTLTEVY OEL
N VYA TodTTA Tovg. AlveTtar WOLaLTEPT] £UPOOT] OTO EPYOAEID TTOV €XOUV avOTTTUYOEL YLO
TOV aoUYypovo éleyyo Tov dedouévmv. Téhog, oto Kepdhowo 6 mapovoldletar 1 avaivon
dEOUEVIV UE OTOYO TO YXAPUKTNPLOUO TNG OTTODO0NG KOL TNG X WPLKNG OLOKPLTIKNG LKOVOTITOG
evog aviyveuty New Small Wheel Micromegas pe xp1on g Tehkng €K000NG TOV NAEKTPOVIKMV
OV €YOVV OYEDLOOTEL Y PNOLUOTOLDVTOG OEOUN WOVIMV aAAG KoL padLEVEPYT] TTNYN YL TNV
TPOCOUOLWOT TEPLBAALOVTOG OVALOYOU QUTOV TTOU GVOUEVETAL TO ETTOUEVO XPOVLO. AOY®D TV
ovopaduioemy Tov emLToy V).

H Evotnta 1T agopd to d0TEPO KOUUATL TG £PEVVAG, TNV AvaAlUoT dedouévwv pe otdyo ™
uelétn tov pmoLoviov Higgs. Zto Kegdhao 7 divetan pua YEVIKT) TEPLYPOPTY TNG OTPATN YLK TNG
avaivong mouv akoAovONONKe ne otoOXo TN UETPNON TG OMOKANPWUEVIG CALG KO SLAPOPLKDV
EVEPYDV SLATOUMV TNG TopaywyNg Tov wrotoviov Higgs uéow tov unyaviopov vector-boson-
fusion oo xavah didomaong WW* — £vly. To Kepahaio 8 aplepmveToL 0NV TEPLYPAPY| TG
TEYVIKNG YLO TV EKTIUNON TOV VIToBAOPOV TTOU TPOEPYETOL OTTO AVTLKELUEVA TTOV AavOaoUEVaL
avayvopilovtor wg AeTTOvVIa OTmG eTIONG KAl 0TLg HeAETeg Tou dlevepynOnkay pe otoyo v
ELOOYWYN CUOTNUATIKOV OPOAULATOY 0T uéBodo.
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To xeipuevo g dLaTpifric OAOKANPWDVETOL UE TNV TAPOVOLOON TWV TEMK®MV CUUTEPAOUATWV
otv Evotnta IV. Trootnpitktikd vAkd Tov peletmv kobwmg Kot mpdoetec pehéteg Ko 1oéeg
7oV ovaTtTOY KOy tapatifovtal oto TapapTiuota ™ Evotnrog IV.

"‘Evag amd toug KupldTteEPOUS GTOYOVG TNG PUOLKNG VPYNAMY EVEPYELDV ALPOPAL THV EVOTTOIN 0N TWV
BepueMwdmv alnhemdpdoemv g @Uong (LoyvpY|, NAEKTPOUOYVITIKT), AoOEVg Kol BapUTIKY).
MéypL ko onuepa, 1o Kabiepwuévo Mpdtumo amotelet Ty mo Kaid Oepuelwuévn Bewpia Kabng
EYEL KOTAPEPEL VAL TTPOPAEPEL ETUTUYDG TOALAL TELPAUATIKA OTTOTEAECULOTOL EVED TTOPAAATAOL EXEL
avtoreEELOeL TANOmPA TEPAUATIKDV ELEYY V.

Zoupova pe autd to BewpnTikd povtého vmdpyovv S0 €idn oToLEIWOMY cOUATdIWY, TO
LETTOVLOL KOl TAL KOVAPK. Avtd amotehov Oha pall pio opuddo dmdeKa couatidimy Tov xwpil-
ETOL O€ TPELG OLKOYEVELEG-YEVIEG. KaOe pio yevid ammoteleitol amd d00 Aemtdvia Kal d100 Kovdpk.
H mpwtn otkoyévela, amoteleitar amd tor Kovdpk dvem (up) kou Katw (down) Ko tor Aemtovia
NhexTPOVIo (¢7) Kau veTpivo nhextpoviov (v,). H devtepn yevid amoteleiton amd ta Kovdpk
yopLtmuévo (charm) kau mopdEevo (strange) Ko To AETTOVLOL OVLO (1~) KL TO VTIOTOLYO VET-
pivo tov (v,). Téhog n tpitn otkoyévela mephapPdvel To KOvapK Kopugr) (top) Kau mubuévag
(bottom) KoL ToL AeTTTOVLAL TAW (T7) KO VETPivo Tov Tow (V7). To kGBe éva oo ovtd to. ompotide
VITAPYEL KOL TO CVTIOTOLYO OVTL-OMUOTIO0 Ue LOLOTNTEG (OLeg EKTOG ATd TO (POPTIO OV ElVaL
avtifeto. Me T oouatidia g IPdTNG YEVIAG Wtopolue vo. eEnyioovue tov opatd kéowo. Ta
OKTM OMUOTIOL TWV VO TEAEVTALWV YEVIDV dEV €lval oTtabepd eV 1 dLapopd Tovg atd ot
TG TPWTNG YEVIAG OelAeTaL 0T peyolivtepn udla Toug.

Zougpowva pe to Kabiepouévo Tlpdtumo, ta otoLyelmdn ocmpatidie umopotv va oANAETLdpovv
UETOED TOUg AVTOAAAOOVTAG SLAPOPETLKOD TUITOV COUATIOLA-OYYEMOPOPOVS, K APUKTIPLOTIKO
™m¢ k&be Bepuehddovg dhvaung. Ta Kovapk aAlnlemdpoltv ueta&h tovg avtalldooovtog
éva amd Ta oKTM Ywplg udla ykhovovia (g) qopeig g woyxvpng duvaung evo ovvduoouol
KOVAPK OUYKPOTOUV Ta couatidio mov kKahovue adpdvia. H nhextpopoyvntiky alinlemidpaon
dpo. UETOED TV QOPTIOUEVDY COUATIOIWV UE 0ryYeEMOPOpo To auolo pmtovio. H aobeviig
OMMAETIOPOON ETLTPETEL UETATPOTEG TWV KOVAPK evOC TUTOU 08 GAAO avtolhdooovtog £va
a7to TO SLAVUOUOTIKG Ko e pata pmotovia W ko Z.

H eikdva tov Kabiepwuévou Ipotimov ohokinpmdvetar pe o wroldvio Higgs ue to omoio eEnyei-
TOL 1 WBOLOTYTA TG WAL TV couatdimv. O udleg Aowtdv Twv oopatdimy Kabopifovtal ue 1o
71000 Loy UPY| elvan 1 60TeVEN Toug (coupling) pe To Tedio mov dnuovpyel To uroLovio Higgs.

To KaBiepouévo TIpdtumo améyel amd To Vo YOpOKTNPLOTEL WG WA TAPNG TEPLYPOP TWV
BeueMwdDV OANAETIOPAOEWY KAOMDE aTavTNOELg 0 TOAMG epmTHUaTo dev £xovv dwhel. Avtd
mepthaufavouy v eENynon g PoplTnTag Kot TG QUOLKNG TTOV JLETEL T 0KOTEWVY] VAN KoL
EVEPYELL.

o vo PUTopEcovUE VoL dMOOVUE ATTAVINOELS OF EPMTHUATO OXETLKG UE T1 dnuovpyio Ko
000TO0T TOV ZVUITAVTOG, €)eL Kotaokevaotel o Meydhog Emttayuveig Adpoviwv (LHC). ITpoxker-
TaL yLoL Evav KUKMKO EmrtayuvTi] oopotdinv sepupépetag 27 A mov €xel eyKataotadel oto
ovvopa EABetioc-T'alhiog. Exel oyedlaotel ote vo Lmopel vou ELToVEL KoL VO CUYKPOVEL dEO-
ueg cwuotdinv (Cuvbwg TPMTOVLA) 08 TOYVTNTEG TOV TANOLAZOUVY TV Ta)UTITO TOU PWTOG.

iii



Amotéleoua TmV oVYKPOUGEMY QUTMV Elvarl 1) dnuovpyio. Bopudv ompatdiwy ta omoia O emt-
Tpé€Pouv Tov Eleyyo BewpnTuikdv voféoewy aAhd Kou véeg avakolnpelg. H Aettovpyia tov
emrouvT Eekivnoe emionua to 2008.

e dLAPOPaL OTUELC TTNV TTEPLPEPELDL TOV ETLTOYVVTY] £XOVV EYKATAOTOOEL TELPAUOTO-UVIYVEVTEG
TOL OTTO(0L AELTOVUPYOVV (DG WKPOOKOTTLAL ETUTPETOVTOG TOV OKPLPT EVTIOTLOUS TWV TPOIOVTMV TWV
TPWTOPYLKDV oVYKPoVoemV. "Eva artd avtd Ko to peyaditepo elvol To meEipapa YEVIKOD 6KoTov
ATLAS, x0pLo avIiKeipnevo g mapotoog £pevvag, To omtolo avokoivwoe to 2012 tavtdypova ue
T0 deVTEPO Peyarvtepo meipapa CMS, v avakaiuyn evog véov copatdiov ndtog 125 GeV ot
1WOLdTNTEG TOV OTTOlOV MTaY CVUPATEG UE auTEG Tov witoloviov Higgs omwg mpoPrémer to Kabiep-
wuévo Ipotumo.

O aviyvevtiig ATLAS €yet kulvopikd oynua pijkovg 45 u, dwapétpov 25 pevm Luyitel 7000 tovoug.
Amotedeitol amd Téooepa KUPLAL PEPN: ) TO GVOTNUO UAYVNTWV, ) TOV ECOTEPLKO AVLYVEUTY|
TPOYLMV, ) TO KAAOPIUETPO KOL &) TO POOUNTOUETPO ULOVIWV.

Tiae T P€Tpnom ¢ opuUNG TWV POPTLOUEVIV COUATIOIMV EIVOL OTTAPAITNTO AUTAH Va. BPLOKOVTOL
uéoa og poyvnTko medio. To payvntikod ovoTnuo atoteleiton amd Evav KeEVTPLKO CwANVoeLd
VITEPOAYDYLUO UOLYVITY] TTOV TEPLPAAAEL TOV ECMTEPLKO QLVLYVEUTI] TPOYLMOV UE TLUT UOLYVITLKOD
mediov 2 T. Tpeig emmhéov VITEPAYDYLUOL TOPOELDELG OYVITES €lva TomoBeTuévoL YOpw amd
To KohopipeTpa (¢vog oto Paperoetdéc tunua (barrel region) Kol d00 otal KOTdKLo TOU fopehton
(end-cap region)) yio. TV KGUPT TOV TPOYLOV TV Woviwv. H péyiom) ty tov paryvintikon
mediov @taver ta 4.1 T.

O e0MTEPLKOG OVLYVEVTIG TPOYLMV autoTeleitan 0td Tovg Insertable B-Layer, Pixel Detector, Semi-
conductor Tracker ko Transition Radiation Tracker. Me ) dtGta€n avt] uwopovv va uetpnbotv
OL TTAPAUETPOL TV TPOYLDV TTOV T SLATEPVEL KOL KOTA GUVETIELDL VO, OPLOTEL 1] 0pu), 1] devbvvon
KOLL TO TTPOONUO TOV (POPTIOV TWV GMULTLOWV.

Ta KoLoPIUETPOL 1) OEPULOOUETPO LETPOVV TIG EVEPYELES TV POPTLOUEVMV KOL OVIETEPWV OMUOTLOL
WV KoL dLay wpilovTol 0To NAEKTPOUAYVNTIKO Kot To adpovikd Bepudduetpo. Amotehovvrol amd
EVOALAOOOUEVO OTPOUATO OTTOPPOPNTAOV KoL 0t evepyd otoryeio. Ou aAMNAemdpAoels Twv
OOUOTLOLOV LE TOV ATTOPPOPNTH UETOTPETOUV TNV TTPOOTUITTOVON EVEPYELD, TOV COUATLOOU O
évav midaka (jet) amd cwuaTido To 0O 0TI CUVEYELO AVLYVEVOVTOL OITO TO EVEPYO OTOLYELD
UEC® LOVIOUOU 1] OTTILVONPLOUOYD.

Ta udvo oopotidio Tov emPBrovouy ympig vo emPpavduviolv eivor ta wovio Yo Ty av-
{YveVon TV 0TTOIMV £)eL OYESLAOTEL TO WOVIKO (POOUATOUETPO. Ta aviyVEUTIKA GUOTHUOLTO TOV
YPNOLUOTOLOVVTOL OVITKOUV OTNV KOTNYopio. TmV aviyvevtav aepiov. H Papeloedng meproxm
astoteleital amd Tovg Monitored Drift Tubes, ot omoiol wapéyovv akpiLfn UETPNON TOV WOVimY,
Ko Tovg Resistive Plate Chambers ot 05toioL apéyouv mAnpogopio oKavdalopov. Ao v G,
0T0. KOTTAKLO, TOV BapelloD vl eyKateotnuévol Tpeig diokot kKabetol otov dEova diéhevong twv
GUYKPOVOUEVOV COUOTLOLOV EVHD OL TEXVOLOYIEG OVLYVEVTMV TTOV £X0VV emheyOel eivar oL Mon-
itored Drift Tubes, Cathode Strip Chambers kow ot Thin Gap Chambers.

O emtayvvng akohovbel éva Tpdypouuo dtodoytkmv avafoaduioewy we otdyo Ty avEnon g
POTEWOTNTAC Tov ayyilovrog Tiwég S—7-103*em™2s~! netd 1o 2028 dmov Oa emtevyOovv mepimov
20 qopéc mePLO0ATEPEG GUYKPOVOELS OE OYEON UE TNV TTPMTN TEPi0d0 Aertovpyiog, avEavovtog
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£tot TN movoTNTO OvakG UG vEmV cwpatdiwv Kol Néag Pvotkic. TTapdhinha, ue Tig
avofaOUiOELS TOV ETUTOYVVTN YLOL VO UTTOPECOVY VO OVTATEEELOOVY OTIG VEEG OUVOTKEG POTIG
OOUOTLOLMV KoL YLoL TNV EEAKOA0VON 0N TNG e0ppLOUNG AELTOVPYIO TOVE OL VLY VEVTEC-TTELPAIOTOL
okohovBoUV To dLKO TOUg 0Y£SL0 avafobuioewy.

H onuavtkotepn avafaduon tov aviyvevt) ATLAS v mepiodo avapabuioemv 2019-2022
APOPA TNV AP AVTIKATAOTOON TOV ECWTEPLKMY WOVIKOV Oahduwy otV steployr) end-cap pe
vEoug aviyveuTtéc. To KUPLo KivTpo g avafaduiong autg agopd TV UEImON KoToypopng
YEYOVOTWV, CUVOMK{, 0TTO TO (WOVLKO GUOTNUOL TO, OTTOI0 OEV AVTLOTOLYOVV O WOVLAL, TOPAYWYOL,
TV TPWTOPYLKDY GUYKPOVCEMV.

H avapfdduon avty eivor yvwot) wg New Small Wheel (NSW) katl vrtdoyetal dpLoto ywptkd
KOL {POVLKO TTPOGOLOPLOUO TWV TPOYLMV € TPAYUOTIKO ¥pOvo KaBd¢ Kot TOA) KahO OKAVOUA-
wopd. To NSW eivan eEomhopévo e 800 texvoroyieg aviyvevtdv aepiov tovg small-strip Thin
Gap Chambers (sTGC) kal toug resistive-strip Micromegas (MMG). Ou sTGC ypnoipuomolovvtol
TPWTOPYLKA YLt TOV OKAVOOMOUS (TTopéyovTag TapGAAAL TTAPOQOPILOL YL TV AVOKOTO.OKELT
TOV TPOYL®V) Kot ot MMG yLor TV avaKaTooKeV] TV TPOYLmVY (CUUUETEXOVTAG TApAMNAa KoL
0TOV oKAVOOMOU)).

Ou sTGC mepihaufdvouv do kaBodikd emimeda amotelotueva amd mhdxeg (pads) 1 Awpideg
(strips), mov oynuoTiCouv éva dudkevo miovg 2.8 YLAMooTMVY To 0Toio YeuileTan pe piyuo agpiov
55% CO; xat 45% n-meviavio. To emimedo thg avodov 6To HECO TOV SLAKEVOU OTOTELEITOL OLTTO
emLPUomUEVA oVppato. (wires) Boigppauiov.

OLMMG amotehovvron atd do mopdinla emimeda avddov kot KaBddov opiloviag Eva dLakevo
a0V TEPLTTOU 5 Y IMOOTMV TO 0moio yeuiletal ue aépto 93% Ar, 5% CO, kot 2% 160fovTavLo.
‘Eva jukpo-mthéyuo ympilel Tov evepyd OYKO TOU OV VEVTH 08 OO0 AOVUUETPES ETLUEPOVG TTEPL-
OYEC: TNV TEPLOYT] UETATPOTNG KOl TNV stepLoyn] torlarthaoiaono. H avodog eival ympLopévn
oe hopideg (strips) amd yorkod. Ymdpyovv dvo otpouata Awpidwv. Tlave amd tg Awpideg
ovayvwong £yel tomobet el éva emmhéov oTpdUO APIdWV avTioTAoNg TTOU XWwPILovtal amd
TG TPMOTEG OO EVAL LOVOTIKO VMK Yol TV amopuyl] omvONpov QALVOUEVO TO OO0 £)EL
TopaTNPENOEL OTOVUG OVLYVEVTEG QUTOU TOV ELOOVC.

H Aettovpyia kou tov 600 TOTOV oV veuTtdv otnpiletar oty dia apyn. Me v ggpopuoyn
KoTdAAnhwv duvopukov dnuovpyotvtar loyvpd nhexktpikd media. Etot, tov £va popTiouévo
onUaTidOLo ELoEADEL OTOV EVEPYO GYKO TOU OVLYVEVTY LOVIZEL TO A€PLO Kot Ta eEAeVBEPA NAEKTPOVLOL
0KoAOVOOVV TIG SUVOLKEG YPOUUEG. AVTA OTOV TTANGLACOUV TAL OVPUOTO. (YLOL TNV TIEPLTTWON TOV
sTGC) 1} to wrpo-miéyna (Yo v mepimtmon twv MMG) Moy tou moll 1oyvupol NAEKTPLKOD
7110V TOAAATAAOLALOVTOL LECW TOV (PaLVOUEVOD TG Y LovooTiBddag. H xivnon twvniektpoviwv
KOL LOVTOV ETAYEL TOMD YP1YOPO. CNUOTO OTO NAEKTPOSLA TWV GVLYVEUTMV. ZUYKEKPLUEVA YLOL
tovg STGC oL ouumtdoelg Tmv pads VTodeLKVIOUV XOVIPLKA TO CNUELD OTTO TO OTTOL0 TTEPOOE TO
OOUATION VD TAPAAANAO VITOYOPEDOVY TA TTPOG AVAYVMOT Strips TO 0TTOL0. TAPEYOVV TANPO-
popla yLo TV TP ovvtetayuévy. H avayvwon twv wires mapéyel whnpogopia g deltepng
OUVTETOYUEVNC. ATO TV AN oL MMG amtotehotvton amd emtimeda to omola £XouV Ta strips
dratetarypévo mapalnia (eta strips) £ToL MOTE VoL WTOPOVUE VoL £XOVUE UETPNON TNG WAG CUV-
TeToyuévng kou dhha (stereo strips) To omota eival otpopuéva ved wkpt yovia (1.5%) wg mpog
TO TPWTO. DOTE VA elvor dSuvaTi 1) TAUTOYPOVH UETPNOT SVO CUVIETAYUEVDV.



Ka&be NSW eivan évag 8loKog-Tpoy0g 0 0motog amoteleitol amd deKaéEL ouvolKd Toueic (sec-
tors) , OKTM UEYAAOVG KaL OKTM (Kpovs oynuatog tpomeliov. Kdabe touéag, amoteleiton amod
16 emimeda ta omoia elvor opyavmuéva oe d0o molv-emimeda (multilayers). Kdabe multilayer
nepthapfavel téooepa STGC ko téooepa MMG emimeda. H tehikt| TomofEtnon katd uKog tg
devBuvong g déoung eivar STGC-MMG-MMG-sTGC. T'lo TV avayvmorn Tov onudtov oo
OMOVG TOVG QVLYVEVTEG YPNOLUoTOLoUVTOL 2 EKatoupuipla Kot 350 xihiadeg NheKTpoviKa Kavalio
v Toug MMG kan tovg sSTGC avtiototya, o aptOudg Twv oTolmv VTOdELKVUEL TV aaiTnon
evOg eEEMYUEVOV OVOTNUOTOG NAEKTPOVIKMV.

211G EMOUEVEG EVOTNTES TOPOVOLATOVTOL GUVOTTTIK T KUPLOTEPQL ONUELDL KO ALTTOTEAEOUOTOL TG
SLOOKTOPLKYG EPEVVOG.

*
O aviyvevtiis Micromegas g avoapaduions ATLAS New Small Wheel

Kabe MMG astoteheiton amd 00 aKTLVIKG TUNUATO, KOTOOKEVAOUEVA 0OG SEXWPLOTEG WOVAL-
dec (modules). Ymdapyovv téooepa modules too SM1, LM1 mou givor TomoBetnuévo eomTepLka,
eyyUTepa Tov onueiov ovyKpovong, kor ta SM2, LM2 mov piokovtol eEEwTepLka, oe pueyaiitepn
0TO0TAON OTo TO oNuelo ovykpovong. To L avapépetor 0Tovg ueydhovg TOUELG EVM TO S 0TOVG
wkpovg. H kataokevr| tovg eiyxe avatedel petasi teoobpmv epyootpimv g Itaiiag (SM1),
g Fepuaviog (SM2), g Faihiog (LM1) kaw g ovvepyaoia ueto&O EALadac/Pooiag (LM2).

To meipapo ATLAS éxer avarttiEet 1o hoytoukd Athena mote va avaxotaokevdlet To dedouéva
70V GUAMAEYOVTOL OTTO TOV KGOE vmo-aviyveuty tov. To ido Aoyowkd xpnolooteital Ko
YLOL TNV OVOKOTAOKEVT] TWV TTPOCOUOLMUEVDY dESOUEVIV TAL OTTOLOL ELVOL ATTOpOTNTO YIo KAOE
TPOYPAUUE AVAAVONG PUOLKNG.

T v 0pO1) emeEepyaoio Ko HETAPPAOT TMV ONUATWV 08 OVTIKEIUEVO PUOLKNG Elval TTOMD
ONUOVTLKY 1] YVOOT KOL 1] VATOPAOTAOT TG AETTOUEPOVG TEPLYPOPNG TNG YEMUETPLOG TOV
aviyvevtmv. Idaitepa onuoaviikd polo ailel ) yeouetpia g avodou kabwg aarteitan Eva-
TPOG-EVAL QTTELKOVLOY OVVIEONG UE TA NAEKTPOVIKA KAvAhLa. AdYm TEPLOPLOWDY KOTOOKEVTG OL
avodol amotehovvton eite amtd wévte (SM1, LM1) eite amd tpeic (SM2, LM2) mhokéteg Tumm-
uévov kvkhopatog (PCB). Emumiéov, kabe PCB ywpiletan ot pnéon oe dvo aveEdptnreg mept-
OY£EG YLOL TNV eQapuoyr] VmANg taong. Téhog, Kabe évag TUTOG aviyveuTy| €)Xl KATAOKEVOOTEL
UE LOVOILKAL XOPOKTIPLOTLKA TAL OTTOL0L KO TTPETTEL VoL MOV vroyn).

H yeouetplo motd00 TNV TPAYUOTIKOTITO OV EIVOL OTATLKY OVTE AVIOTOKPIVETOL ETAKPLBMG
0T0L OY£SL0L KOTOLOKEVTG.

Katd v kataokeuy Tov Badduwv d1dgopeg HETPNOELG ApONKaV YL0. TN YVAOOT TOV aKPLBovg
evromopol ¢ 0éong twv strips yio KOs module. Emutiéov, Moyw tov OTL Ntav 1 TPOTY
(POPAL TTOV KOTOOKEVOLOTOV aviyveuTr|g Tumtov Micromegas o€ pueydin khipoko, mapatnpnonke
EVTOVI 1] TOPOYWYT| OTTLVONP®Y TTOPE TG ELOAYWYNG TOU ETLITAEOV ETLTTEDOV strips. Qg AVoT 0To
TPOPANUA, ATOTENEDE 1) EQAPUOYT) AETTOV OTPOUATOS KOOGS YUP® atd ToL OPLOL TNG EVEPYOD
TIEPLOYNG OITOV OTAL GNUELD CUTA TO TTPOPANUA YTV TTLO OPATO KL U1 ATTOdEKTO. AUTi| 1) EVEPYELDL
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Kotevbeio emupépel adhoyn ot yeopetpio. ‘OhoL cvToi oL TapdyovTeg AVIjKOUV 0TV KATYopio
TV as-built mopapéTpwv.

Me v £yKataotaon Tov oviyveutdv 0to ATLAS mapdyovieg omwg 1 Ogpuokpaocia, 1 mwieon,
1 vypooio aAld KoL TO UoryvnTiko edio, Wropolv vo. ETLPEPOUV CUVEXMG CALOYEG 0T YEW-
uetpia twv Bohduwv. Tt autd to okomd to NSW éxet to dikd Tou ovotnua evfuypdumong tTmv
QLVLYVEVTMV TOV TO OTTOL0 ELvail TpooapTNuévo oe auto tov ATLAS. Me to ovotnuo ovtd Loty ol
UETPNOELG UETAPPALOVTOL HECW EVOG VEEGPTNTOV hoyLomkov, To ARAMYS, ko péow petaoyn-
LOTLOUMV UTTOPOVV VO OPLOTOVY UETATOTUOELG KOL OTPOPES (A-line TapAUETPOL) KL TTOPAUOPPMD-
oglg (B-line mapauetpol) Tov Oohdumy 0to xmpo. Avtd To oVVOLO TAPAUETPMVY amodnkeveTaL
o€ o faon dedouévmv 1 omola avavemveTal KAOe Myeg mpeg KaOmg Kataypdpovtal dedopuéva
07t0 ToVg avyveuTég. To Athena ot ouVEYELD ETTLKOLVWVEL LE TN A0 HESOUEVIIV KOL CLVOLVEDVEL
OVOAOY(™G TOV OPLOUO TNG YEWUETPLOG TOV OVLYVEVTMV.

Amd ™ oTLyp] IOV CUAAEYOVTOL TOL TTPOYUATUKO SEOOUEVQL, OELPA EVOELEY DV ELEYY WV dLEVEPYOTV-
TaL O SLAPOPO OTAdLA, (e OKOTTO TNV EEA0PAMOT TNG VYN TTOLOTNTOG KO PN OLUOTNTAG TTPOG
avilvon Twv dedouévmy. Zto dmuatio eréyyov tov ATLAS (control room) ka0e €va vrroovotua
€L TO KO TOV YPOpelo eE0MOUEVO pe TANOmPa EQapPUOYES TTOV £xouv avamtuydel mote va
WITOPEL VOL ELEYYETOL 1] KATAOTOON TWV OVLYVEVTOV OTTO TOV EKAOTOTE EPEVVITY TTOV £)EL AVAAABEL
Bapdia (shifter).

'EtoL, 1 KOTAOTAON AELTOVPYIOG TMV AVEYVEVTMV KOL TWV ES0PTNUATWV TOV TOVG OTTOTENOVV
eréyyovtol Kol mapakoloBotvtar amd to Detector Control System (DCS). Ta dedouéva. amd to
ovoTuo. autd apyeodetovvial o avtiotolyn Paon dedouévav dote vo AnpHolv VoY ot
UETETELTO OTAOL0 eléyywv. 'Bva GAlo gpyaleio mmoU YPNOLUOTOLEITOL OF TPAYUATIKO YPOVO
ue 1 ANY1 dedoUEVV TOPEYEL TANPOPOPLAL O LOPPY] LOTOYPAUUATMV EVA AUTOUATOL EAEYYOL
dLevepyovtoL og auTd Lo Tov VK0AO KoL dueco evromoud mpofinudtwyv. Tao otoypdupota
avtd amodnkevovtal emiong. T'io 0ol0d1)tote OEI0 TPOKVYPEL EVIUEPDVETOL O EKAOTOTE ELOLKOG
YLOL TV GUECT] OTTOKATAOTAOT TOV TTPORANUATOG.

Ao ™) oty wov to dedOUEVO EXOUV KOTAYPAPEL KO AVOKOTAOKEVAOTEL, TEPVOVV OLOVYYPO-
VOUG ELEYYOUG 0€ VO 0TAdLO. APYLKA, ELEYYOL SLEVEPYOVVTOL OE EVOL OVTLITPOOMITEVTLIKO dELYLLOL
tov dedouévmv (express stream) evid auTol EEKLvoOUv péoa oe Ayeg dpeg oo TV apyf ™™g
Kotaypagng Tov dedouévov. ' autod TO 0TAdL0, OL ELOLKOL TMV VITOCVOTNUATMY UITOPOVV VO
OVOVEMVOUY VALY TIG BACELG DESOUEVV. TN CUVEYELD, 1) OLOOLKAOLC AUTY) ETOVOAaUBavETAL
£€w¢ 0Tou BewpnBel BELTLIOTN 1 PaBuovounon Kat evbuypduuon twv aviyveutov. H diadikacio
VT ewval Yoot wg calibration loop evem €yer duapkela mepimov 48 mpeg. Ao T OTLYUY] QUTH
witopet vor Eekuvijoet 1 My twv dedouévmv pog avdlvon (main physics stream) oOUp@vo Ue
TO ALTHUOTA TOV VIEVOUVOV avolioeEmY Tov TapéyovTol o MoTeg emhoyNg KpLTnplov (trig-
ger menu). To oUvolo Twv dedouévov avokataokevdletor uéoo oe 48 mpeg amd ™ AMEN g
KATOYPOP1G TO 0TT0L0 VITOKELTAL 08 TEMKOUG EAEYYOVG. ZTO OTAALO AUTO EAEYYETOL EQV EYXOUV
MOl vTOYN oL alhayég o avouévovtal ovupmvo ue to dedouéva g Paong dedoutvmy,
evtomilovtal Tuyov mpopAnuata wov dev eiyav avilngoel kotd ™) didpkela ™G Mymg Tov
dedoUEVOIV OTT(G ETTLONG Kail TUYOV TtpofAnuato oto Aoyioutko (Athena) stov (P1OLUOTOLELTOL YL
TNV AVOKOTAOKEVT] TOV YEYOVOTWV.
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T'o Tov aoVYyPovo EAEYYO TMV OVOKOTOOKEVOOUEVDY SESOUEVOV OTTWC OUTA GUALEYOVTOL OLTTO
Toug aviyvevtéc MMG éxouv avamtuyBei kotddinho epyaleion oto Athena. TIAnOwpa Loto-
vpouudtov septhaufaver inpogopio yia kKabe éva amd tovg 128 aviyvevtég oe dudpopa
oTadLaL TNG SLAdLKOOIOG OVOKOTAOKEVG TV dedouévmyv. H mAnpogopia. ToV YELTOVIK®V
strips tov oupueTéxovy oe kGBe yeyovdg opadomoteitor opilovrog to clusters o omoio 0T
OUVEYELDL YPTOLUOTTOLOVVTOL YLOL TOV OPLOUO TOV TLOAVOV TUNUATWY TPOYUDY DOTE VO 0dNYN-
Oolue otV €0peon TV TEMKDOV Tpoytmv wovimv. 'Etol wotoypdupota mopéyovral ota Tpia
TPOOVOPEPOUEVO OTAdLAL EVM AVTLOTOLXOVV Yia KAOe emimedo aviyvevt) 1 Kor okoua yio
kd0e PCB tov. Ztn ovvéyela, n minpogopio wropel vo opodomombel Ommg €yel M €merta
oo ™ dodikaoio epapuoyns Katdhinlwv ovvaptyoenv oe avtd (fitting) wote vo mapoy-
00UV TeEMKA CUMOYLKEG ELKOVEG YLOL TOV EVKOAOTEPO EVTOTLOUS TV tpofinudtov. Téhog, ta
KUPLOTEPQ LOTOYPAUUATO-YPOPYULALTO ETAEYOVTOL, TTEPVOVYV LG, OELPG AUTOUATOV EAEYY WOV KO
TOPOVOLALOVTAL 0€ LOTOOEADO TV ool Kakeitan va ehéyEel o shifter. 'Eva mopdderypa g
£PaPUOYg oVTNG Tapovotaletar oto Zynua 0.1.

Web Display Defect Entry Run Query Data Summary

Run 435931, 1/physics_Main

Select Run=(435931 v Stream= physics_Main v| Pass=(1 v|LB Change=|Entire Run v [ click to Go | Superimpose |

or jump to run | | Jump to Run | Display side-by-side with Run(-processing)=/ 435359 | [ Show side-by-side |
= Overall Status: Red
@ : Red [Up] MuonDetectors/MMG/Shifter/OccupancyLbEA
+ CaloTopoClusters: Red
+ CentralTrigger: Green
+ Global: Red r————————— —————————— r——————
+ HLT: Red i Occupancy wr b sector 10 i

InnerDetector: Red 8
JetTagging: Red
Jets: Red

LiCalo: Green
Lilnterfaces: Green
LAr: Red
MissingEt: Red

MuonDetectors: Red
# LIMU: Green
% MDT: Green
= MMG: Red
- Expert: Red
StripsPerSectorEA:  Undefined
StripsPerSectorEC:  Undefined
= Summary: Red
Charge: Red
ClusterSize: Red
Efficiency: Red
Residuals: Red
Time: Undefined
= Shifter: Red
Global: Undefined
OccupancyEA:
OccupancyEC: Red
OccupancyLbEA: Red
OccupancyLbEAOnSeg: Red
OccupancyLbEAOntrack: Red
OccupancyLbEC: = Green
OccupancylbECOnSeg: Green
- g R (e
# TGC: Green
MuonTracking: Red
PFOs: Red
Tau: Red
TileCal: Red
egamma: Red

Occupancy wrt Ib sector 14

Figure 0.1: H wotooghida mov kaheitar vo ehéyEer o shifter yioa 1o wovikd ovotnuo dote vo. oMok~
NPWOEL 0 TOLOTLKOG EAEYYOC TMV AVOKOTAUOKEVOOUEVMY SESOUEVY. ZUYKEKPLUEVO, T LOTOYPAUUOTOL
0PYAVAOVOVTOL OF POKELOVG (0PLOTEPG TNG ELKOVOG) OL OTTOLOL TACLOUDVOVTOL UE OVALOYO YPMUO. TO OTTO(0
OVTLKOTOTTTPLLEL TNV KATAGTOOT TWV LOTOYPAUUATMOV TTOV TEPLEXEL (TTPATLVO: OLOL TAL LOTOYPAUUATOL £XOUV
mepdioel emiTuy g Toug EMEYYOVG, KITPLVo: €val 1] TEPLOOOTEP. LOTOYPAUUATO. aEifovv onuaocio, KOKKLVO:
gva 1) TEPLOCOTEPA LOTOYPAUUOTO. ELVOL TTPOPANUOTIKE Ko TTpETtet va. elheyyBolv mepartépw). AeELd g
ELKOVAG (POLVETOL TO TTEPLEYOUEVO TOU Pakélov Tov €xetl emmheyOel. Ty otryur| g ovyypagng, olhayéc
ouveyilovtav va yivovior oto gpyaieio oOTE 1) ELKOVO AUTI] OEV OVTIKATOMTPILEL TO TEMKO TTPOidV.
H avamopdotaon avti aviiotouyel oe avakoataokevy] dedopuévav tov 2022 amd ovyKpoloelg deoumy
TPWTOVIMV eVépyeELag KEVTpov udag ota 13.6 TeV.
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Me o 7épag TG OMOKANPWONG TG EYKATAOTOONG TWV NAEKTPOVIK®V G OAOVG TOUG OVLYVEVTEG
MMG kot Tmv d0o tpoymv NSW kot agot avtol eykataotadnkav oto ATLAS Eexivnoe nia
OELPA BOKLUMVY UE OECUT WOVIWVY KoL UE YPNON POSLEVEPYNG TNYNG UE OKOTTO TO YOPAKTNPLOUO
™G ATOO00NG KL TNG XWPLKNG SLOKPLTLKTG LKavOTNToG TV avivyeutdv NSW MMG. ToviCetou
otL elvol 1 TP®OTN Popd TTov vy veVTEG NSW MMG 8okiudlovToL (e To. TEMKMG OYESLATUEVOL
niextpovikd. OmoTe TOPAAANAO EYLvav ELeyyOL KoL TV NAEKTPOVIKMV.

210 mhaioo g TapoVoog EPEVVOS, TOPOVOLATETOL 1] OVAAVON TV SESOUEVMV ATTO AVLYVEUTH)
NSW MMG t0mov SM1 amd dedouéva mov oviréyOnkav tov Ioviro 2022.

O pehéteg avtég dievepynOnkav oto epyoot)pro Gamma Irradiation Facility (GIF++) oto CERN,
Omov givor duvath N TOVTOYPOVN 1) UN XPNOT SE0UNG OVIWY, EVEPYELAS UEPLKDV EKOTOVTAdWV
GeV, ko padievepyng mnyne 14 TBq ¥7Cs amd v omoto ekméumovrol pwtdvia evépyelog
662 keV. Me ) ypNon Qiltpwv Wipootd amd v mnyr| wiropel va eheyyOei 1 axtivopoinon. H
dLatakn mepthaufaver dmme avapépnke mapamdvew tov aviyvevty NSW MMG SM1 o omoiog
elvow torofetnuévog oe opb1 B¢on mhvw oe wo Thatedpuo (ue ™ ueyahn Paon Kovid oto
maTmpo) 2 m pakprd amxd v anyq. H déoun dramepva tov aviyvevty o mepoyt) tov PCB-3 (n
apibunon twv PCB Eekuvd amd ) wkpn fAon mpog T neyain) Kou povo autd eEomhiotnke ue
NAEKTPOVIKAL.

210 ATLAS 1o PCB-1 eivor autd mov d€yxetol ) UeyoriTepn por) COUOTLOLOV 08 OYEoT UE TO
vohouro PCB. Adywm tov SL00TAOEWY, UE TV EPAPUOYT| TG VYPNATG Tdong oto o6 PCB-
3 eMTPEMETAL 1] CVOYETION TV peELeT®V ue avtn) tov PCB-1. Téooepig wkpol mpmtdTUITOL
aviyveutég Micromegas GuUITANpdVOUV T SLATAEN Yo T SLEVKOAUVOT TG EVPEDTS TWV TPOYLDV
woviov. Ev téhel, AMoyw mpofinudtwy, Tpelg xpnowworojOnkoy oty dtadikaocio e0peon Tmv
TPOYLOV (€vag amd avTolg 1ToV TOTOOETNUEVOG EKTOG TV 0PV aKTIVOBOANONG THG TTNYNE KoL
XPNOLUOTOONKE MG Avapopd, Ve oL dAlol dV0 TortobeOnKav oe OE0N UEPLKMY EKOTOOTOV
oW aTtd TOV AVLYVEUTI] TPOG UENETN).

H avalvon agopd kaOeteg Tpoyég wovimv pe T ypnon g uedddov charge centroid. 'Exovtog
KOMGL OPLOUEVEG TPOYLEG WOVIWV OVAPOPAS YXPNOLUOTTOLDVTAG TO. dEdOUEVA ATTO TOVG UKPOUG
AVLYVEVTEG, LEAETNONKE 1) ATTODO0N TOU OVLYVEVTI] OTTMG KoLl AvatTtiyOMnKov dLapopeTLKol TpOTToL
YLOL TV UETPNON TNG XWPLKNG SLOKPLTLKTG LKAVOTNTAG TOU.

T Tov vroloytoud g amddoong eréyxOnke yio kdbe €vo emimedo Eexmplotd 0 oYNUATIONOG
cluster o amdoTaoN AMywV YIAMOOTOV a6 TV gVbeio Tov opilel 1) TpoyLd. O Adyog Tov apLduov
TV YEYOVOTMV TTOV LKOVOTIOLEL ALUTO TO KPLTNPLO TTPOS TOV GUVOIKO aplOUd TV OVOKATOOKEVOL0-
UEVV TPOYLMV OPLLEL TNV ATtOS00N TOU KAOE EMITESOV TOU AVLYVELTH).

[0 ToV VITohOYLOUO TG XWPLKNG SLOKPLTLKTG LKOVOTNTOG TOV KGOE emutédou eEetaotnKay di-
oopetikol ueBodol:  A. VITOAOYLOUOG TG aTdOOTAONG TOU avaKotaokevaouévou cluster amd
™V TPoYLd. To OTOTELEOUO TNG TUTLKNG OTOKAMONG O UE TNV EQAPUOYY YKOOUOLOVIG OUV-
APTNONG OTNV KOTavouy Siver ol KTiuNon T xmptkng dtakprtikng tkavotntog. B. To ava-
KATOOKEVAOUEVO cluster TOU emUTEdOV TTOU UELETATAL ELOAYETAL OTOV OPLOUO TG TPOYLAG KoL
TO BEATLOUEVO OTTOTELEOUO. OPITETAL WG O YEMUETPLKOG UECOC TV TUTILKMV OTTOKAMOEWV TWV
uebodwv A xou B. T 11 800 avtéc ueboddovg voroyiotnke T OQAMUO EVPEONG TPOYLDY
YPNOLUOTTOLMVIOG TOUG ULKPOVE AVLYVEVTEG TO 0TTOL0 apapeOnke Lo ™) Beltimon Twv amoteheo-
natwv. Téhog, avarrtuydnke 1 uébodog I' obugpwva pe v ool BemprOnKe 6TL OAQ TA ETTITTESOL
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TOU OVLYVEVLTY] £X0UV TTAVOUOLOTUITY CUWTEPLPOPE KoL VITOAOYLOTNKE 1 dLopopd Twv BEcewv
ovokoTaokevaouEvov clusters petaEl 800 emmédwv. A@ol €QAPUOOTEL 0TV KOTAVOUT] WO
YKOOUOLOVI] GUVEPTION 1) TUTILKT] TOKALOT Stonpepéviy pe V2 Siver puol eXtiunon e xwptkng
drakprtikng tkavotntog. Ta amotehéoporta ormo Oleg Tig ueBddoVG artd TV avaiuon dedouévav
710V GVAAEYOM KAV ndvo e T déoun (xwpig ™) xpnon Tnyne) tapovoidovior otov Mivaka 0.1.

Table 0.1: Xwpikn Srokpruky kovotnto yoe kdbe éva emimedo Tou vmd  pelétn  aviyvevty
XPNOLUOTTOLMVTOG dLapopeTikés ueBddovg vroroyowov. o T MéBodo A kar B to asmoteréoporto
TOoPOVOLATOVTOL TPV Kol PETA TV aQaipeon Tov opdluatog evpeong Tpoyimv €™k, To amotehéo-
UOLTOL TTOV TTAPOVCLALOVTAL 0T OTHAT core 0popovV To fit Hdvo T KOPUPNG THG KATAVOUNG, EVM 1) OTNAT
weight eivou amotéleopo tov fit OAng TG KoTavourg, 1) 0oio CUUTEPLAAUPBAVEL KL (POLVOUEVE OKEDALOTG,
OKTiVOV-0 K.0.

Method Spatial Resol}ltion (core) [um] || Spatial Resol}ltion (weight) [um]
etaout etain stereo etaout etain stereo
A w/o ek 129 132 118 187 193 201
w/ ek |95 99 80 165 172 181
w/o erack 114 115 103 170 176 182
w/ erack 74 75 55 146 153 160
67 119

Zto Zynua 0.2 mwapovoldleTor 1) awddoon Kot 1 XWPLKY SLOKPLTLKT] LKAVOTNTO TOU VLY VELTY
vwohoyLouévn pe T uéBodo B (aprotepd) ool £xel apotpebel To GQAAUA TNG TPOYLAG KL UE
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Figure 0.2: H amddoom kou 1 xwpikn] SLaKpLtikr] tkovotnTa Vitoloylopévny pe T (a) Méfodo B ko pe ™)

(b) MéBodo I', wg ouvaptnon g €vtaong aktvopoinong amo t padievepyn mnyn. Ta diogpopeTtikd
YpouoTo/onueio avTioTor oV 08 dLOPOPETLKY PUOULOT TWV NAEKTPOVIKMV.

™ uéBodo I' (8eE14) yia drdpopeg Tég £vroong akTvofOrong oo T padievepyn mnyr| (AF)



KO YL0. SLOPOPETIKEG PUOUIOELS TWV NAEKTPOVIKMV TTOV 0lpopotV TO YPOVO OAOKANPMONG TOU
onuatog. To deEl onueio kot 0Ta dVO YPAPUOTO AVTLOTOLYEL 08 dedouéva xwpig T xPNoT TS
TIYNG, v to onueo AF=10 avtiotolyel oe ovvOkeg mapduoleg e autég tov Ba emPAnbovv
Kota TV epiodo viming pwtervdtntag tov LHC.

IMapatnpeitar 0Tt 000 peyahmver 11 €KOeon otV TINYN 1 ATOSO0N TOU OVLYVEUTI] UELDVETOL
dpapatikd ptdvovtog epimov to 70%. Amd peléteg o elyav YIVEL XPNOLUOTOLDVTAG TNV TNV
HoOVo glye mopatnENOel KOPEOUOS KATA TN GVAYVIDGT TWV TOALMY OO TA NAEKTPOVIKA Yol TIG
TEPLITTOOELS UEYAAWV podv cmuatidiwv. Bpébnke Aowtdv OTL EVEPYOTOLMVIOG TNV TAPAUETPO
TV NAeKTpoviK®v slh ammokabioTavtol Ta KaTdEALa Tov 0piloviol ECWTEPLKA O0TA NAEKTPOVIKA
ETMLTPETOVTAG TNV OVAYVOOT UEYAAMV TOUAWMY KoL GPa TN UELWON TG ATTMAELNG KOTOYPAPT|G
dedOUEVOV, BELTLOVOVTOG ONUOVTLKA TO (POLVOUEVO Tov Kopeouov. H Beltimon avt) dtagpaivetal
oto Zynua 0.3. Me v ANy dedoUEVOIV EVEPYOTTOLMVTAG TNV TTAPAUETPO OF UEALOVTLKEG DOKLUES
OVOUEVETOL ONUOVTLKY BEATIMON 0TV AItOS00T TOU AVLYVEUTH).
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.
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Figure 0.3: O péoog apbudg Tov avokataokevoouevmy clusters peletmvrog éva emimedo tov SM1 wg
ouvaptnon g £xBeong oty Iy (a) evepyomoudvTog (Lapo onueio) Kot oevepyomolmvTag (KOKKIvOL
onueio) v mapdpetpo slh tov nhextpovikmv kot (b) evepyomowmvtag ) mopduetpo slh yia ypdvo ohok-
Mpwong onudtwv 200 ns (uatpa onueia) kow 100 ns (kdkkivo onueio)

‘O00V 0POPA TNV EKTIUNON TNG XWPLKNG SLAKPLTLKTG LKAVOTNTOG TopatnpeiTaL 0TL oL uébodol B
Ko I ivouv ouyKpiolo aIroTELECUOTA YLOL TV TTEPLITTMON TTOU SEV (PTCLUOTTOLELTAL 1) TNV KO
v LG 600 PUOULCELG NAEKTPOVIKMVY TOU YpOVOU OAOKANPWONG TV onudtwy. Qotdoo, pe TV
gLooywyn ¢ TNYNG otig uetprjoeg m Mébodog I' eEaxorovBel va divel idto amotehéoparta yio
g dvo pubuioelg twv 200 ns Kat twv 100 ns. Aev tapatnpeital Ouwg To idLo 0TV TEPLTTWOT TOV
eEetaletan 1 MéBodog B. Mia mbavy) €€1pynon yo ) dLopopd Tou TopoTpeital HeTaEh twv
SLOLPOPETIKDV puOUIoEWV TV NAEKTPOVIKDV WITOPEL VoL elval 1) €ENG: 000 o YPNYopos elval
0 %POVOg ONOKAPMWONG TWV ONUATWOV, TEPLOOOTEPOL TOMIOL WKPOU TAGTOVG emeEepyalovtal
avEavovtag T mavdTNTO PIMTPOPIoNATOS TNG TNYNG Kot TEMKA OCUUPBAALEL OTOV TTLO OITO-
TELEOUATIKO EVTOTLOUO TV woviwv. Eav avty) 1 dhwon eivor owot), 1 MéBodog B eivar mio
a&omot astd T MéBodo I dtav ypnowwomoteitar og eptBaihov vTofaOpov. ZUUTEPAOUATIKA,
eEetalovtag v mepimtmon twv 100 ns ta owoTEMECUOTA CUVASOUY [UE TG TTPOJLOYPAPES TTOU
€yeL oploeL 1 ouvepyaoio Tov NSW agol 1) amrddoon tov aviyveut) oe ouvONKeg ovyKpiolueg
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UE QLUTEG TTOV AVOUEVOVTAL KOTA TV TIEPLOSO VYNANG POTELVOTNTOG TOU ETLTAYVVTY EKTIUATOL
010 90% pue YWPLKN JSLOKPLTLKT LKavoTnTo Alydtepo amd 80 wkpouetpa 1) Aydtepo amd 160
WKPOUETPO, GTAV CUVEKTLUATOL 1] GUVELTPOPE OTtd GALOL (POLVOUEVOL.

*
Melrétn mopaywyns Tov uroloviov Higgs uéom tov piyavionot vector-boson-fusion

070 Kavall dudonaons H - WW* — {vly

To umolovio Higgs umopel vo pokvpel HEGm ULog TOLKLALOG SLAPOPETIKMV SLASLKAOLDV EVWD OL
mbavol Tpdmol dudomaong elvat ki avtol apketoi. H dadikaacia vector-boson-fusion (VBF) eivo
n devtepn! mmo ouyvi) dradikaoio Tapaywyng e TooooTd mapatipnong 7%, COUQOVA UE TV
omoio dVo Kovapk, £vo amd KdOe aANAemdPOV TPWTOVIO, EKTEUTOUV ATTO £Va BLOVVOUOTIKO
umoZovio (W 1| Z) Ko omtd v aAAAETidOpaiot] Toug pokvmTeL to umotovio Higgs. Ta kKovdpk
ouveyiLouv TNV TTOPEID TOVG OPNVOVTOG TEMKG OTOV OVLXVEVLTY yvN o€ noper mddkwv (jets).
‘Etol, M dwadikaoio yapaktnpiletar amd v VapEn Toukaylotov dvo jets. TN OVVEXELD TO
Higgs umopel va dtoomaotetl og 00 diavvopoatkd purotovia W, dwadikaaoio 1 omoio ouufaivel
oe ovyvomTa 22% Kou amotehel T devtepn? Mo cvyvi) oe oeLpd.

ZKOTOG TNG avAAvong eivol 1) LETPNOT TNG OAOKANPOUEVNC GAAG KoL SLOLPOPLKDV EVEPYDV SLOUT-
OUOV (WG GUVAPTNOTN ALAPOPWV PUOLKDV TTOCOTHTMV YOPAKTIPLOTIKEG TOV TPOTOV TAPAYWYNG
KoL dLAomaong) g mopaywyne tov Higgs pueletmvioag mApwg AemTovikég TEMKEG KATAOTA-
OELG, EVM TA TTAPATPOVUEVE, AETTTOVLO OUTALLTELTAL VO ELVOL AVTIDETOU (POPTIOU KOl SLOLPOPETIKNG
vEVONG (MAEKTPOVLO 1] LWOVLO).

T v avddvon ovty, xpnowwomomOnkay to dedouévo amd ovyKPOUOELS TPWTOVIWV TTOV
ouléxOnkav amd 1o ATLAS katd to €t 2015-2018 KoL ovTioTol oV 08 OAOKANPMUEVY (Po-
tewom o 139 fh71

O tpdITog mOpaywYNG KoL T0 Kavall mov pueletdtor, dnhadn to onua, 0£tel amd v apyn ™
dVOKOMO/TTPOKANON WKPNG OTOTLOTLKNG. ALAPOPES TEPLOYES OYEILAOTNKAV OL OTTOIEG Y APOLK-
mpifovrar amd T €AoY KPLTnpiwv KOTAAMNAOY Yo TV enitevEn g abEnong g evonodn-
olog Tov oNUATOg 1 KAmoLag GAANG OLYKEKPLUEVNG BLOBLKACIOG TTOV OLPNVEL TAUTOTNTA TAPO-
UOLOL UE OUTY) TOVU ONUCTOG OTOV OVLYVEUTH Ko ostonteitan vor dtoywplotel amd ovtd. H ex-
Tipunon Twv vrofdbpwv ue ueydin ovvelopopd (ggF, Z/yv* + jets, VV+Top) éyive émeita amod
TTPOCAPTNON KATAMNANG OUVAPTNONG OTO SEDOUEVO OTLG TTEPLOYEG EAEYYOV, YOPOKTIPLOTIKEG
Tov KGOe vofabpov. ZvyKekpLuéva, Adym dVoKoAiag dLoywPLoUOY TMV SLUSLKOOLMY TOV TTEP-
houpdvouv do dravvouotikd wtolovio amd dLadLKaoEg OYETIKEG UE THV TAPAYWYN TOU top
quark avamtiyOnke puio Texvikny unyxavikng wabnong (multivariate machine learning technique)
xpnowpomolmvag dévrpa amopaoemv (boosted decision trees, BDT) to omoio ekmmondeovon
YPNOLUOTTOLDVTOG PUOLKEG TOCOTNTESG KOPUKTNPLOTIKEG TNG TAPAYWYNG Kot TOV TPOTOU dLo-
TTOLONG TTOV UEAETATAL, EVM YIVETAL 1] KOTIYOPLOTIOIN O TOV YEYOVOTWOV MG YEYOVOTO, ONUATOG 1)
veyovota vtopdOpov. H avaywyn twv vrofdbpwv mov vitohoyiloviat oe KatdAAnho oxedioo-
UEVEG TTEPLOYEG OTNV TEPLOYY TOU ONUATOG YIVETOL ETTELTO OLTTO TNV EQAPUOYT] TOPAYOVIWY TOU

' TIpcdbty ivar ) gluon fusion pe moc0oTd Tapatipnong 87%.
2 H wpwn agopd ™ diéomaoy oe Levyn bb quark pe mbavémro 58%.
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dpouvv morhamhaotaotikd oty ektiunorn. H ektiunon tov vrofdbpwv pe wkpr ouvelspopd
otnpixOnke amokhelotikd o mpooouotmuévo dedopéva. Téhog, M extiunon tov vrofdBpov
IOV ELOGYETOL OTOV TTOOOTNTEG OVAKATAOKEVALOVTOL MavBaouévo wg AETTOVIOL KoL TTPOEPYOV-
T KUplmg amd dadlkaoieg mov epthaufavouy jets otnpiydnke oty avamrtuEn TeVIKNG Tov
BaoiCetor oe mpaynotikd dedouévo. apov 1 TPOCOUOImoN TETOLWV dLOdLKAoLMY lval SVOKOM
Kaw Oyl akpiprg. O apbudg Tmv yeyovotmv Tov avauévetal aAld Kou netpnonke otig meployég
7OV KOTAOKEVAoTNKAY tapovotdletor otov [ivaxa 0.2.

Table 0.2: O aplOudg TV YEYOVOTWV TOV EKTIUATOL KOL TTapatnpeiton ot meployn onfuatog (SR) ko otig
dvo mepLoyég eréyyov (Z/y* + jets CR, ggF CR).

Sample SR Z/y*+jets CR ggF CR
Signal (PowHEG +PyTHIA 8) 110 13 86
ggF Higgs 39 4 450
Other Higgs 3 10 78
Top 420 41 11000
Z/v*+jets 79 320 1400
Vv 280 32 4300
Vy 13 14 210
Mis-Id 47 12 810
Total Signal+Background 1000 + 120 450 + 160 18 800 =2 600
Data 916 406 18228

H extipnomn tov vtoBaOpou ou TpofpyEeTAL Ao TOGOTNTESG TOV MAVOAOUEVO, OVOKATOOKEVALOV-
TOL WG AETTTOVLAL TV TPWTAPYLKDOV cuykpovoewv (fake lepton background, Mis-1d) yivetow otnv
siepLoyn ehéyyov W+ jets CR m omtoio akohovBel idLa KprehpLat emAoync ue autd wov opilovv v
TEPLOYN] ONUOTOG UE T dLapopdt OTL Evar aTtd ToL dVO AETTOVIO KOAELTOL VOL LKAVOTTOLOEL MYOTEPO
avotpd KpLrtpa emhoyng. ‘Ommg avagépOnke eivar SVOKOM) 1 TPOOOUOLMON TETOLWV Ye-
YOVOTV YU 0UTO 1) EKTLUNOT] YIVETOL OLPALPDVTOG OITO TOL TPAYUOTIKA dedouévo nhektpaodeveig
dradikaoteg wov ouviotovv vtofabpo ywo g W+ jets diepyooteg (Vy, VV,top,Z + jets). H
aAvOrymy™N TG EKTIUNONG AUTIG OTNV TTEPLOYT TOU ONUOTOG YIVETOL UE TNV EQPAPUOYY TAPAYOVTOV
mtov ovopdiCovrtau fake factors (FF).

O FF vtoloyiCovtal o€ dLopopeTLKT TEPLOYT] TTOV TTEPLYPAPEL DLODLKATIEG Z+ jets OTTOU ETAEYOV-
ToL TPl AETTOVLAL, VO OO TOL OTTOLAL TIPETTEL VO LKOVOTIOLOVY AUOTNPA KPLTYPLOL ETTLAOYNG KL 1)
ovolhoimTn pao tovg va givor Todd Kovtd o’ aut Tov Z pmofoviov. To tpito hemtdvio Bewpeltal
¢ To voyN@Lo fake AETTOVIO KOL KATNYOPLOTOLELTOL UE BAON TA QUOTNPA 1] U1 KPLTHPLOL ETTL-
MoyNc ov xpnotuomoovvroL Yo to. Aerttdvia. Ov FF vtoloyiZovran Eexmplotd yio nAeKTpdvIa
KoL (dvio, 6oV GUvVapTNOT THG EYKAPOLAG OpUNG Kot TG TEPLOXNG TG YPEVIOWKVTNTAG TOU
KOAOTTTOUY £V 0pilovion mg 0 aptBudg Tmv fake YeEYOVOT®Y TTOU LKOVOTTOLOUY QUOTHPA KPLTHPLOL
npog to fake yeyovota mov tKavomrolotv ta Awydtepo avotnpd kprtnplo. Ta fake yeyovota op-
(COVTOL OLPOLPMVTOG ATTO TOL TPAYUATIKG dESOUEVA TTPOCOUOLWUEVEG NAekTpaobevelg dlepyaoieg
7OV OVVLOTOVV TO VITOPabpo Yo Tig Z + jets diepyaoiec. Emetdn) n extipnon avt) yiveton o
SLOPOPETLKY| TTEPLOYN, YLat TNV eEGAEYN dLapopdV 0T oVvoTOooN weta&y W + jets kou Z + jets
diepyoomv vrohoyiZovrol Katd tov id1o tpdio véol FF ypnoiuomoldvtag povo ITposopotmuéva
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dedouéva otig Z + jets kou W+ jets meployég Kaw o Adyog toug (correction factor, CF) epapudleton
TOAMOTTAALOLALOTIKA OTNV TEALKT] ekTiunon twv FE.

Atdpopeg nehéteg dievepynbnkav oyetikd ue tovg FE. Apyikd, eléyyOnke 1 mbavi) eEGptnom
Tovg amd dradikaoieg mov cuufaivouv mopdAnla pe ™ olykpovon (pileup) ue oKomd v
ELOOYWYN CUOTNUATLKOD OPAANATOG 0TV eKTiUNoY. =10 Zynuc 0.4 Tapovordlovtal To

15 GeV EpT 20 GeV 15 GeV EpT [0 GeV

X1t 642114

X I ndt 224814

Constant 005897 = 001492 Constant 0.04309 £ 0.008195

Slope 0,0005596 + 0,0004078 Slope 00001375 + 0.0002321
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Figure 0.4: Ou FF yia (a), (c), (e) nhextpovia ko (b), (d), (f) wdvia wg cuvaptnon tov pileup yia di-
OPOPETIKES TTEPLOYEG TLUDV TNG EYKAPOLOG opuiic. O UTdpeg OQAALATOV OVTLOTOLKOUV GTO. OTOTLOTIK
OPAMIOTO EVED OL TMVEG OPAMLATWV AVTLOTOLXOVV TNV ABERALOTNTA TTOU TPOEPYETOL ATTd TNV OLPOIPEDN
TOV NAEKTPACHEVAOV dLAdIKAOLDV OITO TA TPAYUATIKAE dEdOUEVAL.
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ATTOTELEOUOTOL QUTNG TNG WEAETNG YL NAEKTPOVLOL KOl OVLAL EEYMPLOTA OF SLOLPOPETIKES TEPLOYES
TLUADV TG EYKAPOLAG opung. META TNV TPOosapUoYY] 0TA TOTELEOUOTO QLUTA UE ULOL YPOUULKT)
ovvapToN TPWTOL Pabuot dev mapatnpeitar Kémola eEGpTnon wote va BewpnOel amapaitny
1N ewloaywyn opdiuatog oty uéBodo extiunong tov fake lepton background.

Mia G pehétn, ue to ido xivnpo, apopd Katd mdoo to fake Aemtdvio emnpedletal amd v
VIapEn Kovia oe avtd jets. 'Etot houtdv vrrohoyiotnkoay ot FF w¢ ouvaptnon tov aptbpot tmv jets
OV VITAPYOVY 08 KADE YeYovog Ommg EmioNG WG CUVAPTNON TNG VITOAOYLOUEVNG ATTOOTAONG TOV
fake hemrtoviov atd to eyyiTepo ag auto jet. To amoteléoparto mapovotaovior oto Zyfqua 0.5
Kaw 0to Zynua 0.6 evo dev mopatnprdnke Koo Loy upt| eEAPTION TOU Vo 0N Y1)0€L OE ELOOY YT
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(c) central muon FF (d) forward muon FF

Figure 0.5: O FF yia (a),(b) niektpdvia kon (c),(d) movia wg ovvaptnon tov aptBuod tmv jets mov vm-
apyovv og kaOe yeyovdc. O Wtdpeg OPOALATMV AVTLOTOLYOVY OTO OTOTLOTIKO OQRALLATO EVM OL LMVEG
OPOAMLATOV aVTLOTOLKOUV 0TV afefaldTnta oV TPOEPYETAL Amd TNV ApaipEot) TwV NAEKTPaoOevdV
SLOBIKAOLMV OTTO TO TPAYUOTLKO deEdOUEVQL.

OQAMLOTOG OTNV TEMKT) EKTLUNON.

Téhog, devepynOnke uelétn yuo tov €leyyo g auepopiog g uedddouv Loym xpnong mpay-
HoTLK®OV dedouévmv otnv ektiunon. I't autod to okomd vroroyiotnkay ot FF kaw ou CF ypnowpomoidvrog
OTTOKAELOTLKGL TTPOCOUOLWUEVOL DEDOUEVQL EAEYYOVTOG OO DLOPOPETIKOVG YEVVITOPEG, TOV POWHEG
Kot MG5_aMC@NLO. Xpnowwomoiwvtag W + jets dedouévo. amd Tov aviioToLyo YEVVI|TOPa. op-
totnkav 800 dopopetikég meptoyeg: M W + jets SR kaw p W + jets CR. Ta kprtipLo emhoyic
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Abstract

This thesis is divided into two main parts with the focus on the ATLAS experiment at the Large
Hadron Collider at CERN.

The first part is subject of the most important upgrade for the Run-3 data taking period, the New
Small Wheel, and the one of its two constituents, the resistive-strip Micromegas detectors. The de-
tector geometry and its implementation in the software being a key component for the reconstruction
of both simulated and real data is presented. Subsequently, the tools that were developed, and are
currently in use, for the offline data quality assessment are discussed too. After the installation of
the two wheels in ATLAS, series of tests using muons in combination with a radioactive source were
carried out for New Small Wheel Micromegas detectors with the final electronics integrated on them.
The performance, in terms of efficiency and spatial resolution, of one of the Micromegas detectors
was studied with the main results concluding this first part.

The second part concerns the measurement of fiducial cross sections of the Higgs boson produc-
tion via the vector-boson-fusion in the H — WW™ decay channel studying the fully leptonically
final states. The analysis uses the full Run-2 proton collision data at a centre-of-mass energy of
13 TeV recorded by the ATLAS detector, corresponding to an integrated luminosity of 139 fb~!.
Particular detail is given to the data-driven estimation of the background originating from jets that
are misidentified as prompt leptons. Studies conducted with the aim to insert systematic uncertain-
ties to the data-driven method are presented. These include the investigation of dependence on the
pileup contamination and on properties characterizing the production mode, such as the presence of
jets. Finally, a closure test was performed in order to demonstrate the robustness of the data-driven
technique.
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Preface

This thesis is based on the experimental apparatus and data of the ATLAS experiment whereas part
of it was carried out within the New Small Wheel Collaboration. In this section the author’s contri-
butions are going to be clarified.

The manuscript is organised in three parts. An introduction to the theoretical concepts and the
experimental setup is given in Part I. Part II discusses the work related to the Micromegas detectors
for the New Small Wheel project, whereas Part III presents the analysis for the study of the Higgs
boson production using data collected during the previous years of data taking. The conclusions
of all conducted studies are presented in Part IV. Finally, supporting material related to the studies
presented in the main part of this dissertation as well as additional work that was carried out in
parallel and covered a significant part of the author’s time is shown in the Appendices.

Chapter 4 presents the geometry description of the individual Micromegas detectors and its imple-
mentation in the software, developed by the ATLAS Collaboration, Athena. The author collected
from the existing design files the fundamental parameters needed to describe in detail the Micro-
megas readout geometries. Subsequently, the validity of the parameters already stored in an excel
file, known as Parameter book, was checked whereas any found mistakes were incorporated. The
correct understanding of the useful parameters was ensured through discussions with the experts.
As a second step, the Parameter book content was translated in format readable by Athena. The
already developed package responsible for the Micromegas readout geometry description was tested
by dumping the positions of the readout elements, i.e strips. The code was corrected and expanded
accordingly so as to achieve the as-design description. The alignment group uses its independent
software, ARAMYyS, to translate the time-dependent measurements taken by the alignment system
into translations, rotations and deformations of the chambers. It was of great importance to make
sure that Athena and ARAMyS describe the as-design geometry in the same manner. In contact
with the alignment group the positions of the Micromegas strips were compared between the two
softwares. This work was performed also for the case of strips of the other technology deployed in
the New Small Wheel, the small-strip Thin Gap Chambers. Finally, the author contributed to the
implementation of the realistic description of the geometry in Athena. During the data-taking the
Conditions Database gets updated with parameters that Athena can access and use them to alternate
the geometry definition. At the time of the developments such database did not exist for the New
Small Wheel. Therefore, a test file following the database format was created whereas a tool with
which the file’s content could be readable by Athena was developed. A skeleton of the code to incor-
porate the changes in geometry was implemented in Athena. This work was presented by the author
as part in a parallel/short plenary talk at the 40th International Conference on High Energy Physics
and published in the conference’s proceedings [1].

In Chapter 5 the data quality assessment is being discussed. The author was one of the main de-
velopers of the tools that were created and are currently in use for the offline monitoring of the data
recorded by the Micromegas detectors. The developments concern all related tools, from the main
package that is responsible for the histogram definition and their filling with useful information,
to their post-processing till their presentation on the web page which is the main tool used by the
shifter during the assessment procedure. Prior to these developments, it was of great importance for
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the ATLAS Muon Collaboration to ensure the relevant tools for the offline assessment of the data
recorded by the CSC detectors, now replaced by the New Small Wheel, to remain functional and
take advantage of the new Athena release capabilities, i.e run in multiple threads. The motivation
behind this mandate was the readiness of the tools for the scheduled re-processing campaign of Run-
2 held in 2022, prior to the start of Run-3. Nevertheless, all CSC packages including those related
to the offline data quality had to be fully functional for the possible scenario the New Small Wheel
project could not meet the deadline set for its installation in ATLAS. The author was responsible
for the migration of the old packages used during Run-2 to the new needs imposed for Run-3. This
work is summarised in Appendix A. In addition, the author has participated since September 2020
in the assessment procedure by checking regularly the web displays created for the CSC subsystem
with the aim to catch any software issues that may have been occured during the developments in the
whole Athena.

In Chapter 6 the performance results in terms of efficiency and spatial resolution using muons in
combination with a radioactive source are presented. It is the first time a Micromegas module integ-
rated with the final version of the designed electronics to be tested in harsh irradiation conditions.
The author has participated in four scheduled test periods, 1) October-December 2021, 2) June 2022,
3) July 2022 and 4) late October-December 2022. The equipment installation and the data-taking
were commissioned in collaboration with the members of the group. The author has developed en-
tirely the analysis tool while the techniques followed were carried out after advising the experts. The
results presented in the mentioned Chapter correspond to data recorded in July 2022 and have been
discussed extensively with the members of the group. Supporting material on the analysis as well as
a summary of the studies performed using data collected from other periods are presented in parts of
Appendix B. The tool started to be developed using data collected when the detectors were positioned
on the cosmic stand, prior to the tests mentioned before. All results that are presented in this thesis
are produced with the use of the author’s tool. As part of the author’s work, preliminary results using
data from the first test period were presented by Foteini Kolitsi at the 39th Conference on Recent
Developments on High Energy Physics and Cosmology and published in the conference’s proceed-
ings [2]. Findings from analysed data recorded during the last test period of late October-December
2022 and subject of the author’s work, have been presented at the International Conference on Mod-
ern Circuits and System Technologies (MOCAST) on Electronics and Communications by Foteini
Kolitsi and published in the conference’s proceedings [3].

The simulation studies documented in Appendix B were entirely conducted by the author. These
include the geometry definition, the electric field calculation, the gas files and the simulation of the
detector response. The Monte Carlo tool is also the author’s product. The results were discussed with
the members of the group. The studies related to the impact of oxygen contamination in Micromegas
detectors were documented in an ATLAS Internal Note [4].

Chapter 7 gives an overview of the analysis for which the author has made significant contributions
as member of the analysis team. The author has participated in the ntuple production by using the
HWWAnalysisCode that is developed by members of the ATLAS Higgs group. A tool that analyses
the ntuples and calculates the contribution of uncertainties (statistical, experimental and theoretical)
was built entirely by the author. Moreover, the author has been actively contributing to the analysis
optimisation at reconstruction level. All Figures presented in the Chapter are produced with the
author’s tool except Figure 7.8.
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Chapter 8 introduces the method used to estimate the background originating from jets that are misid-
entified as prompt leptons. The author has used and modified as necessary the HWWAnalysisCode
tool but also she has developed independent tools to perform the studies that are reported in the same
Chapter. Supporting material is documented in Appendix C.

The analysis presented in Part III has been approved by the ATLAS Collaboration, it has been up-
loaded to arXiv [5], it has been submitted to Physics Review D. journal and it is in review process.

As member of the broader Higgs Analysis group the author has participated at the 8th Symposium on
Prospects in the Physics of Discrete Symmetries (DISCRETE 2022) as speaker of the parallel/short
talk entitled Higgs boson property measurements at the ATLAS experiment. Finally, given the con-
tribution on the fake studies the listings [6] - [9] are subject of the author’s work (the papers have
been approved by the ATLAS Collaboration, they have been submitted to journals and they are in
review process).

The author has been qualified as ATLAS author since November 2019. All publications can be found
in inspire record. The list of publications related to the author’s work and discussed in this section
follows.

1. C. Kitsaki on behalf of the ATLAS Muon Collaboration, The ATLAS New Small Wheel Sim-
ulation and Reconstruction Software and Detector Performance Studies, Proceedings of Sci-
ence, Vol. 390, 40th International Conference on High Energy Physics (ICHEP 2020) ht-
tps://doi.org/10.22323/1.390.0747.

2. F. Kolitsi, T. Alexopoulos, D. Bita, G. lakovidis, C. Kitsaki, E. Kyriakis-Bitzaros, I. Meso-
longitis and K. Zachariadou, Performance studies of Micromegas electronics in a high ra-
diation environment at the CERN Gamma Irradiation Facility (GIF++), Journal of Physics:
Conference Series, Vol. 2375, 39th Conference on Recent Developments on High Energy
Physics and Cosmology (HEP 2022) https://doi.org/10.1088/1742-6596/2375/1/012004.

3. F. Kolitsi, T. Alexopoulos, V. D’ Amico, F. Fallavollita, R. Hertenberger, G. lakovidis, N.
Kanellos, C. Kitsaki, S. Kompogiannis, E. Kyriakis-Bitzaros, I. Mesolongitis, G. Sekhni-
aidze, F. Vogel and K. Zachariadou, Performance of MicroMegas Electronics in a High-
Radiation Environment, in proceedings of the International Conference on Modern Circuits
and System Technologies (MOCAST) on Electronics and Communications, 28-30 June 2023
https://doi.org/10.1109/MOCAST57943.2023.10176380.

4. T. Alexopoulos, E. Gazis, V. Gkika, C. Kitsaki, G. Koutelieris, S. Maltezos, S. Palestini,
Experimental Study of Air/Oxygen Diffusion in the NSW Micromegas Quadruplets, ATLAS
Internal Note, ATL-COM-MUON-2019-031.

5. The ATLAS Collaboration, Integrated and differential fiducial cross-section measurements
for the vector-boson-fusion production of the Higgs boson in the H —» WW* — evuv decay
channel at 13 TeV with the ATLAS detector, https://arxiv.org/pdf/2304.03053.pdf. Approved
by Phys.Rev.D.

6. The ATLAS Collaboration, Measurements of differential cross sections of Higgs boson pro-
duction through gluon fusion in the H — WW* — evuv final state at /s = 13 TeV with the
ATLAS detector, https://link.springer.com/article/10.1140/epjc/s10052-023-11873-5.
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1 Theory

This chapter introduces the Standard Model of particle physics in Section 1.1 and concludes with a
phenomenological description of the proton-proton collisions in Section 1.2.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) [1] of particle physics has been established as the most accurate and
precise scientific model of nature over time. It describes accurately the basic constituents of visible
matter along with their interactions into a single powerful equation. The SM is a relativistic quantum
field theory which incorporates both special relativity and quantum mechanics. It is based on local
gauge symmetries of the composite Lie Group SU(3)¢ ® SU2), ® U(1)y'.

An overview of the SM particle content is summarized in Figure 1.1. The particles are classified into
two main categories: fermions and bosons. The former have the property of half-integer intrinsic
spin and are the building blocks for matter in the universe while the latter, have the property of
integer intrinsic spin and are the mediators of the fundamental forces.

Fermions come in two types, quarks and leptons. They are arranged in three generations. Each
generation consists of particles with identical properties and are sorted by increasing mass. This
mass hierarchy causes particles of higher generations to decay to the first generation. Quarks are
associated with the color charge under the strong interaction. There are six flavors of quarks: the
"up" and the "down" quarks form the first generation, followed by the "charm" and "strange" quarks
of the second generation and finally the "top" and "bottom" (or beauty) quarks of the third generation.
They are usually observed in combinations of two (namely as mesons) or three (namely as baryons)
to compose hadrons [2]. However, they can be combined rarely into four-quark or five-quark particles
(namely as exotic hadrons) [3, 4]. Fermions which lack color charge are known as leptons. Similarly
to the quarks, there are six flavors of leptons: the electron, the muon and the 7, which are negatively
charged, along with their corresponding chargeless neutrinos. Each of the fermions also has an anti-
particle whose properties are similar to the original but the electrical charge is of opposite sign.

Bosons are the force carriers for fundamental fermions. The strong nuclear interaction, acting
between quarks, is mediated by eight massless gluon fields. The electromagnetic force acts between
the electrically charged particles and its mediator is the massless photon. On the other hand, for the
weak interactions there are three vector bosons (W* and Z°), responsible for the S—decays, which are
massive. The symmetry imposed by the theory must be spontaneously broken in order to preserve

' SU(3)c group represents the model of strong interactions (see Section 1.1.1) whereas SU(2), ® U(1)y group reflects the
unification of the electromagnetic and weak interactions (see Section 1.1.2).
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Figure 1.1: Overview of the Standard Model particles [5]. The matter particles are arranged in three families.
Four bosons act as the force mediators while the fifth, the Higgs boson, is the key to the origin of mass.
Although the model can successfully predict all known particles along with their interactions, the force of
gravity has not been included in its description yet.

the gauge symmetry. This happens through the Brout-Englert-Higgs mechanism (see Section 1.1.3),
with which the massive Higgs boson is introduced complementing the SM description. At the sub-
atomic scale, the gravitational force is way too weak and thus the SM has not succeeded to include
its carrier, the graviton, in its definition yet.

1.1.1 Quantum Chromodynamics

The Quantum Chromodynamics (QCD) is the theory of strong nuclear interactions. It is a renormal-
izable? gauge theory based on the non-Abelian SU(3)¢ symmetry group. The "C" index denotes the
internal property of particles described in QCD, i.e quarks and gluons, known as color charge. The
universe seems to mandate only color neutral quantum states, thus quarks (and gluons) cannot be
isolated but are confined inside hadrons.

2 The renormalization method is used to absorb the infinities from a theory by redefining these parts using parametrisations
or experimentally observed quantities.



1.1 The Standard Model of Particle Physics

The theory implies three colors (red (r), green (g) and blue (b)) for quarks and three anti-colors (anti-
red (7), anti-green (g) and anti-blue (b)) for anti-quarks combined in such a way to form colorless
states that can be experimentally observed. According to group theory, the 3x3 color combinations
form two multiplets of states: a singlet® and an octet with the latter being the basis from which all
other color states can be constructed. The way in which these eight states are derived from colors
and anti-colors is a matter of convention and one possible choice is:

rg, rb, gb, gF, bF, bg, N1/2(rF-gg), V1/6(rF+ gg— 2bb).

The strong interaction between colored particles is mediated by the emission and/or absorption of
the eight massless spin-1 gluon combinations. The fundamental diagrams of the strong interaction
are presented in Figure 1.2.

TYYX

Figure 1.2: The Feynman diagrams of the strong interaction. From left to right: emission of a gluon by a
quark, splitting of a gluon into a quark anti-quark pair and the last two diagrams describe the self-coupling of
gluons.

The massive spin—% quarks can be described as Dirac spinors g; (the subscript j stands for the fla-
vor). The gluon field tensors are defined by the eight gluon four-potentials g;‘ and are expressed as
G, = 0,9, — 0yghs — 9CapcyglgS where A, B, C run over the eight color degrees of freedom. The
last term is inserted to describe the gluon self-interactions. The quantity g (or a; = g2/4n) is the
strong force coupling constant, the fundamental parameter of QCD. The SU(3)¢ structure constants
are denoted as Cqpc while the group generators, being 3x3 matrices acting on quark spinors, are
denoted as ! obeying the commutation relations [4, t®] = iC,pctC. The interaction between quarks
and gluons is inserted with the covariance derivative expressed as D, = d,, + igs 2.4 tAgﬁ.

Therefore, the terms of the SM Lagrangian relevant for QCD are:
1 <
Locp = —3GY Gl + Y iy Dy —ma; (1.1)
j=1
where ny are the different quark flavors and y* are the Dirac matrices.

Vacuum fluctuations of the gluons can appear spontaneously resulting either to virtual gg pairs
(screening of the strong charge) or to a cloud of virtual gluons (anti-screening of the strong charge),
see Figure 1.3. The anti-screening effect dominates and gives rise to the phenomenon of asymptotic
freedom.

3 The symmetric colorless combination of the three colors and anti-colors, V1/3(r7 + gg + bb), is invariant under rota-
tions and therefore has no effect in color space which means that cannot be exchanged between color charges.
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Figure 1.3: Examples of gluon fluctuations. The gluon fluctuates into a gg pair (left) and into a virtual gluon
(right).

In order to vanish the infinities created by the vacuum fluctuations, perturbative calculations are
performed in terms of the renormalised coupling ay. A first-order perturbation calculation yields:
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(1.2)

where Q represents the energy transfered in the interaction and A, being the only free parameter,
indicates the energy scale at which the coupling becomes strong and the perturbative approach would
fail. Equation 1.2 shows that as the Q increases (at small distances) the interquarks coupling becomes
weaker (quarks behave as free particles inside the hadrons and perturbation theory can be used). On
the other hand, at lower energies (at large distances) the coupling gets larger (confinement of quarks
into hadrons) and the perturbation theory breaks down.

Using data from hadron colliders, the strong coupling constant has been determined at different
energy scales and a demonstration of the asymptotic freedom is shown in Figure 1.4. The most
up to date world average value of the coupling constant at the Z-boson mass energy scale is
as(Mg) =0.1179 £ 0.0010 [6].
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Figure 1.4: Summary of measurements of a, as a function of the energy scale Q. NLO: next-to-leading order;
NNLO: next-to-next-to leading order; NNLO+res: NNLO matched to a resummed calculation; N3LO: next-
to-NNLO [6].



1.1 The Standard Model of Particle Physics

1.1.2 The Electroweak Interaction

The Quantum Electrodynamics (QED) is the theory of all phenomena involving electrically charged
particles, mediated by the massless, chargeless photons and described by the Abelian U(1) symmetry
group. It is an extension of the well established classical theory described by Maxwell’s equations
to the relativistic limit. Therefore, the interaction of a particle of charge e with the photon field is
described in Lagrangian formalism as:

1 -
LQED = _ZFﬂVFuv + W(iVﬂDu —my (1.3)

where F,, = d,A, — 0,A,, is the electromagnetic field strength and D, = 9, + ieA,, is the covariance
derivative with its last term describing the interaction of the charged particle in the photon field.

As discussed in Section 1.1.1, an electron can emit spontaneously virtual photons which then emit
virtual electron-positron pairs. The virtual positrons are attracted to the electron of interest while the
virtual electrons are repelled from it. Due to this polarisation, the electron’s charge is "screened".
Therefore, at large distances (i.e low energies), the strength of the electromagnetic interaction re-
mains constant at the value measured through the Coulomb force which is proportional to the square
of the completely "screened" charge (see Equation 1.4). In contrary, at small distances (i.e large mo-
mentum transfers), the screening is partially penetrated and thus the strength of the electromagnetic
interaction increases.

QED is among the most stringently tested theories while measurements of its coupling constant, or
else called fine structure, have been performed in various physical systems*. At low energies, the
fine structure is defined as:
e’ 1
a = N —
7 dnehc 137

(1.4)

At very short distances (i.e subatomic level), the weak interaction is introduced to describe all
particles’ decays®. In theory, the Lagrangian has to be invariant under any gauge transformations
thus, mass terms are not allowed to enter in its description. However, experiments showed that the
mediators of the weak interaction are massive, the two electrically charged W* and the one neutrally
charged Z° bosons. Without violating the gauge symmetry, mass terms can be considered and are
explained through the Brout-Englert-Higgs mechanism (discussed in Section 1.1.3).

The weak force is the only interaction that permits the fermion flavor changing when it is mediated by
the exchange of the charged W* bosons whereas it is characterized according to the leptonic content
of the final state as leptonic, semi-leptonic or hadronic (non-leptonic) process, see Figure 1.5. It
was observed that the charged bosons couple only to the left-handed lepton and neutrino within
the same generation. In contrary, quarks are allowed to change flavor among generations with a

4 1/137.03599920611 is the most accurate measurement to date with an uncertainty of 81 parts per trillion [7].

3 The weak interaction is the only force apart from gravity that interacts with neutrinos. Neutrinos are electrically neutral
leptons and thus they do not experience the electromagnetic and/or strong forces. Because of their very small mass
the gravitational interaction is extremely weak. Therefore, their study is difficult and their experimental detection is
performed indirectly in processes where charged particles are produced.
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Figure 1.5: The Feynman diagrams for a leptonic (left), a semi-leptonic (middle) and a hadronic process

(right).

transition probability being proportional to the square of the Cabibbo-Kobayashi-Maskawa (CKM)

matrix elements [6]:

Vekm =

= |Vekul =

Vud Vu s Vuh
Vcd Vcs Vcb
th Vts th

1.5
0.97435 £ 0.00016  0.22500 + 0.00067 0.00369 + 0.00011 (1)

0.22486 = 0.00067 0.97349 +0.00016  0.04182+0-00083

0.00020 0.00083 0.000031
0.00857% ) soo1s 0.04110% 507> 0.9991187 150036

The exchange of the neutrally charged Z° boson, does not imply any change on the fermion type and
both left- and right-handed particles can participate in this interaction.

Another remark of the weak force is that, unlike photons, the carriers of the weak interaction are
allowed to self-interact, see Figure 1.6.

&

Figure 1.6: The Feynman diagrams of weak bosons self-interactions.



1.1 The Standard Model of Particle Physics

Glashow, Salam and Weinberg proposed a unified model of the electromagnetic and weak interac-
tions into a single force, explained in the electroweak (EW) theory model. This theory is invariant
under the SU(2); x U(1)y symmetry group which requires four massless boson fields, W!, Wﬁ, Wﬁ
and By,. The subscript L refers to the left-handed fermions that are described as doublet states in the
SU(2),, representation. The subscript Y refers to the quantum number of weak hypercharge which
relates the electric charge of a fermion Qf and its third component of the weak isospin (T;) as

1 . . . . .
QOf = TJ% + EY + while the interacting particles are represented as singlet states.

1

According to the EW theory, the W* bosons are linear combinations of W* = T(Wﬁ F iWEl). The
2

electromagnetic interaction and the interaction through the neutrally charged Z° boson arise from the

cosfy  sin GW) (B’, )

—sinfy cosfy ) \W3

mixing of the Wg and By, fields and are expressed as (2’5) = (
" H

where 6y is the electroweak mixing angle which allows to relate the coupling constants g and ¢’ (as-
sociated to the fields WL and B, respectively) to the electric unit charge as g sin fy = g’ cos fy = e.

The resulting electroweak component of the SM Lagrangian is:

- 1 1
Lew = iy y" Dy — ZWLnyW ~ B (1.6)
N Y . . . L
with Dy = 0, + igT Wy + ig' 5By, Wy, = 9, W, = 0, W, + ge* Wi Wy and By, = 8,B, - 8,B,,. The
fermion mass terms as well as those for each vector field are generated through the process of the
electroweak symmetry breaking and are not inserted in Equation 1.6.

Since the first detected evidence of the vector bosons, successive experiments at hadron colliders have
achieved more precise measurements of their mass aiming the enforcement or a possible extension
of the theory. In Figure 1.7, a summary of the heavy electroweak W boson mass measurements
performed by different experiments is presented.

Overview of m, Measurements
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Figure 1.7: W boson mass measurements compared to the SM predictions [8]
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1.1.3 The Brout-Englert-Higgs Mechanism

The Brout-Englert-Higgs (BEH) mechanism explains how a field with an asymmetric ground state
can be the source of massive particles while preserving the gauge invariance of the theory. It pos-
¢j_g{wm+@m)
¢°) T V2 \ ) + iy (x) )
associated with a potential that is invariant under the transformations of the electroweak symmetry
group. The subscripts + and O are associated with the electric charge of the components. The corres-
ponding potential has the form

tulates the existence of a complex scalar SU(2) doublet field, ¢(x) = (

V() =120 ¢ + Ag'¢) (1.7)

where 12 stands for the mass term of the field and A is the coupling constant of its self-interaction.
For vacuum stability the self-coupling constant is required to be positive.

For negative u> values the potential takes the shape of that of a Mexican hat as illustrated in Figure 1.8
whereas it has an infinite number of degenerate minima (asymmetric phase) which are, equivalent in
2
. . . v .
energy, points around the rim of the hat with |¢| = 7 = —';—/l where v is the non-zero vacuum
2
expectation value, as well as a local maximum (symmetric phase) at |¢| = 0.

symmetric
M,=M,=M.=0

Im ()

: W 7 polarisati asymmetric
Re (¢) extraW, Zpolarisation M= 0

M, M,

Figure 1.8: The Mexican hat potential of the Higgs field. In the symmetric phase, there is a unique vacuum
state at zero which is U(1),,, invariant. In the asymmetric phase an infinite number of degenerate vacuum states
exist which are described by randomly-chosen points around the bottom of the hat. In a ‘global’ symmetry,
movements around the bottom of the hat corresponds to a massless spin-zero Nambu-Goldstone boson. In
the case of a local (gauge) symmetry this boson combines with a massless spin-one boson to yield a massive
spin-one particle [9].

The expansion of the scalar fields about the minima generates new terms in the Lagrangian which
can be identified as mass terms of the particles and others referred to as interaction terms. The
latter can be removed by implying a unitarity gauge transformation. By this procedure, the massless
components, the so-called Nambu-Goldstone bosons, are "eaten" through the interaction with the
gauge field and transformed into their longitudinal components i.e from massless become massive.
Thus, particles acquire the mass property after their interaction with the gauge field.

10



1.2 Description of Proton-Proton Collisions

The shown up in the Lagrangian mass terms for the case of the SM bosons are proportional to the
strength of the coupling constants and the vacuum expectation value:

gv _ NG+ 0

2 =

The fermion masses can be generated in a similar and even easier way by introducing for each
fermionic field with left- and right-handed chiralities, gauge invariant interaction terms (Yukawa
couplings) with the scalar field of the following form:

L=frofr (1.8)
where f stands for a particular fermion and Ay is the associated Yukawa coupling to the gauge field,
unique for each fermion type. During the symmetry breaking process the resulting fermion mass is

$.

mf=/lf

1.2 Description of Proton-Proton Collisions

Experimental measurements are performed at particle level® after correcting for detector effects that
are assessed through dedicated detector simulation as discussed in Section 3.1.3. Because of the
composite nature of the proton, the event structure when proton beams collide necessitates multi-
particle calculations for the full description of the final states [10].

Figure 1.9 illustrates a proton-proton (pp) collision event. The central red blob represents the hard
process of interest i.e the constituents of the protons interact with each other at high momentum
scale and outgoing particles such as partons, leptons and/or gauge bosons are produced which are
perturbatively computable. Then the partons along with all the particles carrying a color, radiate
virtual gluons which can emit further gluons or produce quark-antiquark pairs leading to the form-
ation of particle showers shown in light red. The transition (hadronisation process) to the colorless
hadrons (hadron decays are shown in dark green) is shown as light green blobs. These hadrons are
finally decayed into stable particles that can be observed in detectors. For momenta of the order of
1 GeV the partons are confined and non-perturbatively interactions occur to form final-state hadrons
through soft processes. The non-perturbative nature of the soft processes implies their modeling
through numerical methods. Furthermore, it is possible to happen in a given collision more than
one pair of partons to interact with each other. These multiple parton interactions, namely as the
underlying event, can enter into separate but simultaneous scatterings and are depicted as the purple
blob. Other beam remnants, are shown in cyan. Finally, the radiation of soft photons is illustrated
with the yellow lines.

The inclusive cross-section for the production of the final state X (for instance a Higgs boson) in a
pp collision can be expressed as

A6 ap(Pap—x, 13
0-p1p2—>X = Z fdxafdxbf;l(xaall%’)ffz(xb’ﬂ%?)qu)abHX ‘ : £ (19)
}

()
abelq.g dap-x

6 Particle (or truth) level refers to the stable particles that are produced as a result of a collision.

11



1 Theory

Figure 1.9: The evolution of a pp collision as simulated by a Monte-Carlo event generator [11].

where f‘f ;2 (Xa.ps /1%_) are the parton density functions (PDFs) which represent at leading order (LO)
perturbative QCD calculations the probability for finding a parton of flavor a (b) with a corresponding
momentum fraction x, (xp) of the parent proton p; (p;) momentum at the factorization scale ur.
dGap(Pap-x: H7)

d(Dab—)X
X from the partonic initial state whereas d®,;_,x is the corresponding differential final-state phase-

space element.

Finally,

denotes the differential cross section for the production of the final state

Experimentally the cross section [12] for a given process is calculated using the following formula:

Ny
Opposy = ————— (1.10)
ppoX Edetector L

where Ny is the number of observed events, €etector includes the solid angle coverage, resolution
effects, particle detection efficiencies and L stands for the integrated luminosity’, characteristic for
particle colliders.

7 The integrated luminosity is the integral of the instantaneous luminosity with respect to the time L = f Li,gdt. The
higher the integrated luminosity, the more data available for analysis is. Thus, collider experiments aim to maximize
their integrated luminosity (see Section 2.2).

12



2 The Large Hadron Collider at CERN

This chapter introduces in Section 2.1 the Large Hadron Collider at CERN along with the exper-
iments along its circumference. Section 2.2 discusses the plan towards the high luminosity phase
while the computing resources for the storage of the vast amount of produced data is presented in
Section 2.3. Finally, the Higgs boson production modes and decays are presented in Section 2.4.

2.1 The Large Hadron Collider and its Experiments

The Large Hadron Collider (LHC) [13] is the largest and most powerful particle accelerator ever
built, operated by the European Organisation of Particle Physics (CERN). It is installed in a circular
tunnel, that initially housed the Large Electron-Positron accelerator (LEP) [14], on average 100
meters below the surface with a circumference of 27 km. The LHC machine is designed to accelerate
counter-rotating proton beams up to an energy of 7 TeV and collide them at the nominal centre-of-
mass energy of 14 TeV, with the aim to reveal the physics at Higgs sector and beyond the SM. Before
the injection in the LHC ring, the beams are accelerated in several steps as shown in Figure 2.1.

Protons are extracted by removing electrons from hydrogen atoms which are then accelerated by
the LINAC 2 up to the energy of 50 MeV. Afterwards, the protons enter into the Proton Synchrotron
Booster which increases their energy to 1.4 GeV!. Next, they are transfered in the Proton Synchrotron
(PS) which accelerates them at up to 26 GeV. The resulting beams are boosted in the Super Proton
Synchrotron (SPS) reaching an energy of 450 GeV and finally, they are injected in the LHC ring in
clockwise or counter-clockwise direction. At full power, the LHC will collide 2808 bunches, each
approximately 30 cm long and 16 um in diameter containing around 1.15 x 10'! protons, leading to
billion proton-proton collisions per second. In order to preserve the beam’s circular trajectory, 1232
superconducting Niobium-Titanium dipole magnets creating a magnetic field of 8.3 T intensity, are
used. Additionally, 392 quadrupole magnets are used to make the protons oscillate around the centre
of the vacuum tube, i.e. keeping the beam focused, whereas other magnetic multipoles act to correct
any imperfections in the magnetic field at the extremities of the dipoles.

! From 2022, the Proton Synchrotron Booster receives protons from LINAC 4 at 160 MeV and accelerates them to 2 GeV
for injection into the Proton Synchrotron. These upgrades of the system are the key element in the project to increase
the luminosity of the LHC during the next decade.

13
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Figure 2.1: Illustration of the LHC injector complex showing the different acceleration steps [15].

The accelerated beams collide every 25 ns at one of the three main interaction points (IP) where the
experiments, ATLAS (A Toroidal LHC ApparatuS) [16], CMS (Compact Muon Solenoid) [17] and
ALICE (A Large Ion Collider Experiment) [18] are located. The LHCb (Large Hadron Collider
beauty) [19] is a forward spectrometer experiment and the fourth largest which studies the beam col-
lisions on fixed targets. The ATLAS and CMS are general purpose experiments aiming to perform
precise measurements of SM processes and searches for evidence of new physics. The discovery
of the Higgs boson using data recorded during 2011 and 2012 by both experiments [20, 21] for
instance, constitutes a landmark achievement opening new horizons for new physics searches. On
the other hand, LHCb and ALICE experiments comprise of detectors setups specialized on specific
phenomena. LHCD is designed for the study of charm and beauty hadron decay products, whereas
ALICE experiment is dedicated to the study of quark-gluon plasma in heavy ion collisions using
the Pb ion beams delivered by the LHC. Other smaller dedicated physics experiments are comple-
mentary to the general purpose experiments. TOTEM [22] (TOTal Elastic and diffractive cross
section Measurement), located on either side of the CMS IP, and LHCf [23] (Large Hadron Collider
forward), located on either side of the ATLAS IP, focus on the study of the physics processes in the
region very close to the particles beam the so called "forward" region. The former is designed to
study the total proton-proton cross-section as well as the in depth study of the proton structure while
the latter is used to study the Extremely High-Energy cosmic rays. MoEDAL [24] (Monopole and
Exotics Detector At the LHC), located close to LHCD, searches for magnetic monopole and other
exotic particles that would indicate new physics beyond the SM. Last, FASER [25] (ForwArd Search
ExpeRiment), the newest experiment on the LHC ring is situated 480 m away from the ATLAS IP

14



2.2 The High Luminosity Upgrade Plan

and is designed for searches for light and weakly-interacting particles as well as the study of the
neutrino interactions.

2.2 The High Luminosity Upgrade Plan

LHC / HL-LHC Plan
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Figure 2.2: The LHC/HL-LHC plan showing the energy of the collisions (upper bold red lines) and peak
luminosity (lower red lines) over the years [26].

The first proton beam in LHC launched successfully in September 2008. Very soon, the data-taking
had to be suspended though, due to a damage that occured on the magnet system. In the year
2010 the first collisions took place with the rest of the year to be devoted on commissioning. The
data-taking continued in 2011 at a centre-of-mass energy of 7 TeV which was increased to 8 TeV
in 2012 reaching the 75% of the nominal luminosity (1 x 103* cm™2s~!). This period is referred
to as Run-1. In early 2013, the accelerator stopped its operation for a period of two years (LS1)
devoted on maintenance and repair work including improvements on installations connected with
the experiments (Phase-0 upgrade). Between 2015 and 2018 (Run-2) the LHC was operated with
proton beams at energies of 6.5 TeV and reached a peak luminosity of twice the nominal value. The
schedule for the second shutdown period (LS2) which began at the start of 2019 had to be extended
for about a year more to early 2022 due to the COVID-19 pandemic. These three years were devoted
to preparations for Run-3 (2022-2025) which will deliver an integrated luminosity equals the value
of the two previous runs combined. Each proton beam will be accelarated to the energy of 6.8 TeV.
In parallel to the accelerator activities, the Phase-1 upgrade related to the experiments were also
performed. No changes are foreseen to the schedule beyond 2022. The third long shutdown (LS3)
will cover a period of three years from 2026 to 2028 aiming to operate in its high-luminosity phase
delivering an instantaneous luminosity of 5-7.5 times the nominal value and reaching the design
centre-of-mass energy of 14 TeV during the upcoming data-taking periods (2029 and beyond). The
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upgrade plan of the experiments during the LS3 is called Phase-2 upgrade. The detailed upgrade
plan is shown in Figure 2.2.

2.3 The Worldwide LHC Computing Grid

In order to store, process and distribute the huge amount of data produced by the LHC experiments, a
high performance distributed computing system has been created in 2003. This comprises a network
of more than 170 computer centers in more than 42 countries around the world which is arranged in
tiers as presented in Figure 2.3.

Tier-2 sites
(about 160)

Tier-1 sites

>100 Gb/s links

-
L=
fis

fls

3

Figure 2.3: The LHC computing structure [27].

Tier-0 is the first contact point between the data and the computing grid while it provides the 20%
of the total compute capacity. It is housed in the local CERN Data Center® where a first copy of the
raw data is archived and is also responsible to run the initial calibration and reconstruction.

From Tier-0 both raw and reconstructed data are distributed to the Tier-1 sites. These are 13 large
computing centers funded by national particle physics communities. They are responsible for the

2 Since 2013 Tier-0 was co-located in the CERN Data Center at Meyrin and Wigner Data Center in Budapest. However,
the contract with Budapest ended in 2019 and a new facility at CERN Prevessin will be built to house the required
computing resources [28].
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safe-bookeeping and reprocessing of data. Finally, the distribution of smaller derived datasets to the
Tier-2 sites is performed.

Tier-2 consists of about 160 universities and other scientific institutes which can provide adequate
computing power for specific analysis tasks, eg. data analyses and Monte-Carlo production. For
long-term storage the data are sent back to the Tier-1 sites.

The final layer comprises of the Tier-3 sites which are local computing clusters in universities and
institutes or just personal devices. There is no formal engagement between the grid and the Tier-3
resources though.

2.4 The Higgs Boson at the Large Hadron Collider

The Higgs boson is the predicted visible manifestation of the Brout-Englert-Higgs mechanism (see
Section 1.1.3). It is a massive scalar boson with zero spin, even parity, without electric and color
charge that gives the mass property to the particles it interacts with. The first observation was
achieved in 2012 by analysing pp collision data at centre-of-mass energy of /s = 7—8 TeV collected
by ATLAS and CMS experiments of LHC.

In pp collisions, the Higgs can be produced through a variety of different processes as depicted at
the left side in Figure 2.4. The corresponding Feynman diagrams are shown in Figure 2.5 (a-e) in
descending order of cross section. The dominant production process is the gluon-gluon fusion (ggF),
appearing at a probability of 87% of the Higgs boson production at LHC, where the two gluons are
combined forming a loop of virtual fermions with the largest contributor being the heaviest top quark.
The second most abundant process (7%) is the vector boson fusion (VBF) where two quarks radiate
off a heavy vector boson (W or Z) and then interact with each other emitting a Higgs boson. The
initial quarks travel roughly along their initial directions and they leave a signature of two highly
energetic particle jets in the detector. Higgs strahlung or else the production of Higgs bosons in
association with a vector boson (VH) is observed at a frequency of 4%. When two fermions are
combined can form a virtual W or Z boson which if it carries sufficient energy can then emit a
Higgs boson. The final process that is commonly considered involves two colliding gluons each of
them decaying into a heavy quark-anti-quark pair (bb (1%) or tf (1%)). A quark and anti-quark can
then be combined to form a Higgs boson. The contribution of other ggH processes is much smaller
and experimentally not accessible. The production of the Higgs boson in association with a single
top quark (tH) accounts about the 0.05% of the total Higgs events at LHC with the most dominant
contribution to be the Higgs radiation from the W boson and top quark.

After it is produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of
1.6 x 10722s. All the possible decay modes are shown at the right side in Figure 2.4 and the cor-
responding Feynman diagrams are presented in Figure 2.5 (f-i). For a Higgs mass of 125 GeV/c?
the SM predicts that the most common decay is into a bb pair occuring 58% of the time. Because
the decay products are purely hadronic it is rather difficult to study this channel due to the large
background of b-quark pairs at LHC. Thus, the measurements for this decay mode are done through
production processes that are less copious but exhibit features not present in QCD, such as the as-
sociated production of Higgs boson with a vector boson [30]. The second most common decay is
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Figure 2.4: The Standard Model Higgs production cross sections (left) and branching ratios of its decay modes
(right) at the LHC [29].

H — WW, occuring 22% of the time. The W bosons can subsequently decay either into a quark-
anti-quark pair (not that trivial to distinguish from the background) or into a charged lepton and a
neutrino (final states not fully reconstructible because of the ErT“iss) with the latter to be the scope of
this thesis (more details in Part III). Next, the decay into a pair of gluons through a loop of virtual
heavy quarks happens approximately 9% of the time. A branching ratio of 6%, comparable to the
gluon pair decay, accounts for the decay to a pair of 7 leptons. The decay to c-quarks happens 3%
of the time. Despite the small branching fraction of 3% and 0.2% for H — ZZ and H — 7y respect-
ively, these two channels were the golden channels of the discovery due to their clean signature in
the detector. With the increase of the integrated luminosity foreseen, rare decays such as H — Zy
(0.2%) and H — pu (0.02%) will benefit of better precision measurements.

Wiz

H
h i
o L b/c T/
I gD ¢
vz b/c T/

Figure 2.5: The Feynman diagrams for the different production (a-e) and decay modes (f-i) of the Higgs boson
at the LHC [31].
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This chapter begins with a description of the ATLAS detector layout and the data processing chain in
Section 3.1. Finally, Section 3.2 discusses the ATLAS upgrade plans in order to withstand the new
condition standards imposed by the LHC, highlighting the New Small Wheel Project.

3.1 The ATLAS Detector

ATLAS is the largest detector ever constructed for a particle collider. It is cylindrical in shape with a
length of 44 m, a diameter of about 25 m and a mass of approximately 7000 t.

ATLAS uses a right-handed coordinate system with its origin interpreted as the interaction point (IP)
in the center of the detector, while the beam direction defines the z-axis. The x-axis points from
the IP to the centre of the LHC ring and the y-axis points upward, slightly tilted with respect to the
vertical. The detector is divided into two sides, A-side and C-side reflecting the positive and the
negative z-values respectively. The x-y plane, or else transverse plane, can be expressed in terms
of cylindrical coordinates. The azimuthal angle ¢, is measured around the beam axis ranging from
—n to +m, while the radial component measures the distance from the beam line. The polar angle
6 ranging from O to , is reported in terms of pseudorapidity, expressed as 7 = —Intan(6/2) in the
relativistic limit. A graphical representation of ATLAS is shown in Figure 3.1.

25m

. LAr hadronic end-cap and
) forward calorimeters
Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 3.1: Cut-away view of the ATLAS detector [16].
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3.1.1 Subsystems

ATLAS is composed of different detector sub-systems, each sensivite to different types of particles
covering almost the entire solid angle around the collision. In the central region, or else barrel region,
its sub-components are arranged in concentric cylinders while in the forward region, where the two
end-caps are located, the detectors are mounted on disks perpendicular to the beam axis.

Magnet System

Particles emerging from charged particles normally travel in straight lines. For precise momentum
measurements though, the particles’ trajectories need to be bent. Thus, an essential part of the
detector is the magnet system providing the bending power required. ATLAS has selected the ar-
rangement of a central superconducting solenoid [32] servicing the inner tracker with a magnetic
field of 2 T, surrounded by a system of three large scale superconducting air-core toroids (one in the
barrel and two in the end-cap regions) [33, 34] providing a magnetic field with a peak value at 4.1 T
for muons. The overall dimensions of the magnet system extend over a length of 26 m, an outer
diameter of 20 m with a total volume of 8000 m? [35].

Inner Detector

Starting from the core of the detector, the innermost sub-system contains the Inner Detector (ID) [36]
that provides an excellent tracking reconstruction of the charged particles traversing its volume in the
pseudorapidity range of || < 2.5. It consists of three complementary sub-detectors arranged coaxi-
ally around the beam pipe. The Pixel Detector is followed by the Semiconductor Tracker (SCT) while
at the outermost layers the Transition Radiation Tracker (TRT) complements the tracking system. A
cross-section of the ATLAS ID barrel is shown in Figure 3.2. The ID was designed to withstand
and operate under the nominal luminosity conditions. However, prior to the Run-2 data-taking the
accelerator system was upgraded so that to enable its operation at luminosity higher than the nominal
value.

The Pixel Detector is made of three layers of silicon pixels in the barrel region with its first layer
positioned at 50.5 mm away from the IP, while 3 disks are mounted in each end-cap. The performance
of the innermost layer in the barrel region is critical for the evaluation of physics and at the same
time challenging due to the very high radiation environment. For radiation reasons, a replacement of
this first layer was foreseen until the total replacement of the ATLAS inner tracker for the HL-LHC
era. Instead, during the LS1 a new layer, called the Insertable B-Layer (IBL) [37], was installed
reducing the distance from the beam axis to 33.25 mm. Among other benefits, the IBL improved the
resolution of track impact parameters as shown in Figure 3.3. The intermediate detector is the SCT
which consists of four layers of micro-strip silicon sensors in the barrel and nine disks in each of the
end-caps and it plays an important role in measuring the transverse momenta of charged particles.
The particle detection in the Pixel and SCT detectors is based on the ionisation happening when
charged particles traverse the silicon bulk. The outermost sub-system is the TRT, consisting of 50
layers of gaseous straw tubes. The particle detection is based on the ionisation of the gas when
a charge particle traverse its volume. The drift time of electrons originating from the ionisation
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Figure 3.2: Transverse view of the ATLAS Inner Detector in barrel region [16].

provides a discrimination between tracking hits and hits from the transition radiation !, enhancing
the identification of electrons and their discrimination against pions.
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Figure 3.3: The measured dy (left) and zp X sin @ (right) impact parameter distributions with respect to the
Monte-Carlo measurements with and without IBL geometry for tracks in ¢f events without pileup [37].

Calorimeter System

The Calorimeter System [38] is designed to measure the energy deposits of the incoming particles
while they stop within its volume. It covers the pseudorapidity range of |r7] < 4.9 and a representation
of its constituents is presented in Figure 3.4. The ATLAS Calorimeters were designed to last for the

! The transistion radiation is produced by relativistic charged particles when they cross the boundary between materials
with different dielectric properties.
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entire lifetime of the LHC and the detectors themselves require very few modifications to run at
higher luminosity.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr eleciromagnetic
barrel

Figure 3.4: Cut-away view of the ATLAS Calorimeter System [16].

The calorimeters closest to the beam are mainly designed to identify electrons and photons (Electro-
magnetic Calorimeter (ECal)) while the outer layers are designed for the hadronic particles (Hadronic
Calorimeter (HCal)) which do not deposit all of their energy on the past layers. Their construction
is based on alternating layers of passive material that absorbs the particles and active material that
collects their energy via ionisation or scintillation providing a measurable signal.

ECal is divided into a barrel part (|| < 1.475) and two end-cap components (EMEC) (1.375 < || <
3.2). It uses liquid Argon (LAr) as the active detector medium and lead (Pb) for the absorber plates.
HCal is placed directly outside the ECal envelope. Its barrel part covers the region || < 1.0 while
two exteded regions are located in the range 0.8 < || < 1.7. It uses steel for the absorber parts and
scintillating tiles as the active material. The Hadronic End-cap Calorimeters (HEC) slightly overlap
with other components of the Calorimeter System covering the range 1.5 < |n| < 3.2. Copper plates
are interleaved with liquid Argon gaps, serving as the active medium for this sampling calorimeter.
An additional thin LAr layer acting as a presampler detector covers the region || < 1.8 and is used
to correct upstream energy losses. The Forward Calorimeter (FCal) complements the Calorimeter
System and consists of one electromagnetic and two hadronic components. It is integrated at the
end-caps providing coverage over 3.1 < || < 4.9. The active material chosen is the LAr while
copper and tungsten are the passive material choices for the electromagnetic and hadronic modules
respectively. FCal not only minimises the energy losses in cracks between the calorimeter systems
but also reduces the radiation background levels in the following detecting system.

Muon Spectrometer

Muons being minimum ionizing particles (MIPs) cross the calorimeters without being absorbed,
usually only losing a small fraction of their energy. Thus, their identification is provided by the Muon
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Spectrometer (MS) [39], installed at the outer part of the ATLAS detector covering the range || < 2.7
with full ¢ coverage. A graphical representation of the Muon System is shown in Figure 3.5.

Thin-gap chambers (TEC)

Cathode strip chambers (CSC)

4 Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.5: Cut-away view of the ATLAS Muon Spectrometer [16].

The MS operation is based on the magnetic deflection of muon tracks in the large superconducting
air-core toroid magnets instrumented with separate trigger and high-precision tracking chambers. For
|| < 1.4, the muon tracks are bent by the barrel toroid while the two end-cap toroids are responsible
for the magnetic deflection in the region 1.6 < || < 2.7. The combination of barrel and end-cap fields
is applicable to 1.4 < || < 1.6. This magnet configuration minimises the resolution degradation due
to multiple scattering.

In the barrel region, muon stations are arranged in three roughly cylindrical layers around the beam
axis. The most part of the barrel is equipped with the multilayered Monitored Drift Tubes (MDTs)
responsible for precision measurements. The basic element of the MDTs is a pressurised drift tube
with a diameter of 30 mm and a central tungsten-rhenium wire (anode) of 50 um in diameter. The
tube is filled with Ar/CO; (93/7) gas at 3 bar and a high voltage is applied on the central wire.
Each MDT chamber consists of a stack of tubes organised in layers. Resistive Plate Chambers
(RPCs) are installed together with the MDTs in the middle and outer stations to provide the trigger
information and measure the second, azimuthal component of the muon tracks. The basic RPC unit
is a narrow gas gap of CoHyF4/Iso-C4H1/SFes (94.7/5/0.3) formed by two parallel resistive plates
made of phenolic-melaminic plastic laminate.

In the end-cap regions the chambers are installed in three disks perpendicular to the beam pipe.
Again, in the middle and outer wheels, the MDTs serve as the precision tracking chambers except of
the innermost forward direction (2.0 < || < 2.7) where the particle flux and muon-track density are
highest, exceeding the limit for their safe operation. Consequently, the technology chosen for this
first innermost layer (nicknamed Small Wheel (SW)) is the Cathode Strip Chambers (CSCs). The
whole CSC system consists of two disks, one on each ATLAS end-cap side with 8 small and 8 large

23



3 The ATLAS Experiment

trapezoid chambers consisting of 4 layers each. The CSCs are multi-wire proportional chambers
with cathode planes segmented into strips in orthogonal directions to measure both precision and
transverse coordinates. The gas mixture consisting of Ar/CO, (80/20) is chosen as the detector’s
active material. Instead of reading out the signal on the wires the position of the track is measured
by the interpolation between the charges induced on the neighbouring cathode strips. In this way
a spatial resolution of 60 um is achieved per layer compared with the 80 um of a MDT tube layer.
The middle wheels are occupied along with the MDTs with the Thin Gap Chambers (TGCs) to
provide information for the trigger and the second coordinate. They are multi-wire proportional
chambers like CSCs, with the characteristic that the wire-to-cathode distance is smaller than the
wire-to-wire distance and along with the high electric field applied around the wires this leads to a
good performance. The gas used is a mixture of CO;/n-pentane (55/45).

3.1.2 Trigger & Data Acquisition

The LHC collides protons at a frequency of around 40.079 MHz, i.e every 25ns. However, this
detector particle footprint rate not only exceeds the read-out capabilities of the detector subsystems
but also overcomes the bandwidth and the storage capabilities at the CERN computing center.

The ATLAS Trigger and Data Acquisition (TDAQ) [40] system is responsible for deciding in real
time whether to record data and store the events of interest for offline analysis. A diagram of all
the relevant components for triggering as well as the detector read-out and data-flow used in Run
2 is shown in Figure 3.6. The events are selected using a two-level trigger system. The first level
reduces the maximum rate of events to about 100 kHz while the second stage reduces it further to an
averaged rate of 1.2 kHz resulting to a throughput to permanent storage of 1.2 GB/s.

The Level-1 (L1) trigger is a hardware-based system that uses custom electronics to dump reduced-
granularity information from the calorimeter (LL1Calo) and muon detectors (L1Muon). The L1Calo
trigger uses signals that are digitised and calibrated by the preprocessor and are sent in parallel to the
Cluster Processor (CP), which identifies electron, photon and 7-lepton candidates above a threshold,
and Jet/Energy-sum Processor (JEP), which identifies jet candidates and produces sums of total and
missing transverse energy. The L1Muon trigger uses hits from the RPCs (in the barrel) and TGCs
(in the end-caps). To reduce the rate in the end-cap regions of particles not originating from the IP,
coincidence requirements are applied between the outer and inner TGC stations as well as between
the TGCs and the tile calorimeter. The L1 trigger decision is made by the Central Trigger Processor
(CTP), which receives inputs from the L.1Calo and L1Muon through the L1Muon Central Trigger
Processor Interface (MUCTPI) and the L1 topological (LL1Topo) trigger. It is also resposible for
applying the dead time, a mechanism to limit the number of L1 accepts to be within the 2.5 us time
window (latency) permitted by the detector electronics. For each L1-accepted event, the Front-End
(FE) detector electronics read out the event. The data are sent first to ReadOut Drivers (RODs),
performing the initial processing and formatting and then to the ReadOut System (ROS) to buffer
the data which are then sent to the second stage of the trigger when requested. In addition the L1
triggers identify the Regions-of-Interest (Rols) within the detector to be further investigated by the
second trigger stage.
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Figure 3.6: Schematic of the ATLAS Trigger’and Data Acquisition system in Run-2 [40].

The second level of the trigger, the High-Level Trigger (HLT) is software based. It makes use of
dedicated fast trigger algorithms to provide early rejection, followed by more precise and more CPU-
intensive algorithms similar to those used for offline reconstruction to make the final decision. Once
an event is accepted by the HLT, the data are sent to permanent storage in RAW (bytestream) format
for offline reconstruction and are exported to the Tier-0 facility at CERN’s computing center.

3.1.3 Simulation

Monte-Carlo (MC) detector simulations consist a fundamental tool for comparisons of the theoretical
models to data among others (e.g testing the performance of the detector, calculation of systematic
uncertainties, background modelling, etc.). The ATLAS simulation is integrated into the common
software framework, called Athena [41], based on the common Gaudi [42], a framework for data
processing for high energy experiments. The main code is written in C++ whereas there is also a

configuration layer in Python. The generation of MC datasets consists of several steps [43] that are
shown in Figure 3.7 and summarized below.

2 The Fast Tracker (FTK) was designed to provide inner detector tracks to the HLT and L1 acceptance rate. It was
eventually not approved by the ATLAS Collaboration and thus not implemented.
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Event Generation

Event generators run within Athena framework, but most of the generators themselves are written
and maintained by authors external to ATLAS. Each generated event contains the particles from a
single interaction considering prompt decays with and without accounting the beam properties and
the detector effects respectively. The information of the stable and long-lived particles expected to
interact within the detector is kept for processing at the next step. Thus, the definition of what is con-
sidered as stable particle has to be done at generator level. The output format is called EVNT while
the information stored is based on standard HepMC format [44] and contains a full picture of the
event history including the parents of unstable particles as well as all particles’ data information (i.e
PDG particle identifier code, name, charge, mass, lifetime and spin) including their four momenta.
This information is called Monte Carlo truth.

Detector Simulation

The simulation of ATLAS relies on the Geant4 [45] particle simulation toolkit and describes the
interaction of particles with the active and passive detector materials as well as their deflection in
the magnetic field. The output is appended to the Monte Carlo truth information already defined
at generator-level which is a record of energy deposits, vertexing, incoming/outgoing particles etc.
and its format is called HITS. Very precise simulations cost in terms of CPU and disk-space while
the requirements for large-scale MC production are going to be increased significantly the upcoming
years with the increase of the luminosity. As an alternative for the most time consuming parts of the
simulation (i.e the calorimeters) a parametrisation (the so-called fast simulation) of their response has
been deployed and runs in combination with the Geant4 simulation to address the above mentioned
issues.

Simulation of Detector Response (Digitisation)

The hits produced by the simulation need to be translated into detector responses, or else digits
(inputs to the RODs in the detector electronics). This process is dependent on the detector type as it
includes the modelling of effects like the signal collection, pulse shaping, readout scheme, electronic
noise etc. Data collected during test-beams or from other tests performed in the lab are used to tune
the digitisation algorithms. The output format is written out as Raw Data Objects (RDO). Simulated
Data Objects (SDO) can also be produced at this step containing information about all the particles
and noise that contributed to the signal. This particular format is mostly used to determine the
tracking efficiency and fake track rates. Within the digitisation step, hits from the hard scattering are
overlaid with additional interactions, i.e pile-up for a realistic description.
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Figure 3.7: Workflow of the ATLAS simulation framework, from event generators (top left) to reconstruction
(top right) [43].

3.1.4 Object Reconstruction

The reconstruction procedure is identical for simulation and real data with the exception that truth
information can be treated and is available only on simulated data. The ATLAS HLT output is written
in bytestream format and a conversion to RDO is needed? to run the reconstruction step.

Tracks and vertices

Tracks are reconstructed in the ID using a sequence of algorithms [46]. A clustering algorithm
is used where pixels and strips in a given sensor are grouped together forming three dimensional
space-points. An iterative combinatorial procedure follows to find candidate tracks where sets of
three space-points are formed to maximise the possible number of combinations and allow a first
estimate of the track momentum. Next, space-points from the remaining layers of the pixel and SCT
detectors compatible with the preliminary trajectory are incorporated in the Kalman filter [47]. With
this procedure all possible combinations have been made and are used as input to the ambiguity
solver whose logic flow is illustrated in Figure 3.8.

A score is assigned to each one of the preliminary trajectories based on criteria defining the track
quality and they are sorted in desceding order of score. Bad scored tracks are rejected. A neural
network is trained to identify the clusters (merged clusters) that are shared among close-by energetic
tracks. All tracks fulfilling the requirements are propagated to the final track collection, they are

3 In order to perform HLT simulation studies, the RDO format needs to be converted into bytestream. There is some loss
in this conversion but the inverse operation (from bytestream to RDO) is lossless.
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Figure 3.8: The flowchart of tracks through the ambiguity solver [46].

extrapolated to the TRT for the final track parameter estimation* and are used to reconstruct the
interaction vertices. The primary interaction vertex is defined to be the one with the highest sum of
the squared transverse momenta of its associated tracks.

Electrons and photons

Electrons and photons are particles that initiate electromagnetic showers, i.e providing similar sig-
natures in the detector, and therefore their reconstruction proceeds in parallel, by combining the
information from both the ID and the ECal systems [48].

In short, clusters of energy deposits (superclusters) in the calorimeter matched with a track found in
the ID define an electron object. A converted photon is a cluster matched to a conversion vertex while
an unconverted photon is a cluster matched to neither an electron track nor a conversion vertex.

The superclusters are built starting from a list of EM topo-clusters® sorted by descending Et. The
clusters, or else seed clusters, are tested one by one and are labeled as electrons, prompt and con-
verted photons according to the criteria they pass. Then, the algorithm tries to search for satellite
clusters. A satellite cluster for both electrons and photons is considered as any cluster falling within
a window of ApxA¢ = 0.075x0.125 around the seed cluster barycentre, representing secondary EM
showers originating from the same initial particle. In particular for electrons if a cluster falls within
a window of A X A¢ = 0.125 x 0.300 around the seed barycentre and its best-matched track is also
the best-matched track for the seed is considered a satellite as well. For photons with conversion
vertices made up only of tracks containing silicon hits, a cluster is added as a satellite if its best-
matched electron track belongs to the conversion vertex matched to the seed cluster. By this way

4 The final reconstructed tracks are described by five parameters. The transverse impact parameter d, defined as the
shortest distance between the track and the beam line in the transverse plane, the longitudinal impact parameter zo
defined as the distance in z between the primary vertex and the point on the track used to evaluate dy, the 7 and ¢ of the
particle and the track momentum expressed as g/ pr.

3 iterative algorithm where clusters are formed in the calorimeters using a set of noise thresholds.
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the discrimination between distant radiative photons or conversion electrons from pile-up or other
unrelated clusters is achieved. As described above, the superclusters are formed independently for
electrons and photons and therefore a given seed cluster can be both labeled as electron and photon.
To distinguish such cases the procedure presented in Figure 3.9 is followed. If none of the criteria
are satisfied the particle is labeled as ambiguous and its final classification is performed at analysis
level.
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Figure 3.9: The flowchart showing the logic of the ambiguity resolution for particles initially reconstructed
both as electrons and photons [48].

Further identification and isolation selections (working points, WP) are used to improve the purity of
selected electron and photon objects. Prompt electrons are discriminated against hadronic jets, con-
verted photons and electrons produced in the decays of heavy-flavour hadrons, based on a likelihood
(LH) discriminant using information measured in the ID, the calorimeter and the combined ID and
calorimeter whereas prompt photons are identified and selected against backgrounds from hadronic
jets using a cut-based selection on the shower shapes in the calorimeters.

Muons

The reconstruction of muons is based on information collected by the ID, the MS tracking detectors
as well as the calorimeter system [49]. The main reconstruction strategies that are followed are six
and thus six muon types are defined: stand-alone (rely only on information from the MS used for
the tracks that fall outside the ID coverage), combined (CB, matching MS tracks to ID tracks and
accounting the energy loss in the calorimeters), inside-out combined (IO, ID tracks are extrapolated
to the MS where at least three loosely-aligned MS hits are required and the energy loss in the calor-
imeters is accounted in the combined track fit), muon-spectrometer extrapolated (ME, if MS tracks
are not matched to an ID track, its parameters are extrapolated to the beamline), segment-tagged
(ST, an ID track extrapolated to the MS satisfies tight angular matching requirements to at least one
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reconstructed MS segment) and calorimeter-tagged (CT, ID tracks extrapolated to the calorimeters
and search for energy deposits consistent with a MIP).

The reconstruction of tracks in the MS starts with the identification of short straight-line track seg-
ments found in the different muon stations. The segments are then combined into preliminary track
candidates loosely constrained based on the IP and a parabolic trajectory describing the bending in
the magnetic field. Precision measurements in the bending plane are combined with measurements
of the second coordinate from the trigger detectors providing three-dimensional tracks. Then a global
fit is performed. After reconstruction a selection of WPs for each of the muon types is applied for
further distinction of prompt and non-prompt muons.

Jets

A jet is a narrow cone of hadrons and other particles, moving along the same direction, produced by
the hadronisation of a quark or gluon resulting to colour-neutral states. Several algorithms exist for
jet reconstruction with the anti-k, [50] being the most accurate one and employed in most ATLAS
analyses which use the Run 2 dataset.

Topo-clusters are formed in the calorimeter and two main variables expressed as distances between
closest-neighbour clusters (i and j), and a cluster (i) and the beam (B) are defined as:

2
11 )4 1
di; =min| —, — | —, dip = — 3.1
where A?j = (y; - yj)z + (i — ¢ j)z and k;;,y; and ¢; are the transverse momentum, rapidity and
azimuthal angle of the entity i respectively. The parameter R defines the radius of the output jet. The
algorithm checks at every step the smallest distance and if it is the d;p, that cluster is considered as a
jet and is removed from the list. For the other case, the two clusters are merged into a single larger

cluster, and the procedure is repeated until no clusters are left.

Hadronic final-state measurements can be improved when the track information from the ID is com-
bined with the calorimeter systems and is given as input to the particle flow algorithm (PFlow) [51].
Specifically, energy deposits in the calorimeter by charged particles is removed from the observed
topo-clusters and the jets are reconstructed with the remaining clusters in the calorimeters. By this
way the resulting jet energy and angular resolution are improved while the reconstruction efficiency
and pile-up are more stable compared to the jet reconstruction based only on the information provided
by the calorimeters.

Reconstructed jets undergo a calibration procedure as described in Figure 3.10 to correct their energy
in order to be compatible with the parton which initiated the jet.

First, the excess energy due to in-time (i.e additional pp interactions) and out-of-time (i.e residual
gases in the beam pipe) pile-up is removed. Then, the reconstructed jet four-momentum is brought
to particle level by comparing the energy of simulated jets between the truth and reconstruction level
in order to account for energy losses in passive material, non-compensation of calorimeters, out-of-
cone effects etc. After, with the global sequential calibration which is performed using both data and
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Figure 3.10: Calibration stages for jets [52].

MC, the jet pr resolution is improved by removing the dependence of the jet response on variables
(observables) constructed using information from the ID, calorimeters and MS. At the last step, an
in-situ calibration is applied on data only, and corrects the remaining differences on jet response
observed between data and MC simulation (i.e imperfect simulation of the detector material and
physics processes involved).

The categorisation of jets into b-jets, c-jets and light-flavour jets is done using a two-staged ap-
proach [53]. At first level the properties of individual charged-particle tracks associated with a had-
ronic jet are used while the tracks are combined to explicitly reconstruct displaced vertices®. Then
these results are passed into high level algorithms which consist of multivariate classifiers.

Missing Transverse Energy (MET)

The presence of non-interacting particles with the detector, i.e neutrinos, can be established through
the missing transverse energy [54], E%‘iss, defined as the negative of the vectorial momentum sum of
all reconstructed objects in the detector. There are two contributions coming from the hard- and soft-
event signals. The former comprises all fully reconstructed and calibrated particles and jets while
the latter consists of reconstructed charged-particle tracks associated with the primary vertex without
being associated to any of the hard-scatter objects.

3.2 The ATLAS Upgrades towards the HL-LHC

For Run-3 an instantaneous luminosity of 2 times the nominal value and an average pileup of about
80 collisions per bunch crossing while for the HL-LHC phase an instantaneous luminosity of 7.5
times the nominal value and an average pileup of about 200 collisions per bunch crossing are fore-
seen. In order to cope with the new harsh conditions many improvements and upgrades have been
planned for ATLAS organised in two phases during the LS2 and LS3, namely Phase-1 and Phase-2
respectively.

6 energetic b-hadrons before decaying generally lead to at least one vertex displaced by a few mm away from the hard-
scatter collision point
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3.2.1 Phase-1 Upgrades & the New Small Wheel Project

The preservation but also the improvement of the low transverse-momentum electron and muon
trigger thresholds as well as the maintainance of the machine to be sensitive to electroweak-scale
particles that produce hadronically-decaying 7 leptons, jets and missing transverse momentum are
the main objectives for the Phase-1 upgrade plan. These goals have been accomplished through the
following upgrades:

1. installation of new calorimeter trigger electronics [55], providing a finer granularity and a
higher energy resolution to the trigger system.

2. new end-cap muon detectors [56] that can withstand the high background radiation environ-
ment.

3. new muon chambers in the inner barrel central region, extending the trigger coverage of the
muon system (it serves as a test prior to the Phase-2 muon system upgrade [57]).

4. TDAQ system upgrades [58], that take advantage of the calorimeter and muon system upgrades
while rejecting background in a high pile-up environment and simultaneously maintaining the
same acceptance rate.

Being part of this thesis, a detailed overview of the new end-cap system, the so-called New Small
Wheels (NSW), is presented below.

The New Small Wheel Project

Simulation studies alongside with analysis of data collected during 2012, have demonstrated that
the performance of the muon tracking chambers (in particular at the inner end-cap region, at the
location of SWs, the region with the highest background conditions) both in terms of efficiency
and resolution, degrades with the expected increase of the cavern background rate. The potential
degradation is expected to have the worst impact for high momentum muons (pr > 100 GeV) while
precise measurements require track segments to be found in all three muon stations.

7' — uu simulated events in different background environments were used to quantify the loss in
efficiency of the muon end-cap stations. As presented in the distribution at the left of Figure 3.11, the
signal is reduced by 70% for conditions close to HL-LHC (red distribution). Furthermore, during the
previous running periods, it was observed that low energy particles can interact with the material that
is located between the inner and middle end-cap regions producing fake muon triggers. The right
distribution of Figure 3.11 shows the 5 distribution of the Level-1 muon signal along with the offline
well reconstructed muon tracks. More than 80% of the muon trigger rate comes from the end-caps
(Il > 1.0) while most of the triggered objects are not reconstructible offline.

The latter could be solved by rising the Level-1 trigger threshold for the muon momentum, but this
will have a big impact on several physics searches. In order to solve the above mentioned issues
together, ATLAS Collaboration proposed to totally replace the inner muon station with the NSW.

The performance of the new detector should be as good as that of the SW. For this reason, the NSW
should be able to measure the transverse momentum of passing muons of 1 TeV, with a precision of
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Figure 3.11: Left: Reconstructed di-muon mass using simulated Z' — pu events in three different background
conditions. The black, blue and red histograms correspond to luminosities of 0.3, 3 and 5 times the nom-
inal value. Right: 5 distribution of Level-1 muon signal with pt > 10 GeV (L1_MUI11) and of the offline
reconstructed muons with pr > 3 GeV and pr > 10 GeV [56].

10%. In order to achieve this, the position resolution in the bending plane of muon track segments
should be better than 50 um, to match the performance of the MDT system. This requires a position
resolution better than 100 um per plane for a 4-layer detector. In terms of efficiency, the segment
finding should be better than 97% for muons with pt > 10 GeV at the high radiation environment.
Moreover, the second coordinate should be measured with a resolution of 1-2 mm to facilitate the
combined muon reconstruction. Finally, a good angle resolution of about 1 mrad is required to
eliminate and correct effects like the multiple scattering in the calorimeters and the finite size of
luminous region of pp collision, improving the pt resolution.

The NSW is a set of precision tracking and trigger detectors able to work at high rates with excellent
real-time spatial and time resolution. Two detector technologies from the family of gaseous detect-
ors are deployed to the system: the small-strip Thin Gap Chamber (sTGC) [59] and the resistive
strip Micro-Mesh Gaseous Structure (Micromegas, MMG) [60]. Their internal structure is shown in
Figure 3.12.
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Figure 3.12: The sTGC (left) and MMG (right) internal structure [56, 61].

The sTGC is an extension of TGC technology allowing fast on-line tracking that can be used in the
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L1 trigger with sufficient precision for the offline tracking as well. Two FR4 cathodes coated with
a resistive graphite-resin mixture form a gap 2.8 mm thick filled with a mixture of 55% CO, and
45% n-pentane. The anode plane in the middle of the gap consists of 50 um in diameter gold-plated
tungsten wires with a pitch of 1.8 mm. The direction of the wires is parallel to the radial axis of
the chamber and a high voltage of +2.8 kV is applied on them. Signals are capacitively induced on
copper readout strips with a direction perpendicular to the wires, 2.7 mm wide with a pitch of 3.2 mm
on one side of the gap and on large rectangular copper pads on the other side. The pad coincidence
can form a vector pointing at the IP. Moreover, the pads dictate which strips are for readout in order
to obtain a precise measurement in the bending coordinate. The read out of the wires provides the
information of the azimuthal coordinate.

On the other hand, the Micromegas technology permits the construction of thin wireless detectors. A
stainless steel mesh separates a gas gap of about 5 mm thickness into two asymmetric regions. The
larger region extending from the mesh plane upwards to the cathode electrode is called conversion
or drift gap. The anode electrode is located at a distance of 128 um below the metallic mesh, and
is segmented into strips 0.3 mm wide with a pitch of 425 — 450 um depending on the type. This
region is called amplification gap. The mesh sits on support pillars. Two gas mixtures have been
extensively tested; the originally proposed gas mixture’ with a composition of 93% Ar and 7% CO,
and the baseline mixture with a composition of 93% Ar, 5% CO, and 2% isobutane. The high voltage
potentials are chosen such that the electric field to be a few hundred V/cm in the drift region (adjusted
to set the drift velocity close to its local maximum and plateau and at the same time minimise the
longitudinal diffusion) and 40-50 kV/cm in the amplification region, to reach a gain close to 10*
for MIP muons. On top of the read out strips a layer of resistive strips is inserted being separated
by a thin insulator, for the former to not be directly exposed to the charge to minimize the effect
of sparking®. More details on the detector geometry, its operation and performance for the NSW
Project are documented in Part II.

The operation principle for both detectors is quite similar. Energetic charged particles ionize the gas
atoms as they pass through the detectors. The liberated primary electrons and ions drift along the
electric field lines. The primary electrons are being multiplied in an electron avalanche as they pass
through the metallic mesh (approach the anode wires) for MMG (sTGC) due to the strong electric
field. The motion of the electron-ion pairs formed in the avalanche induces fast signals in the anode
and cathode electrodes. Each detector technology complements the other for their corresponding
primary functions with the sTGC to be mainly responsible for the triggering and the MMG for the
track reconstruction.

Each NSW is composed of 16 trapezoidal in shape sectors of precision chambers, eight small and
eight large. Each sector consists of 16 detector planes organised in two multilayers. Each multilayer
comprises four sSTGC and four MMG detector planes® with the final arrangement along the z-axis to
be sSTGC-MMG-MMG-sTGC as to maximise the lever-arm between the two sTGC multilayers and

7 now considered as the backup mixture.

8 Large-scale Micromegas detectors risk of sparking. Low energy alpha particles or slowly moving charged debris from
neutron (or other) interactions with the detector gas or materials can produce high ionisation levels that can damage the
detector, the read out electronics and as a consequence lead to large dead times.

9 The four detector planes consist of a quadruplet.
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achieve an optimal online track reconstruction. A graphical representation of the NSW structure and
its arrangement along the z-axis is shown in Figure 3.13.
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Large Sector wedge

STGC chamber.

Small Sector wedge
MM chamber

(@ (b)

Figure 3.13: (a) The structure of small and large NSW sectors. (b) rz-plane view of NSW. sTGCs are shown
in green and MMG in brown [61].

Both NSWs host 128 detectors with approximately 2 million for MMG and 350.000 for sTGC elec-
tronic read out channels. The electronics and their connectivity [62] are summarized in Figure 3.14
and are divided into two major categories: the on-detector (front-end boards, Level-1 Data Driver
Card (L1DDC) [63], ART (Address in Real Time) Data Driver Card (ADDC) [64], Pad trigger and
Router boards) and off-detector (Front End LInk eXchange (FELIX) [65], trigger processor, sector
logic and services running on commercial server Computers like Read Out Drivers (ROD), Detector
Control System (DCS), event monitoring, configuration, trigger monitor and calibration) electron-
ics.

The front-end boards are connected directly to the detectors and the same components are chosen for
both technologies wherever possible. The VMM [66] is an ASIC responsible for the read out of the
MMG strips as well as of the wires, strips and pads of the sSTGC. It performs the amplification, the
shaping, the peak finding and the digitisation of the detector signals. The GBT-Slow Control Adapter
(GBT-SCA) [67] ASIC can be configured to monitor the temperature and voltage power levels of the
MMG front-end boards. The ReadOut Controller (ROC) [68] is used for handling, preprocessing and
formatting of the data received from the VMMs. The Trigger Data Serializer (TDS) [69] prepares
the trigger data from pad and strips of sSTGC with the aim to define the Rols.

Three different types of front-end boards are designed for NSW: one for the MMG which is called
MMEES and hosts 8 VMMSs, and two for the STGC which are the pFEB that hosts 3 VMMSs (two
for the read out of the cathode pads and one of the anode wires) and the sFEB that hosts 8§ VMMs
(read out of cathode strips). Each front-end board houses the GBT-SCA and ROC ASICs while for
STGCs they are accompanied with the corresponding TDS chip as well. The L1DDC boards serve
as an intermediate element collecting the data up to eight front-end boards and transmitting them to
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Figure 3.14: Overview of the NSW electronics for the TDAQ and Monitoring paths [62].

FELIX'? for both MMG and sTGC. It also distributes synchronous clocks, trigger and configuration
data coming from the back-end systems to the front-end boards.

Pad signals, coming from the pad TDS, are sent to the pad trigger which looks for hit coincidences
within one bunch-crossing. A three out of four logic is used for the two sTGC quadruplets to select a
muon candidate. The geometrical information is then sent to the strip TDS ASICs where a selection
of strip data is propagated to the router and finally to the NSW Trigger Processor. For MMG the
ADDC, is mounted on the detector, receives the ART data (address of the strip of the first hit) from
64 VMMs and propage them to the NSW Trigger Processor. Finally, the NSW Trigger Processor
uses all the information collected to calculate the track segments which are then sent to Sector Logic
and are combined with candidate tracks from the Big Wheel.

Despite the tight schedule and the challenges'! the NSW Collaboration had to face during the com-
missioning, both NSW-A and NSW-C succeeded to be installed in their positions in ATLAS in time
and are already collecting the LHC data. An event display of a reconstructed muon track using hits
from MMG chambers is shown in Figure 3.15. In Figure 3.16 a photograph of NSW-C taken the
moment it was lowering in the cavern is presented.

10 FELIX is a gateway between dedicated links connecting to detectors and trigger electronics, links providing timing and
trigger information and a commodity network (Ethernet or Infiniband). Software running on server PCs will interact
via FELIX with on-detector and trigger electronics for configuration, control, monitoring and calibration. Finally, the
swROD being part of this network, performs functions to prepare the data facilitating the online selection.

1 construction issues, noise, HV stability etc.
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Figure 3.15: Event display of a collision event recorded in ATLAS on 7th July 2022, with stable beams of
protons at the energy of 6.8 TeV [70]. The red line represents a muon track that is reconstructed using
hits in the MMG chambers (shown in white) of the NSW-C. The other muon chambers used in the track
reconstruction, are shown in green (MDT endcap) and purple (TGC endcap) boxes.

Figure 3.16: The second New Small Wheel (NSW-C) ready to be lowered and installed into its position in
ATLAS on 4th November 2021 [71].
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3.2.2 Phase-2 Upgrades

The Phase-2 upgrades complement the broader ATLAS upgrade program and consist of interventions
in the following parts of the detector:

1.

38

replacement of the current ID with the new Inner Tracker (ITk) [72, 73] to augment the radi-
ation hardness and enhance its resolution under the harsh pile-up conditions.

High Granularity Timing Detector (HGTD) [74] will be installed to complement the ITk by
providing high-precision timing information in order to distinguish between collisions occur-
ing very close in space but well separated in time.

new read out electronics for the LAr calorimeter [75] while new front-end boards for the Tile
calorimeter [76] are foreseen to be installed.

new detectors in the inner barrel region of the MS with the aim to increase the geometrical
coverage while others will be replaced to increase the rate capacities. Furthermore, the power
system as well as the electronics will be replaced [57].

design, build and installation of new TDAQ hardware with its firmware and needed soft-
ware [77].



Part 11

The Micromegas Detector for the ATLAS New Small
Wheels
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4 Geometry Description

This chapter presents all the useful information related to the layout description of the individual
NSW MMG types and the geometry implementation in the common offline software, Athena. Sec-
tion 4.1 discusses according to the design, the ideal geometry while the realistic one is described
in Section 4.2. Finally, Section 4.3 introduces the strategy followed for the geometry description in
Athena.

4.1 Nominal Geometry

Each of the 16 NSW sectors per wheel consists of a central spacer frame with two MMG quadruplets
attached to either face. The spacer frame serves as the sector’s mechanical support with all MMG
services [78], i.e. gas pipes and twinax cables, routed through its center. Each MMG is assembled
from two radial sections, built as separate modules. There are four modules for MMG: SM1 and
SM2 for the inner and outer sections of the small sectors and LM1 and LM?2 for the inner and outer
sections of the large sectors. The construction of the four different modules has been shared between
four laboratory consortia: Italy (SM1), Germany (SM2), France (LM1) and Greece/Russia/CERN
(LM2). The integration with services and their assembly in sectors composing the wheel was held at
CERN. Figure 4.1 illustrates the constituents of each NSW sector.

sector

sTGC MM Chambers

1111

spacer frame

Figure 4.1: Schematic of a disassembled NSW sector. It is made of eight sSTGC layers that surround eight
MMG layers arranged in two quadruplets. The spacer frame is the sector’s mechanical support. Particularly,
for MMG two independent modules exist.

Each quadruplet encloses four gas gaps where a Micromegas structure is supported by three drift and
two readout (RO) panels. The drift panels hold the drift electrode and the mesh, which is glued on
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a frame, and defines a 5.03 mm drift gap. The two external drift panels have an outer skin on one
side and support a single cathode electrode (~20 um thick) and mesh (with a diameter of ~60 um)
on the other side. The central drift panel holds the cathode electrode and mesh on both sides. There
are two RO panels with strips and pillars on both sides which are placed between the drift panels.
The one RO panel, called eta plane (or layer), hosts strips in the precision direction, 7. The other RO
panel, called stereo plane, has its strips tilted at opposite angles of +1.5° with respect to the eta plane.
With this orientation, both precision (77) and second (¢) coordinates can be measured [79, 80, 81].
The electronic amplification occurs between the mesh and the resistive strips plane resulting to an
amplification gap of 150 um. A cross-section of the two MMG quadruplets constituents of a NSW
sector along with all the useful dimensions is presented in Figure 4.2. The sectors and all their parts,
are trapezoidal in shape. The dimensions for each module type are shown in Table 4.1.
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Figure 4.2: A cross-section of a MMG NSW sector. The bold red lines represent the drift copper electrodes
of ~ 0.02 mm thickness which are part of the chamber’s active areas. The numbers shown in red indicate the
distances from the IP.

Table 4.1: The MMG NSW sectors’ dimensions.

LM1 LM2 SM1 SM2
Small Base (mm) 640 2022.8 | 500 1321.1
Large Base (mm) 2008.5 | 2220 1319.2 | 1821.5
Height (mm) 2310 1410 2210 1350
Radial Distance (mm) | 923 3238 895 3110
Opening Angle (°) 33 8 21 21

A RO panel is made of five (three) printed circuit boards (PCBs) for the inner (outer) sections of
the sector. Each PCB can host 1024 strips in total. However, for the first and last PCB there is a
small number of strips at the edges that is not present (these strips are referred to as missed strips)
due to lack of space to fit in. Furthermore, at the junctions between two PCBs there is always one
missed strip per PCB left (the last strip of PCB,, and the first strip of PCB,,;;). These regions are
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less efficient and they cover a distance of 1 pitch. The pitch is set at 450 (425) um for large (small)
modules while the strip width is 300 um. For the stereo planes, in order to maximise the coverage
area of strips at the corners of the modules there is a number of strips with short lengths that are not
directly connected to the FE board. These strips are referred to as routed strips.

Table 4.2: Overview of strips per module type.

LM1I LM2 SMl SM2 (|[LMlI LM2 SMl SM2
eta layers stereo layers

Missed strips (top) 72 48 41 31 36 43 11 1
Missed strips (bottom) 72 47 42 29 86 42 35 1
Missed strips (between PCBs) 6 2 6 2 6 2 6 2
Routed strips (top) - - - - 88 64 66 79
Routed strips (bottom) - - - - 0 58 18 64
Total active strips 4968 2973 5029 3008 || 4990 2983 5066 30066

The number of missed and routed strips depends on the module type. Table 4.2 gives an overview of
the strips for each module type, Table 4.3 presents the dimensions for each of the PCBs and Table 4.4
lists the active areas dimensions.

Table 4.3: Dimensions of RO PCBs.

LMI1 SM1 LM2 SM2
PCB-1 PCB-6
Small Base (mm) 640 500 2022.8 1321.1
Large Base (mm)  914.8 667.7 2089.2  1490.7
Height (mm) 463.9 452.3 474.7 457.5
PCB-2 PCB-7
Small Base (mm)  914.8 667.7 2089.2 1490.7
Large Base (mm) 1187.7 828.9 2153.6 16519
Height (mm) 460.55  434.925 460.55  434.925
PCB-3 PCB-8
Small Base (mm) 1187.7 828.9 21536 1651.9
Large Base (mm) 1460.5 990.1 2220 1821
Height (mm) 460.55  434.925 47425  457.025
PCB-4
Small Base (mm) 1460.5 990.1
Large Base(mm) 1733.3 1151.3
Height (mm) 460.55  434.925
PCB-5
Small Base (mm) 1733.3 1151.3
Large Base (mm) 2008 1319
Height (mm) 463.45  451.825
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Table 4.4: Dimensions of active area.
LMI1 LM2 SM1 SM2
Radial Length (mm) 2238.7 1339.2 21403 1279.7
Small Base (mm) 426.7 1802.5 284.0 1103.1
Large Base (mm) 1753.0 1990.0 1078.4 1579.6

The information reported here is collected from the technical drawings' and documented in Excel
spreadsheets, in the so-called Micromegas Parameter book?.

4.2 Realistic Geometry

In order to ensure that the system will operate within the specifications, at each stage of the con-
struction procedure, series of strict quality control protocols need to be passed [82], in terms of eg.
thickness, planarity, gas tightness, relative strip alignment.

Particularly, the alignment of the RO strips is very important for the accurate track reconstruction.
For this purpose, chessboard patterns (rasnik masks) are etched on the PCBs, while a lens and a
Contact CCD camera are used for the determination of the strip alignment parameters [83]. A light
source (LED), transmitted through an optical fiber, back illuminates the pattern which is projected
through the lens onto the CCD. The final image can give the rasnik mask displacement which cor-
responds to a copper strip location. These measurements describe the initial permanent "as-built"
conditions whereas they have been collected for all modules and should be accounted for the correc-
ted description of the RO layers in software.

The MMG technology was invented in 1990’s [84], and thus the scaling to large surfaces was never
tested nor used before the NSW project. The issue of sparks® in the detector had been extensively
studied [85] and the proposed solution was the addition of an insulating layer, made of kapton, of
50 um thick with resistive strips on top of the copper strip layer. Despite the proposed fix, HV in-
stabilities were persistent in 10% of the first produced RO panels and therefore, in parallel to the
module production, studies had been launched to further understand the issue. Detailed measure-
ments had proven that the resistance was decreasing at the boundaries of the active area providing
insufficient spark protection. The HV stabilisation was treated by passivating the weak areas along
the sides of the RO panels. A thin (up to ~ 10 cm) layer of araldite glue was added while its thickness
varies between the different RO layers. The passivation has shrunk the size of the active areas and
thus is considered as an "as-built" parameter.

Additionally to the in plane alignment, 16 alignment bars are mounted on each wheel forming a
reference alignment grid in the ATLAS coordinate system [56, 86]. This setup is shown in Figure 4.3.
On the surface of the outer (77) layer of the quadruplet, a system of light sources is installed in known

! The information related to the design, construction and maintenance of the different components is available and ac-
cessible through CERN’s Engineering Data Management Service EDMS.

2 The Parameter books for the NSW detector technologies are accessible in this twiki.

3 A highly ionising particle can be created by hadronic interaction with the detector materials, which can then result a
number of charges in the avalanche exceeding the Raether limit, provoking noticeable detector damages.
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4.2 Realistic Geometry

Chamber alignment feature

Alignment bar

i

Optical lines

Figure 4.3: Layout of the alignment system for a large NSW MMG. The alignment bars are shown in cyan
whereas the BCAMs are shown as the black boxes on them. The light sources are shown as the blue and
magenta boxes on the chamber. Six optical lines (shown as black lines) are defined consisting of a BCAM pair
and a set of six light sources arranged in pairs. The red lines represent the bar-to-bar alignment. Figure taken
from Camila Pazos slides.

locations using a special jig. The light sources are viewed by the Brandeis CCD Angle Monitor
(BCAM) cameras that are clamped onto the alignment bars. Following a triangulation process the
chamber locations can be monitored at a timescale of some hours, with respect to the bar sensors.
Inside the bars, a system consisting of rasnik elements and temperature sensors ensures their well-
controlled positioning in space over time. Moreover, the chambers are equipped with an adequate
number of sensors that can monitor the environmental conditions, i.e. temperature, humidity, and
magnetic field, inside the chambers in real time via the Detector Control System (DCS) [87].

The alignment software, ARAMYyS [88], was designed to translate the sensors’ data into useful para-
meters that can describe the chambers’ translations, rotations, deformations and expansions as func-
tion of the time. The translation and rotation data define the A-line set of parameters while the cham-
bers’ deformations and expansions are described by the B-line parameters. Finally, this information
is stored in the ATLAS Conditions Database [89] that can be accessed by the Athena geometry and
its track reconstruction algorithms.

A representation of the deformation states the NSW MMG chambers experience are depicted in
Figure 4.4.

The NSW Large MMG chamber shifts along the global ATLAS z-axis as reconstructed by the ARA-
MyS software using data collected with the toroid magnet at nominal operation and for the case when
it is switched off are shown in Figure 4.5.
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= [ E—— %%
Figure 4.4: NSW MMG deformation states [90]. For each state three different perspectives of view are shown.
Left: bowing out of plane. Center: sagging out of plane. Right: twist.
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Figure 4.5: The shifts along the ATLAS z-axis of the Large MMG modules of NSW Side-A after switching on
the magnet field. The positive shifts, +z, are shown as green lines, whereas the negative shifts, -z, are shown
in magenta. The shifts are scaled by a factor of 500 in order to be visible [91].

4.3 Description in the ATLAS Offline Reconstruction Framework

The detailed description of the ATLAS geometry is of great importance for the precise modeling of
its response and as a consequence for the accurate calibration and reconstruction of the real data.

The GeoModel toolkit [92] has been developed by the ATLAS Collaboration and it is integrated in
the offline software Athena. Itis a C++ library of geometrical primitives which allows the description
of complex detector systems with minimum memory consumption. As a first step each subsystem’s
primary numbers are read from tables organised by an Oracle database system, called the ATLAS
Detector Description Database. Thereafter, a transient geometry description is built on the fly upon
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request*, whereas is represented as a tree of geometrical volumes which carries information about
the shapes, materials, positions, etc. This description can then be translated in Geant4 representation
for the full simulation of the ATLAS response.

For the event processing of data, the Conditions Database, interfaces to Athena for the realistic
description of the detector. Conditions data aim to describe the state of the detector for a given time
and include alignment, calibration, monitoring as well as DCS data. A schematic of the full detector
description workflow in Athena is shown in Figure 4.6.

base geometry

GeoModelKernel
elements

Geometry DB Conditions DB

shapes’

C++ code parameters

geometry

definition alignment

job Full Detector Description

Figure 4.6: The workflow of the full ATLAS geometry description in Athena [93].

Both simulated and real data are processed through a long chain of tools and data formats. At
every step of this long process the data can be visualised together with the detector geometry as
constructed by the GeoModel, with the use of the Virtual Point 1 (VP1) [94] 3D event display which
runs within Athena. The data formats related to the simulation have been discussed in Section 3.1.3.
Different data formats are sequentially reconstructed. The ESD format contains all reconstructed
objects including low level information and is aimed for detector and reconstruction performance
studies. The xAOD files contain the higher level reconstruction objects, i.e. jets, leptons, MET etc.
relevant for physics analysis. The TAG format carries the event-level metadata and is used for a
fast event selection. The final data format of this long chain is the DxAOD, which is derived from
xAOD and stores the filtered and calibrated "good for physics" data. A schematic illustration of this
long process is given in Figure 4.7. In order to facilitate the detector description workflow and the
debugging, the GeoModel can now be used in a lightweight development environment, outside of
the complex ATLAS software framework [93, 95, 96].

The Muon Spectrometer retrieves the fundamental parameters for its description from the general
ATLAS Detector Description Database. In principle, the primary numbers for the active parts (i.e.
chambers), follow the ATLAS Muon DataBase (AMDB) [97] convention, stored in tables in the
database. On the other hand, the passive structures (i.e. shielding, toroid magnets, supporting frames,
etc.) follow the ATLAS Generic Detector Description (AGDD) [98] format, stored as a Binary Large
OBject (BLOB) in the database. The migration of all the detector components to the generic AGDD
description will provide a geometry description which can be used independently by the simulation,
reconstruction and visualisation packages.

* The relational database model allows the versioning of the primary numbers. This brings as a consequence the version-
ing of the GeoModel descriptions. A specific version of the ATLAS geometry can be built by providing an ATLAS
geometry tag as an input parameter to Athena.
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TAG
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Figure 4.7: The full chain of data flow and the interface with the ATLAS geometry description through Geo-
Model and the visualisation tool, VP1. All steps are performed within Athena. [93].

The New Small Wheel description is fully implemented in the AGDD format, based on the meta-
language, XML (eXtensible Mark-up Language)’. For the description of both active and passive
components, the useful parameters, i.e. dimensions, positions, strip information etc., are stored in
the XML files which can be read and parsed within Athena as a set of AGDD C++ objects.

These objects are then used by GeoModel whose output becomes the input to build the geometry in
Geant4 representation used for the simulation. Geant4 simulates the passage and the interactions of
particles with matter, i.e the gas gap volumes for NSW case. The particles are propagated in small
steps whereas the information of the starting and ending positions in the corresponding gas gap
volumes as well as the energy deposits are stored in the muon hit collection. Each hit is labeled by a
specific identifier, i.e. a 32-bit integer, in which the hit geometry information is stored. Therefore, all
events are completely decoupled from the geometry and the only communication is established via
the Identifiers. Each chamber is first positioned in a local coordinate system with its origin located
at the center of the quadruplet® and can then be translated in the global ATLAS reference system.
In this local system, the z coordinate points towards the beam direction while the y (x) coordinate
describes the direction perpendicular (parallel) to the bases of the trapezoid.

Up to this step, the detailed description of the RO layers is not relevant. However, it becomes
important at digitisation step, where the muon hits are converted to digits which are associated to
the fired RO strips, aiming for an accurate mitigation of the detector response output. Therefore,
the RO description is stored on top of the raw’ detector geometry. The MMG RO description is
unique and depends on the module type and layer, see Table 4.2. This description is defined in
the MMReadoutElement class (in the MuonReadoutGeometry Athena package) and should be well
centered inside the gas gap volumes. The one-to-one resistive strip to electronic channel mapping
scheme has been deployed as it is crucial for the accurate processing of the data. The intersection
of the strips with the y axis defines their position in the local RO layer’s reference frame. The strip
identifier, along with other quantities (eg. charge, time, etc.) that are determined at the digitisation
step, represent the digit collection which is the input to the reconstruction algorithms. Table 4.5 lists

5 The simplicity of the the structured ASCII format allows the straightforward conversion of the existing databases.
Moreover, the XML-syntax can be easily modified and maintained.

6 The center of a quadruplet falls at the center of the central drift panel.

7 The raw geometry consists of the gas volume and the two planar electrodes (drift and readout).
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all the variables that need to be passed as input to the Identifier builders in order to gain access in the
desired geometry volume, eg. multilayer, PCB, channel, etc.

Table 4.5: The list of useful variables for the MMG description in Athena.

Variable Name | Values Short Description

stationName MML (or 55), MMS (or 56) | Large or Small MMG module

stationEta 2,-1,1,2 module type (positive (negative) sign: side A (C))

stationPhi [1-38] sector on the wheel in polar direction

multilayer 1,2 quadruplet (1 for the one closest to IP)

gasgap [1-4] gas gap of a MMG multilayer

channel [1—n] FE board’s channel number (n=5120 for type-1 and n=3072 for type-2)

The MuonDetectorManager class provides access to the readout geometry information for the Muon
system after request. The readout description is finally stored as a tree on top of the raw geometry
by GeoModel in the MuonDetectorFactory001 class (in the MuonGeoModel Athena package). This
class also provides the connection with the databases.

During runtime, the conditions data are passed through the MuonDetectorFactory001 to the Muon-
DetectorManager where the corresponding containers for the initialisation of the A- and B-lines
are being filled. These data are then used by the alignment transformations defined in the MM-
ReadoutElement class and the RO strip positions are tweaked. A similar procedure is followed for
the as-built corrections with the difference that the models are hosted in the MuonNSWAsBuilt ded-
icated package.

For NSW the Conditions Database was not in place at the time of the implementation in Athena.
Therefore, as a workaround a text file following the Character Large OBject (CLOB) data collection
stored in the Oracle database for the pre-existing Run 2 muon stations, was created and can be
used as input to test the chambers alignment implementation and performance in the software. A
dedicated tool, NSWCondUtils in the MuonConditions package, was developed to allow the reading
of the file while its content feeds the alignment containers. For the as-built case, the input follows
the JavaScript Object Notation (JSON) format.
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First, an introduction of the ATLAS data preparation procedure from raw to "good for physics" data
is given in Section 5.1. The data quality assessment is realised in two stages: online and offline.
This chapter is oriented towards the offline part. Therefore, the code implementation of the offline
data monitoring for the NSW MMG detectors in the offline reconstruction framework, Athena is
discussed in Section 5.2. Although, both NSWs have been successfully installed in ATLAS, the
offline tools for the former SWs had to be functional for the Run-2 reprocessing campaigns that were
launched during LS2. The offline monitoring for the CSC detectors is documented in Appendix A.

5.1 Data Preparation

5.1.1 Definitions

ATLAS records data continuously after LHC enters in "stable beams" conditions. This uninterrupted
period with beams is called a LHC fill. At that time, the ATLAS subsystems start ramping up the
high voltage (HV). Once the detector configurations for data taking are all set, ATLAS raises the flag
"ready for physics". A continuous period of data recording is referred to as an ATLAS run which
typically corresponds to a single LHC fill (~ hours of data taking). Each ATLAS run is divided
into luminosity blocks (LB). A LB is defined as the period of time during which the instantaneous
luminosity, detector, trigger and data quality conditions are considered constant (~1 min). A group
of runs with very similar running conditions constitutes a sub-period which is marked with a capital
letter along with a number. Similarly, a group of sub-periods defines a period, marked with a capital
letter. Finally, a long period of data taking between LHC shutdowns is known as LHC Run, i.e.
Run-1, Run-2, Run-3, Run-4, etc.

5.1.2 Data Streams

The data are recorded in three major streams: physics, calibration and express, which are defined in
dedicated trigger menus. A trigger menu contains a list of selection criteria at the L1 and HLT for
one or several physics signatures. The menu for the main, physics stream is decided by the physics
groups whereas it contains data for physics studies. The calibration stream is used by the detector
experts. It refers to data that are triggered by algorithms specific to subdetectors or HLT features,
used to define the electronic noise, detector alignment, etc. These data are passed to the Conditions
Database and can be used back real time during data taking or later at reconstruction level. Finally,
the express stream contains a representative subset (around 10%) of data collected in the physics
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and calibration streams. These events are reconstructed in real time at the ATLAS Tier-0 computing
facility for the prompt monitoring of all ATLAS sub-detectors.

5.1.3 Data Quality Assessment

The data quality assessment begins immediately with the start of an ATLAS run. A schematic of the
operations workflow for the ATLAS data quality control is shown in Figure 5.1.
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Figure 5.1: The workflow for the ATLAS data quality assessment [99].

For each ATLAS subsystem there is a dedicated desk in the ATLAS control room where online
shifters make use of the online monitoring applications to check the detectors’ status and notify the
detector experts who can take action in case of issues that can arise during run time. A central data
quality desk also exists where the shifter has a global view of the ATLAS detector and additionally
monitors the reconstructed objects.

The operational status of the hardware components is controlled and monitored with the DCS. The
DCS data are archived and are used to assign defects indicating the detectors operation conditions
during the data taking. These data are uploaded automatically in the Defect Database, subcompon-
ent of the Conditions Database. A lightweight tool [100] is used to further monitor the low-level
detector hardware at different stages of the data flow and key histograms are displayed on the online
desks [101]. An automatic data quality assessment on each histogram is performed and a status flag
with a colour is assigned to easily identify the problematic histograms. This first assessment aims
the mitigation of data losses at trigger level. At the end of the run these flagged histograms along
with others produced by the HLT are archived and can be distributed to the offline applications for
future reference.

52



5.1 Data Preparation

Once the data have been recorded and reconstructed, they pass a two-stage offline quality control.
The first control is performed on the reconstructed data from the express and calibration streams. The
first express reconstruction starts within few hours of the start of a run. At this stage, the detector
experts can update the calibration constants and detector alignment information in the Conditions
Database as necessary. Additional reconstruction iterations will occur until the calibrations are ap-
proved for the full reconstruction of the run. This process is known as the calibration loop and lasts
about 48 hours.

The main physics stream is launched right after the Conditions Database is up-to-date. The recon-
structed dataset is usually available within 48 hours after the end of the run. The final assessment is
then performed with the high statistics dataset. The detector and the combined performance experts
validate the quality of the data and ensure that the conditions data are applied successfully. At this
stage a second update to the Conditions Database can be realised to cover any remaining issues. This
further update is going to be applied at the time the reconstruction procedure starts again. It is evid-
ent that the data reprocessing results in higher data quality efficiency. Therefore, reprocessing can
take place as needed. Usually, once a year the data are reprocessed to incorporate the final conditions
as well as any important software improvements. These large-scale reprocessings are performed at
Tier-1 sites and the validation procedure is repeated.

After the complete data quality validation of a data period, a certified list of LBs that satisfies the
"good for physics" conditions is documented in XML files, the so-called Good Run Lists (GRLs).
The GRLs are then propagated to the physics analysis groups.

5.1.4 Data Quality Performance

The "good for physics" data efficiency as measured from 2022 Run-3 physics runs at 13.6 TeV centre
of mass energy is 93.1% [102]. The overall data quality efficiency of 2022 data is very similar to the
measured efficiency of data collected in the beginning of Run-2 (see Figure 5.2).
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Figure 5.2: The cumulative data quality efficiency versus the total integrated luminosity recorded by ATLAS
in Run-2 (2015-2018) and first year of Run-3 (2022) [102].
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Particularly, the detectors of the muon system operated with a data quality efficiency at 99.99% for
MDTs, 97.95% for RPCs and 99.72% for TGCs [102]. Although both NSWs were installed in the
ATLAS cavern before the end of the LS2, the commissioning efforts are still ongoing and thus they
were not included in the GRLs this time.

5.2 Micromegas Offline Monitoring in the ATLAS Offline
Reconstruction Framework

A first version of the offline monitoring tools for the MMG technology has been developed within
Athena. The tools were tested using MC samples during LS2. Currently, the offline monitoring
package runs at Tier-0, the histograms are filled with Run-3 data whereas they aid the commissioning
by identifying detector and software related problems. However, there are several developments
ongoing in the current configuration, e.g. Defect Database, review and add/remove histograms,
update the fitting functions, check the algorithms for the automatic histogram assessment etc.

For the scope of this thesis, the description of the current MMG offline monitoring workflow in
Athena will be given.

5.2.1 Monitored Histograms

The calculation of the monitored variables is performed in the dedicated for MMG technology
MMRawDataMonAlg C++ class of the MMRawDataMonitoring package, located in MuonSpec-
trometer/MuonValidation/MuonDQA/MuonRawDataMonitoring Athena path. There is a top-level
python configuration where the monitoring algorithm is configured and the histograms are defined.
The produced histograms are stored in root files! and are organised in folders specific for the MMG
technology.

As already mentioned (see Section 3.1.4) the reconstruction procedure is similar for both simulated
and real data. The data monitoring is performed at different stages of the reconstruction step in or-
der to validate the whole procedure. First, the calibrated hits on the adjacent readout elements are
combined to form clusters on the MMG layers. This collection of data is called Prepared Raw Data
(PRD). Experience from Run-2 data taking proved that a plot showing the hit occupancy as a function
of the LB can validate the data delivery over time and spot any transient hardware issues. Therefore,
this kind of information is provided also for the MMG technology and plots for each MMFES card
of a given sector and detector layer are implemented. An example is given in Figure 5.3. A rep-
resentative set of key histograms filled with variables at this level of reconstruction are presented in
Figure 5.4. The same histograms are provided at lower granularity, i.e. per layer or PCB.

Next, the PRD collection is used to identify all the possible line segments built on the MMG detect-
ors. Finally, the segments are combined with those found on the other ATLAS subsystems to define

"The new Athena version enables parallelism thus multiple root files are produced for each running
job. A merging procedure follows with the name format of the produced root file to be <project-
Tag>.<00runNumber>.<stream>.merge.HIST. <tags>.
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Figure 5.3: Hit occupancy for NSW Side-A (a) Sector 1 and (a) Sector 11 as a function of the LB per layer
and MMFES card. Each bin of the y-axis corresponds to a MMFES card of the specific sector’s eight MMG
layers. The histograms are produced from run 435931 in the physics stream of 2022 data at 13.6 TeV centre
of mass energy.

the final muon tracks [103]. Similar histograms with those already discussed are provided at segment
and at track level. Figure 5.5 shows the number of reconstructed segments and tracks found when
using the information from the MMG detectors. Moreover, the transverse momentum of the muon
track and the residuals defined as the difference between the cluster position on the MMG layer and
the corresponding position on track are shown in the same Figure using information recorded by
every MMG layer.

Last but not least, the MMG track efficiency is computed and provided in histograms for every MMG
layer in a quadruplet. The resulted efficiency is estimated using the tag and probe method. The tag
tracks correspond to all the events for which a cluster on track is found on at least three out of four
MMG layers in a quadruplet. Then, for each MMG layer the number of probe tracks is defined as the
number of occurences a cluster is found on the under study layer. The ratio of probe (accepted tracks)
over the tag (total number of reconstructed MMG tracks) tracks defines the layer’s efficiency. The
selected granularity for the efficiency plots is the PCB. Typical examples are shown in Figure 5.6.
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Figure 5.4: (a) The fired strips indices per module, (b) hit occupancy per sector, layer and MMFES card,
distributions of (c) cluster multiplicity, (d) cluster charge, (e) cluster time, (f) strip time for all chambers
collectively at PRD level. The histograms are produced from run 435931 in the physics stream of 2022 data
at 13.6 TeV centre of mass energy. The NSW Side-C was not recording data. Despite the empty histograms,
it is also visible in (a) where the two first bins (corresponding to Side-C MMG) do not contain any data.
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Figure 5.5: The number of reconstructed (a) segments and (b) tracks. (c) The transverse momentum of the
reconstructed muon tracks and (d) the track residuals. The histograms are produced from run 435931 in the
physics stream of 2022 data at 13.6 TeV centre of mass energy.
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Figure 5.6: The efficiency of the first eta layer of the quadruplet closest to the IP for (a) LM1 and (b) LM2 as
a function of the PCB. The efficiencies are produced from run 435931 in the physics stream of 2022 data at
13.6 TeV centre of mass energy.
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5.2.2 Post-processing

Hundreds of histograms are provided to monitor the delivered data as well as to check the detector
performance. In order to ease the histogram assessment, supplementary algorithms run during the
merging process whereas additional summary histograms are saved in the final root file.

The post-processing code includes two components: a python file with the definition of the post-
processing functions and a configuration yaml file where histograms are passed as input to the cor-
responding functions in the python file and the output path of the produced histogram in the root file
is also specified. For MMG the post-processing functions are written in the MMPostProcessing.py
which is located under the python folder of the MMRawDataMonitoring Athena package. The con-
figuration file is found in the DataQuality/DataQualityUtils/data/postprocessing Athena path.

A summary map filled with the efficiencies as calculated at PCB level is provided for each NSW
MMG module type and an example is presented in Figure 5.7. The inefficient PCBs can be easily
identified. The specific to the problematic PCBs histograms can be then checked to examine further
the possible issue.
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Figure 5.7: The efficiency map of (a) LM1, SM1 and (b) LM2, SM2 MMG as a function of layer and PCB for
NSW Side-A. The same plots are provided for NSW Side-C. The plots are produced from run 435931 in the
physics stream of 2022 data at 13.6 TeV centre of mass energy.

The mean value of the cluster multiplicity distributions is used to fill summary maps. As concerning
the cluster charge distributions a fit with a Landau function is performed. The most probable value
(MPV) is presented in summary maps as result of the fit. The alignment of the chambers can be
validated and a rough estimation of the spatial resolution is also possible by performing a fit with a
simple gaussian function on the residual distributions. Finally, the time distributions are fitted with
a double Fermi-Dirac function where the values at half maximum of its rising (¢p) and falling (;ax)
parts are dumped. The information of the initial time (fy) and the time difference (At = tpx — 1) i
presented similarly in summary maps.
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5.2.3 Webdisplays

The detector experts select the most important histograms to be presented on a web page. Each
histogram is automatically checked by using an appropriate algorithm. Threshold values are set and
a colour flag is assigned on each histogram. The red flag indicates a problematic histogram, i.e. a
potential issue with the detector or the data taking, the yellow flag is just a warning while the green
flag signals that the automatic checks have been successfully passed. The histograms are organised
in folders. If a histogram is flagged as yellow or red in a folder, the folder inherits that flag. Thus, the
navigation in the folder structure for the identification of the problematic histograms becomes easy.
A screenshot of a Webdisplay produced for run 435931 in the physics stream of 2022 data collected
at 13.6 TeV centre of mass energy is shown in Figure 5.8.
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Figure 5.8: A screenshot of the Data Quality Offline Webdisplay for run 435931 in the physics stream of 2022
data at 13.6 TeV centre of mass energy. The histograms are organised in folders. Dedicated algorithms check
whether the histograms fulfill certain requirements and a colour flag is assigned to help the shifter identify
problems.

A close up of a histogram presented on the Webdisplay is shown in Figure 5.9. Among the details
of the automatic assessment are the name of the algorithm used, the configuration parameters and
the results whereas they are presented along with the histogram. For the summary maps each bin
content is checked whether it falls inside a predefined range. For the hit occupancy distributions
the algorithm counts the number of bins for which the content is above a certain percentage of the
median value of all bins in the histogram. As concerning the plots that show the occupancy as a
function of LB the algorithm identifies the number of empty bins. Finally, an algorithm that checks
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whether the histogram is filled with data or not is used for the rest of the distributions shown on the
Webdisplay. The colour of the flag is determined by the algorithm’s result.
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Figure 5.9: A close up view of the efficiency map for NSW Side-A and MMG type 1. The name of the
algorithm used for the automatic assessment is shown along with the configuration parameters and the results.
The number of "bad" bins found amounts to 36 and thus the red flag is assigned on the histogram. The
histogram is part of the Webdisplay produced for run 435931 in the physics stream of 2022 data at 13.6 TeV
centre of mass energy.

The algorithms are located in the DataQuality/dgm_algorithms Athena path. The folder structure and
the choice of the appropriate algorithm for each histogram is defined in a configuration file located
in the DataQuality/DataQualityConfigurations/config Athena path.

The review of the offline Webdisplays is subject to the final assessment of the data. Prior to the
checks, the offline shifter has the responsibility to be well informed about the running conditions
of the muon subsystems. Afterwards, the offline Webdisplays are checked and the shifter can relate
issues that are present in histograms to problems that have been already detected online. In case of
any remaining issues, the shifter must inform the detector expert who can update the Defect Database
if deemed necessary. Once the validation of the data is completed and the muon system’s defects are
considered as tolerable, the shifter signs off the run which will enter in the GRL.
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With the completion of the electronics integration on the NSW MMG chambers, series of test beam
campaigns are carried out. It is the first time the NSW MMG modules are tested with the final
version of the NSW electronics mounted on them in conditions similar to those that will be imposed
by the HL-LHC upgrade. The motivation behind these tests lies on a deeper understanding of the
data taking system and the detector itself. The results will serve as reference when the NSW will
start collecting "good for physics" data. In this chapter the analysis for the characterisation of the
detector performance using data collected in July 2022 will be presented. First, the experimental
setup will be described in Section 6.1. In Section 6.2 the analysis strategy will be discussed. Finally,
the results of the under study detector’s performance in terms of efficiency and spatial resolution will
be presented in Section 6.3. Additional material on MMG studies are documented in Appendix B.

6.1 Experimental Setup

6.1.1 The Gamma Irradiation Facility

The Gamma Irradiation Facility (GIF++) [104] was designed and built during LS1 whereas it has
been operational since April 2015. At GIF++ performance studies and stability tests of detectors
designed for the HL-LHC upgrades can be carried out. A 14 TBq '*’Cs source is combined with
high energy charged particle beams (mostly muons of a few hundrends of GeV) from the secondary
SPS beam line H4 in EHN1 (887) building at Prevessin CERN site.

The H4 beam line can transport attenuated primary proton beams, secondary or tertiary particle
beams such as electrons, muons or mixed hadrons (i.e pions, protons, kaons) produced when the
primary proton beam from SPS impinges onto a beryllium target, T2 [105]. Particularly, for the
muon configuration the high-energy, high-intensity pion beam is stopped onto an iron absorber loc-
ated upstream of GIF++. The pions are stopped and only the surviving muon beam continues down-
stream, reaching the detectors. Two additional beam dumps are installed at the entrance and exit of
the beam passage from the facility, in order to enhance the quality of the muon beam. Finally, two
scintillator trigger systems are installed in order to provide trigger information both for the muon
beam and cosmic muons.

137Cs decays with a half-life of about 30.05y through 3 emission to a metastable isomer of barium
which rapidly (~ 153s) decays to its ground state with the emission of a 662keV photon. This
process happens 94.6% of the time. The remainder directly populates the ground state of '*’Ba.
The source is located inside a shielded 100 m?> bunker where two independent irradiation zones
are defined. An attenuator system consisting of movable lead filters is installed on the side of the
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irradiator to tune the photon fields. By changing the arrangement of the filters attenuation factors
(AF) between 1 (without putting any filter) and 46420 (all filters are placed in a way to achieve
the maximum attenuation of the gamma source, else noted in the following as source OFF) can be
selected [106]. The layout of the GIF++ facility is depicted in Figure 6.1.
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Figure 6.1: The floor plan of the GIF++ facility [107]. The '*’Cs source is hosted inside the shielded bunker
where two independent regions are defined and shown as the highlighted y field cones at the upstream (left)
and downstream (right) regions. The muon beam passes close to the irradiator and the bunker’s wall side, the
one towards to the preparation zone. The two beam dumps are used for the beam tuning. There are four access
doors (MAD, PPG, PPE, PPX) for personnel and/or material. The preparation zone is a fenced area close to
the bunker which serves as an additional space for the detector testing. The service zone is a two floor area
with the gas distribution/mixing system and several racks for electronics installed for the users’ needs.

6.1.2 Detector Installation

A small NSW MMG module of type 1, labeled as SM1-M40', was positioned at the downstream
region of the bunker, at a distance of around 2 m away from the irradiator. The module was placed at
vertical position with its large trapezoidal base mounted on a rotating platform whereas it operated
with the baseline gas mixture. Only PCB-3 was integrated with electronics.

! Referred to as SM1. The readout layers are labeled as: eta out (first layer facing the source), eta in, stereo in, stereo out.
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The dimensions® of PCB-3 allow to relate its performance to that of PCB-1 (being the one that will
experience the highest background rates at the HL-LHC Runs) when the HV is switched on only
on the half> PCB-3. The background environment at HL-LHC is rather complex, comprising of
other particles (i.e protons, neutrons, pions, etc) besides photons. At GIF++ the NSW MMG can
be efficiently tested by translating the gamma source to particle and readout detector rates. The
background rate levels at HL-LHC era are expected to be up to 20 kHz/cm? at the first strips of PCB-
1 whereas the PCBs closest to the beam line will experience the highest rates. This particle rate
corresponds to the AF setting at around 10. This relation is demonstrated in Appendix B.1.

Figure 6.2: The experimental setup at GIF++. The performace of SM1-M40 was tested under HL-LHC con-
ditions with the use of the '3’Cs source and the muon beam provided by the H4 beam line. Four prototypes
(SBXO0, SBY1, SBY2, SBY3) were used as reference tracking chambers.

The setup also includes four other small MMG prototypes which served as reference tracking cham-
bers. They have an active area of 40 x 40 cm? and a strip pitch of 450 um. The orientation of strips
for those labeled as SBY is identical to that of the NSW MMG eta layers. One chamber labeled as
SBXO0 has its strips tilted by 90 degrees with respect to the others. Thus, both coordinates can be
measured for the reference tracks. The two small chambers (SBY2 and SBY3) were installed on
the same platform with the SM1-M40 at a distance of 79 cm away inside the irradiation cone. The
distance between them was measured at 13.6 cm. The rest two chambers (SBX0 and SBY1) were
positioned along the beam line path, nearby the source but outside the irradiation boundaries. This
choice of positioning enables the muon track finding in the presence of gammas for runs where the
source is ON. The distance between them was measured at 26.2cm. The NSW front end boards
were used for the readout of the signals. The chambers were operated with a gas mixture with a
composition of 93% Ar and 7% CO,.

2 The length of the strip which is located at the middle of PCB-3 is ~ 680 mm whereas for PCB-1 it has a length of
~ 360 mm.
3 Due to PCB construction limitations each PCB is divided into two HV sections.
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A photograph, taken during the beam time in July 2022, showing the detectors installed inside the
GIF++ bunker is presented in Figure 6.2. A sketch of the setup is depicted in Figure 6.3.
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Figure 6.3: A sketch of the experimental setup at GIF++.

6.1.3 The VMM Readout Configurations

The VMM [66] is a 64 channel ASIC which readouts the signals on the MMG anode strips. Eight
VMMs are hosted on each of the MMFES front end boards, i.e 512 strips/board. For the test beam
setup, two MMFES8s per MMG layer were integrated on PCB-3 of SM1 resulting to eight MMFES.
Two MMFES8s were used for the readout of each of the small prototype detectors too.

The fundamental parameters for the MMG track reconstruction are the charge and time depending
on the method to be used for the offline data analysis. In short, in VMM there is a discriminator, a
threshold trimmer and a peak and time detector for each channel [108]. The VMM has a common
reference bunch crossing clock (CKBC) operating at a frequency of 40.079 MHz to coincide with the
pp collisions in ATLAS. For the test beam the reference clock was controlled externally by sending
the trigger signal. Each VMM channel can find events within eight reference clock cycles (200 ns
readout window).

Once a signal above a defined threshold level is detected inside a clock’s cycle, the peak detector
starts integrating the charge up to the first peak found which is stored in an analog memory as the
PDO, measure for the charge. The channel gain is adjustable in eight values: 0.5, 1, 3, 4.5, 6, 9, 12
and 16 mV/fC. A voltage ramp, generated by a time-to-amplitude converter (TAC), starts either at
the threshold crossing or at the time of the pulse peak until the falling edge of the next clock cycle.
The peak value of the voltage ramp is stored in an analog memory as the TDO, measure for the
time. The peaking time, i.e the time for the signal integration, is adjustable in four values: 25, 50,

64



6.1 Experimental Setup

100 and 200 ns and the ramp duration is also adjustable in four values: 60, 100, 350 and 650ns. A
representation of the overall VMM channel functionality is presented in Figure 6.4.
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Figure 6.4: The VMM channel functionality [66]. The charge information is provided by the peak amplitude
measurement whereas the time information is provided by the peak timing of a configurable time-to-amplitude
converter (TAC).

Prior to the actual data taking, the first step is the evaluation of the noise levels. A global threshold
common to all channels is set. The electronic noise introduces baseline fluctuations which are su-
perimposed on the signal and alter the peak amplitude. To ensure that each channel’s response is
the same for the same value of input charge the distance from the baseline to the threshold must be
the same for each channel. A baseline holder circuit, set at 160 mV, is implemented in the VMM to
provide the stabilisation of each channel’s baseline fluctuations. Additionally, each channel features
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Figure 6.5: (a) The baseline voltage variation and (b) the equivalent noise charge for each VMM channel that
reads out the half PCB-3 of SM1 eta layer. The noisy and dead channels are identified and can be masked at
the offline analysis.
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an individual trimmer which can shift the baseline level at one direction with respect to the global
threshold setting. An external test pulser, in 1 V range, is fed to each VMM channel and a sampling
on all input voltages is performed. The individual channel’s baselines can be directly measured by
the oscilloscope through a specific output of VMM, called monitoring output. The equivalent noise
charge (ENC) of a channel can then be measured as the root mean square (rms) of its baseline voltage.
The baseline variations after the trimmer adjustment across all channels and their corresponding ENC
of one MMFES mounted on PCB-3 of SM1 eta layer are shown in Figure 6.5.

6.2 Analysis Strategy

The motivation of this analysis is to characterize the SM1 performance, in terms of its efficiency and
spatial resolution, in HL-LHC environment. The analysed runs refer to the state when the SM1 was
positioned perpendicularly to the beam axis, i.e study of normal tracks. The main VMM configura-
tion settings are summarised in Table 6.1.

Table 6.1: The VMM configuration settings.

gain 9mV/fC
ramp duration 60 ns
peaking time 200ns
trimmers threshold | 9xrms

The anode HV was set at +520V for the half PCB-3 of SM1. The operation gas with a consistency
of 93% Ar, 5% CO, and 2% isobutane was used for SM1. The prototype detectors were operating at
+570V for the operation gas mixture with a consistency of 93% Ar and 7% CO;. Due to hardware
issues during the data taking the HV was set at +560 V for SBX0. Finally, the detector proved to
be inefficient due to a gas leak problem and thus it was not included in the search of the reference
tracks. However, this issue was resolved in later runs.

The charge centroid method can accurately measure the position of particles when they transverse the
detector layers at small incident angles (< 10°) while a spatial resolution of better than 100 wm can
be reached [80]. This method was employed for the scope of this analysis. The raw hits on the strips
were grouped together to form clusters. Each cluster consists of at least two adjacent strips whose
PDO recorded value is at least 64 ADC counts. Two holes are allowed between two fired strips in a
cluster (without a maximum limit) to account for any dead electronic channels. The cluster position
can then be reconstructed as the weighted sum of the fired strip position, that form the cluster, with
the signal amplitude (PDO) over the total cluster charge (sum of each strip PDO).

Typical distributions of various parameters, eg. raw hits, number of clusters, cluster multiplicity,
cluster position, strip PDO, strip TDO, relative BCID, were measured for each detector individually.
These distributions serve as a confirmation that the system provides good data for analysis, whereas
they are shown in Figure 6.6 for the SM1 eta out layer. Similar results are produced for the rest
readout layers of the setup.
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Figure 6.6: The distributions of (a) raw hits, (b) number of clusters, (c) cluster multiplicity, (d) strip PDO, (e)
strip TDO and (f) relative BCID for the SM1 eta layer closest to the source. The plots are produced from run
1658081138 with muon beam ON and y source OFF.

The beam profile is presented in Figure 6.7 as recorded from all layers of SM1 and the three small
prototype detectors that are used in the analysis.
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Figure 6.7: The beam profile as reconstructed by (a) SM1 and (b) small prototype MMG layers prior to the
alignment. The plots are produced from run 1658081138 with muon beam ON and y source OFF.

In order to ensure precise results, the chambers were aligned using events recorded with the muon

beam only. During the alignment procedure a shift by 1-2 strip pitches was observed from MMFES8
to MMFES and for some cases between VMMs of a given SM1 layer. After introducing these
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shifts as corrections to the strip positions, all chambers were aligned by calculating correlations
between all detectors of the setup and the reference detector SBY 1. The correlations were fitted with
a linear function and the resulting residuals were centered at zero by correcting the strip positions
with the insertion of a shift and a slope (results of the linear fit). Several iterations were performed to
achieve an optimal alignment of the system and a detailed description of the procedure is presented
in Appendix B.3.

The following procedure was followed for the muon tracks detection. The SBY1 detector as the
one positioned outside the irradiation cone could facilitate the reconstruction of muon tracks and
specifically in the presence of the source. Therefore, only the events for which only one cluster is
reconstructed in SBY1 are processed whereas these events amount the 60.7% of the total sample.
The breakdown of the events for which more than one clusters are reconstructed in each chamber of
the setup, before and after the application of this cut is shown in Table 6.2.

Table 6.2: Breakdown of events and the corresponding fraction of the total events in the run (in percentage)
before and after the cut requirement of exactly one cluster found on SBY1. For completeness, the recorded
events on SBXO0 are shown despite that the chamber is not used in the analysis. These numbers are produced
from run 1658081138 with muon beam ON and y source OFF.

Total events 509312 100%
Events with clusters >= 1

SBXO0 115058 22.6%
SBY1 339933  66.7%
SM1 eta out 466935 91.7%
SM1 eta in 462187 90.7%
SM1 stereo in 464976 91.3%
SM1 stereo out 474344 93.1%
SBY2 453703 89.0%
SBY3 481741 94.6%

Cut: Events with exactly 1 cluster on SBY1 | 309323 60.7%
Events with clusters >=1

SBXO0 94151 18.5%
SBY1 309323 60.7%
SM1 eta out 289512 56.8%
SM1 eta in 285527 56.1%
SM1 stereo in 288107 56.6%
SM1 stereo out 294732 57.9%
SBY2 283158 55.6%
SBY3 294304 57.8%

Even though the system was aligned, the chambers did not reconstruct the same beam spectra. In
order to ensure that the reconstructed events in each chamber comes from the same part of the beam
a geometrical cut was applied on all chambers. With the application of this cut about the 48.3% of
the total events survived. The next step was to look for clusters reconstructed on the other two small
chambers, SBY2 and SBY?3, within a window of +1°. A linear fit on the three reference chambers
corresponds to a muon track candidate. The total number of muon track candidates results to the
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40.3% of the total events in the run. Because of the initial requirement on SBY 1, single track events
are processed only. Therefore, the best cluster pair (on SBY2 and SBY3) has to be selected (for
the cases where more than one tracks satisfy the requirements)*. The single muon track candidates
amount to the 40.1% of the total events in the run. Finally, a spread of the reconstructed track angles
was observed and in order to augment the quality of the normal tracks, a requirement of +0.5° on
the reconstructed tracks should be satisfied. This additional cut results to a decrease of 0.5% of the
total muon track candidates. The distribution of the reconstructed track angles before and after the
insertion of this cut is presented in Figure 6.8.

h_angle h_angle_cut

jﬂ : Entries 205147 4'2 Entries 204040
5 a4l Mean 0.004844 % Mean 0.004946
5 10 % Std Dev 0.1022 g 100 Std Dev 0.093
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10*= ;
10L 0%
1;\\‘\\\\\\\\\‘\\\\\\\\\\\\\\\\\\\\ 0ot vt bt b b b b b b
2 -15 -1 -05 0 05 15 2 -1 08 0.6 04 02 0 02 04 06 08 1
8 [deg] 0 [deg]

(a) (b)

Figure 6.8: The reconstructed muon track angles (a) before and (b) after the insertion of the cut
—0.5° < 0 < +0.5°. The plots are produced from run 1658081138 with muon beam ON and y source OFF.

A display of a reconstructed muon candidate is depicted in Figure 6.9.
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Figure 6.9: An example of a reconstructed muon track candidate. The linear fit (red line) is performed only on
the clusters reconstructed by the prototype chambers. The three points in the middle correspond to the clusters
as reconstructed by each SM1 layer. An error of £10 mm is assigned for the z coordinate (direction of the
beam) whereas the error on the y coordinate (points towards the eta strip direction) equals +0.4 mm (~ 1 strip
pitch) same for all chambers. The track display is produced from run 1658081138 with muon beam ON and y
source OFF.

* The selection of the best track in an event is decided by inspecting how far from it the reconstructed clusters on SM1
layers are found. The track which has the closest distance with the clusters reconstructed by SM1 is selected as the good
candidate.
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6.2.1 Efficiency

The evaluation of the efficiency was performed for each SM1 layer independently and at different
irradiation conditions. For each reconstructed muon track it is checked if a reconstructed cluster on
the under study layer is found within a window of some mm (+1 mm for eta layers, £2.5 mm for
stereo layers) away from the track. If a cluster is found within the window the under study layer is
labeled efficient for the event. Otherwise, the layer is labeled inefficient, i.e the layer did not detect
the track. The ratio of the number of occurences for which a layer is labeled efficient over the total
number of reconstructed tracks defines the layer’s efficiency. Figure 6.10 shows the number of SM1
layers for which a cluster is reconstructed per track. For the majority of the reference muon tracks
there is always a reconstructed cluster in all SM1 layers. Table 6.3 lists the analysed runs.

h_nlayers_with_cluster
Entries 204252
Mean 3.861
Std Dev  0.3846

10°

events

10°

10*

10°
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T Lo oo b by b a bav
05 1 15 2 25 3 385 4 45 5
number of layers with a reconstructed cluster

o

Figure 6.10: The number of SM1 layers for which a cluster is reconstructed per muon track. The plot is
produced from run 1658081138 with muon beam ON and y source OFF.

Table 6.3: List of runs used in the analysis. The higher the attenuation filter value the less exposure to the
source.

Run Number | Attenuation Filter (AF)
1658081138 | no filter - source OFF
1657876123 22
1657822252 10
1657827799 4.6
1657833031 2.2
1657878807 1.5
1657871992 1

Figure 6.11 presents the efficiency measurement for each SM1 layer as a function of the attenuation
filter used. For low photon intensities the SM1 performance in terms of efficiency is found to be
higher than 90%. At the expected HL-LHC background conditions (AF = 10) the detector is capable
to identify the muon tracks at the same efficiency levels. At higher intensities a drop in efficiency is
observed whereas it reaches the ~50% for the stereo layers and ~65% for the eta layers.

Extensive studies, with different VMM settings, have been performed during the past and later test
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Figure 6.11: The estimated efficiency for each SM1 layer as a function of the AF setting. AF = 1 refers to full
exposure to the y field. As the AF value increases a filter arrangement is embedded in the source resulting to
a reduction of the photon flux. In the absence of photons (source OFF, AF >>) the measured efficiency of all
SMI1 layers is around 95%. At HL-LHC conditions (AF = 10), the efficiency exceeds the 90% for most of
layers.

periods at GIF++ with the aim to understand the response of the detector and its electronics under
irradiation. A saturation effect had been observed at high photon intensities (AF < 2.2). Looking at
the PDO distribution there is always a peak in the last bin, i.e channel 1024 of the analog memory,
indicating that high amplitude pulses cannot be processed by VMM. At high photon intensities this
effect becomes more prominent, about 2.5 times higher peak (see Figure 6.12).
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Figure 6.12: The pdo distribution for (a) the typical run 1658081138 with the muon beam and source off and
(a) the run 1657871992 with the muon beam and under full irradiation.
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The VMM setting slh [109], if enabled increases the bias current at input node from nominal 1 nA
to 15 nA such that it can compensate with higher input charges from the detector. Figure 6.13 shows
the mean number of clusters as reconstructed by SM1 under full irradiation conditions when slh is
enabled and disabled. Up to AF = 2.2 there is a linear behaviour for both settings, as expected,
whereas at higher intensities the saturation effect observed when slh is disabled is significantly im-
proved when the parameter is enabled. These studies were performed at late 2022 out of muon test
beam period. Therefore, by enabling this parameter an improvement of the detector performance
with muons at such harsh conditions is expected.

A 20¢
S .aF ATLAS Muon System
® 18- Preliminary
= E NSW Micromegas AR
S 16 = GIF++ Data LA
v oaf
12
10 i e AF:2.2 ° ®
8f- ¢
6 gAF:4.6
4 = o slh=1
~ @ AF:10 e slh=0
2o AF:22
e AF:46
0#ﬁ=22".|‘.\‘..|...\‘ |
0 0.2 0.4 0.6 0.8 1

Gamma Intensity [arb. units]

Figure 6.13: The mean number of clusters as a function of the source intensity (1/AF) when the slh parameter
is disabled (red points) and enabled (black points). The plots are produced from runs taken at late 2022 out of
the muon test beam period and under irradiation. The peaking time is set at 200 ns, the gain at 9 mV/fC and
the trimmers threshold at 9xrms. The HV was set at +530 V for half PCB-3.

6.2.2 Spatial Resolution

Different methods were examined to determine the accuracy, in terms of muon track’s position iden-
tification, the SM1 layers can achieve.

As a first measure, the distribution of the distance between the reconstructed cluster in the under
study layer and the muon track was derived for each layer. The clusters as reconstructed by the two
stereo layers were combined to derive the y coordinate [79]. The standard deviation as result of a fit
with a double gaussian function gives an estimate of the detector’s spatial resolution, accounting also
effects® present at the tails. The result of a simple gaussian fit gives the detector’s intrinsic spatial
resolution. The distributions are presented in Figure 6.14. This method is referred to as Method A.

3 i.e multiple scattering, 5—rays, particle showers.
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Figure 6.14: The distribution of the distance between the reconstructed cluster in (a) eta out, (b) eta in, (c) the
two stereo layers combined and the extrapolated position on track. The extracted resolutions as result of the
fit with a double gaussian function (blue line, o yeign) as well as with a simple gaussian function (black line,
O core) are reported. The plots are produced from run 1658081138 with muon beam ON and y source OFF.

The result can be improved if the reconstructed cluster in the under study layer is included in the
track definition. The corresponding distributions are shown in Figure 6.15. The improved unbiased

result can then be defined as the geometrical mean of results from Figures 6.14, 6.15. This method
is referred to as Method B.

Considering that the reference detectors are identical with a measured spatial resolution of

osg ~ 150 um, the track extrapolation error can be estimated by using the following formula for
three reference chambers [80]:

Y Y Y
O'g — (ZO Zl)2 + (ZO 22)2 + (ZO Z3)2 . 0_§B - 872Mm (61)
(z1 —22)" + (21 —23)" + (22 — 23)

where z;, for i = 1,2, 3, are the positions along the beam direction of the SBY chambers. The spatial
resolution after accounting the track extrapolation error can then be defined as y/o2 — 2. The results
before and after accounting for the track extrapolation error are presented in Table 6.4.
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Figure 6.15: The distribution of the distance between the reconstructed cluster in (a) eta out, (b) eta in, (c)
the two stereo layers combined and the extrapolated position on track when the reconstructed cluster in the
corresponding layer is included in the track definition. The biased extracted resolutions as result of the fit with
a double gaussian function (blue line, oyeignt) as well as with a simple gaussian function (black line, o¢or) are
reported. The plots are produced from run 1658081138 with muon beam ON and y source OFF.

An alternative method (Method C) was followed for the spatial resolution measurement. The dis-
tributions of the difference between the reconstructed cluster positions, i.e residuals, of all possible
layer combinations are presented in Figure 6.16. After a fit with a double gaussian function the
spatial resolution® can be expressed by dividing the obtained o with V2.

® The layers are considered identical.
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Figure 6.16: The distribution of residuals as calculated between the (a) two eta layers, (b) eta in and combined
stereo information and (c) eta in and combined stereo information. The extracted resolutions as result of the
fit with a double gaussian function (blue line, o"yeight/ \/5) as well as with a simple gaussian function (black

line, 0core/ V2) are reported. The plots are produced from run 1658081138 with muon beam ON and y source

OFF.

Table 6.4: Summary of the measured spatial resolutions. The numbers are rounded. For Method A and B the
results before and after considering the track extrapolation error, €™, are reported. For Method C the best
achieved results are presented considering that all layers behave the same. The reported results are produced
from run 1658081138 with muon beam ON and y source OFF.

Method Spatial Resol}ltion (core) [um] || Spatial Resol}ltion (weight) [wm]
etaout etain stereo etaout etain stereo
A w/o ek 129 132 118 187 193 201
w/ ek |95 99 80 165 172 181
w/o €™k | 114 115 103 170 176 182
w/ etrack 74 75 55 146 153 160
C 67 119
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The best results are derived by Method C with a core resolution of o ¢oe ~ 67 um and a weight
resolution of o yejgne ~ 119 um. Slightly worse results are measured by Method B, while a stricter
estimation is provided by Method A. Overall, the detector operating with the final electronics shows
a good performance in terms of spatial resolution for normal muon tracks studies.

6.3 Summary Results

The efficiency and spatial resolution were measured for different attenuation filters for the VMM
configuration settings shown in Table 6.1 and the run list in Table 6.3. The same analysis was
performed for the run list presented in Table 6.5 where the VMM peaking time was set at 100 ns.

Table 6.5: List of runs. VMM peaking time setting is set at 100 ns. The higher the attenuation filter value the
less exposure to the source.

Run Number | Attenuation Filter (AF)
1658066066 | no filter - source OFF
1658159623 22
1658103127 10
1658100654 4.6
1658096165 2.2
1658093141 1.5
1658064770 1

A summary of the results is presented in Figure 6.17. The spatial resolution was estimated by Method
C. For both VMM settings the performance of the detector is similar. The detector is 93% efficient
with a core (weight) spatial resolution measured at ~ 70 um (~ 120 wm) in operation without the
source. In HL-LHC conditions (AF = 10) the estimated efficiency is measured at 90% while the
spatial resolution has remained at the same level as measured from the run in absence of irradiation
field.

The estimation of the spatial resolution when using the track information (see Figure 6.18), as fol-
lowed by Method B, yields the same results in absence of irradiation and are comparable with those
derived by Method C. However, when the detector records data while the source is on the results
differ significantly between the two peaking time configurations. Figure 6.19 shows the PDO dis-
tributions for the different peaking time settings and irradiation conditions. A possible explanation
could be the following: the faster the integration time, the more data are processed corresponding to
pulses of lower amplitude and to an increased probability to filter the source and eventually process
the muons. If this statement is correct, Method B is more reliable than Method C in background
conditions.

Overall, the results of the analysis are promising and prove that the detector’s performance in terms
of efficiency and spatial resolution fulfill the requirements for operation in the HL-LHC era. In the
future test beam periods with the slh setting enabled a better performance is expected. Figure 6.20
shows the number of reconstructed clusters as a function of the source intensity for the two peaking
time settings and with the slh parameter enabled.
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Figure 6.17: Efficiency and spatial resolution as a function of the attenuation filter setting as measured for eta
out. The results for different configuration settings of the VMM peaking time, 200 ns and 100 ns, are shown
together in the same graph. The spatial resolution is calculated by Method C.
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Figure 6.18: Efficiency and spatial resolution as a function of the attenuation filter setting as measured for eta
out. The results for different configuration settings of the VMM peaking time, 200 ns and 100 ns, are shown
together in the same graph. The spatial resolution is calculated by Method B and by accounting the track
extrapolation error.
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Figure 6.19: The PDO distributions at (a) 200ns and (b) 100ns VMM peaking time setting and at different
irradiation conditions. The corresponding ratio is presented in (c).
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Figure 6.20: The mean number of clusters as a function of the source intensity (1/AF) when the slh parameter
is enabled for peaking time set at 200 ns (black points) and at 100 ns (red points). The plots are produced from
runs taken at late 2022 out of the muon test beam period and under irradiation. The gain is set at 9 mV/fC and
the trimmers threshold at 9xrms. The HV was set at +530 V for half PCB-3.
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Part I11

Study of the Higgs boson production via Vector Boson
Fusion in the H - WW* — {v{v decay channel
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7 Analysis Overview

This chapter is structured as follows: First, an introduction of the targeted decay channel and process
is given in Section 7.1. The data and the simulated signal and background samples are described in
Section 7.2, whereas the physics objects and observables definitions considered in the analysis are
presented in Section 7.3. Section 7.4 discusses the event level selections in all designed regions while
the background extraction strategies are detailed in Section 7.5. Finally, Section 7.6 demonstrates
the method followed to derive the cross section measurements and presents the final results.

7.1 Introduction

This analysis targets the H — WW* decay mode when each of the W vector bosons decays lepton-
ically. Electrons being stable and muons due to their relatively large mean lifetime (2.2 x 107 s)
can be measured directly by the detector. On the other hand, 7-leptons decay immediately and can
only be observed through their products, i.e. electrons or muons. Therefore, in the context of this
analysis the W bosons final state refers to either an electron or a muon with the contribution from
7-leptons being included implicitly. Moreover, oppositely charged and of different! flavour leptons
are identified as signal-like events in order to reduce the background that occur from Z/y* + jets
processes (known as Drell-Yan) that contaminate the signal.

q1 93

H
W Z~2 - - - -
9 q4

Figure 7.1: Feynman diagram for the Higgs boson production via VBF and decay to two W bosons.

The production of the Higgs boson through the vector-boson-fusion (VBF) process is characterized
by the presence of (at least) two energetic jets with large separation in rapidity and a large invari-

! The same flavour, opposite charged final states can occur through pair production from Z/y* + jets processes. In order
to provide a higher sensitivity to the signal these final states are not considered as signal-like events.
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ant mass of the di-jet system. An example of a tree-level Feynman diagram for the Higgs boson
production via VBF in the H — WW* decay channel is presented in Figure 7.1.

The VBF in the H - WW* — {yvfy decay channel has previously been studied, but not observed,
by the CMS [110, 111] and the ATLAS [112, 113, 114] Collaborations using a partial Run-2 dataset
corresponding to an integrated luminosity of approximately 36 fb~! and at lower centre-of-mass
energies of 7 TeV and 8 TeV pp collisions recorded in Run-1. The CMS Collaboration has reported
the measurement in the form of inclusive and differential cross sections in the simplified template
cross section framework [115]. ATLAS has also measured in terms of cross section times the H —
WW* branching ratio using the full Run-2 dataset at 13 TeV centre-of-mass energy, corresponding
to an integrated luminosity of 139 fb™! [116].

This thesis presents the measurement of fiducial cross sections using the full Run-2 dataset by the
ATLAS experiment [117].

7.2 Dataset & Simulated Events

7.2.1 Dataset

This analysis uses the full Run-2 pp collision data at /s =13 TeV with 25 ns bunch crossing re-
corded by the ATLAS experiment during 2015-2018 year periods of the LHC operation. The data
are categorised per year and are subjected to quality requirements. The recommended by the Data
Preparation Group "All Good" GRLs are used. The resulting integrated luminosity is 139 fb~!. Fig-
ure 7.2 shows the profiles of the average number of simultaneous pp collisions (called pile-up events)
and its evolution over the years.

500~ ATLAS Online, 13TeV ILdt =139

2015: <p> = 13.0
[]2016: <p>=245
[ 2017: <p>=1375
[ 2018: <p>=35.8
[ Total: <u>=33.1
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T
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Figure 7.2: The luminosity weighted distribution of the mean number of pp interactions per bunch crossing,
< p >, for the analysed dataset.

A combination of single lepton (e, u) and dilepton (eu) triggers are used in order to maximise the
total trigger efficiency and a summary is given in Table 7.1.
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Table 7.1: List of e, u single-lepton and eu dilepton trigger chains, the L1 seed followed by the HLT, used
in the analysis. More than one triggers listed as L1 indicate that different seeds have been used in periods
within the data-taking years. The number after the lepton symbol refer to the Et and pr thresholds on the

reconstructed L1- and HLT-level objects, respectively. Keywords “tight”, “medium”, and “loose” refer to

identification criteria, while the letter “i” indicates an isolation requirement. Tighter requirements are placed
on triggers with lower pr thresholds.

Lepton Level-1 Trigger High Level Trigger
2015
L1_EM20VH HLT e24 lhmedium_L1EM20VH
e L1_EM22VHI HLT _e60_lhmedium
L1_EM22VHI HLT _e120_Ilhloose
L1 _MUI15 HLT mu20 iloose_ L1MU15
H L1_MU20 HLT_mu50
eu L1 EM15VH_MU10 HLT el7_lhloose_mul4
20162018
L1 _EM22VHI HLT_e26_lhtight_nod0_ivarloose
e L1_EM22VHI HLT_e60_lhmedium_nod0O
L1 _EM22VHI HLT_e140_Ilhloose_nod0
L1_MU20,L1_MU21 HLT mu26_ivarmedium
H Ci_mMU20, L1_MU21 HLT_mu50
ey L1_EMI15VH_MU10 HLT el17_lhloose_nod0_mul4

7.2.2 Simulated Events

Six samples that describe the VBF H — WW* — evuy process were simulated. Different calcula-
tions are perfomed by the implementation of different approximations in QCD and EW higher-order
corrections and different modelling of parton showering (PS), hadronisation and underlying event
(UE). The default sample for the signal events was generated with Pownec-Box v2, interfaced with
PyTHia 8.230 to model the PS, hadronisation and UE. This prediction is accurate to next-to-leading
order (NLO) in QCD corrections and is normalised to a cross section calculated up to the full NLO
order in QCD and EW couplings with an additional approximate next-to-next-to-leading (NNLO)
order QCD correction. Systematic variations were generated on the fly as event weights to account
for uncertainties associated to PDFs, a; and higher order effects. The cross section and branching
ratio are simulated assuming a Higgs boson mass of 125 GeV. The alternative samples are used for
comparison and/or the evaluation of uncertainties that are not covered by the nominal.

Several processes referred to as background, leave similar signatures to the signal process (i.e. two
electrically charged leptons, neutrinos and jets) in the detector. These processes include events from
the production of dibosons, top-quark, Z+jets, W+jets and to minor extent, multijet production.
Finally, the Higgs boson production and decay into a pair of W bosons were simulated for the
rest Higgs boson’s production modes, i.e. ggF and the associated production with a vector boson
(VH,V = W, Z). Other modes like the Higgs boson production in association with a heavy quark pair
(ttH, bbH) were examined and found to have a negligible contribution (< 0.1%). Therefore, they are
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7 Analysis Overview

not included in the analysis. The main simulation tools for the dominant background processes are
summarised in Table 7.2.

Table 7.2: Overview of the main simulation tools used to generate the dominant background processes, includ-
ing the matrix element calculation, the PDF set, the UE and PS models and the order used for the normalisation
of the total cross section. The processes are categorised (from the top) as those including a Higgs boson, top

quarks, di-bosons and Drell-Yan production.

Process Matrix element PDF set UE and PS models Calculation Order
ggF H PowneG-Box v2 (NNLOPS) NNPDF3.ONNLO PyTHia 8, NLO QCD,
AZNLO tune N3LO QCD + NLO EW norm.
VH PowneG-Box v2 NNPDF3.0ONLO PyTHIA 8, NLO QCD up to 1j,
AZNLO tune NNLO QCD + NLO EW norm.
tr PowHEG-Box v2 NNPDF3.0NLO PyrHiA 8, NLO QCD,
Al4 tune NNLO-+NNLL QCD norm.
Wt Powneg-Box v2 NNPDF3.ONLO  PytHiA 8 NLO QCD
QCD gq/q9 — WW  Suerea 2.2.2 NNPDF3.ONNLO SHErpa 2.2.2 NLO QCD up to 1j, LO QCD up to 3j
EW gq - WWqq MGS5_aMC@NLO NNPDF3.ONLO  PytHia 8 LO QCD
gg —> VV SHERPA 2.2.2 NNPDF3.ONNLO SHERPA 2.2.2 LO QCD up to 1 j, NLO QCD norm.
QCD WZ/y*, ZZ SHERPA 2.2.2 (4¢€, 30 + V) NNPDF3.ONNLO SHErpa 2.2.2 NLO QCD up to 1j, LO QCD up to 3j
Powneg-Box v2 (other channels) CT1ONLO PyTHIA 8 NLO QCD
Vy SHERPA 2.2.8 (MEPS@NLO) NNPDF3.ONNLO PytHiA 8 NLO QCD up to 1j, LO QCD up to 3j
QCD Z/y* Suerpa 2.2.1 (MEPS@NLO) NNPDF3.ONNLO SHerpa 2.2.1 NLO QCD up to 2j, LO QCD up to 4j,
NNLO QCD norm.
EW Z/y* SHERPA 2.2.1 NNPDF3.ONNLO  SHErPA 2.2.1 LO QCD up to 4j

7.3 Physics Objects & Observables Definitions

The signal signature in the detector includes two electrically charged leptons, their corresponding
neutrinos and at least two jets. The reconstruction techniques used by ATLAS are discussed in
Section 3.1.4. The physics objects are further selected and calibrated according to the needs of
each ATLAS search programme. A brief description of the selections applied to this analysis is
given in Sections 7.3.1-7.3.3. From the physics object definition several variables can be derived. A
description of the observables employed in this analysis is presented in Section 7.3.4.

7.3.1 Leptons

Leptons are required to originate from the primary vertex that has no less than two associated tracks,
each with transverse momentum pr > 500 MeV. Electrons are required to be within || < 2.47,
excluding the transition region 1.37 < || < 1.52 between the barrel and the end-caps in the LAr
calorimeter while muons are required to be within |7| < 2.5. According to their transverse momenta,
different identification Working Points (WP) are applied. Electrons with pt in the range of 15-
25 GeV are required to satisfy the Tight WP which has an efficiency of approximately 70% in this
energy range and the Medium WP is chosen for those with pr > 25 GeV (for electrons with pr ~
40 GeV the efficiency is around 85%). All muons are required to have pt > 15 GeV and follow the
Tight WP which results to an efficiency of approximately 93%. The impact parameter requirements
are |zo sinf| < 0.5 mm and |dp|/o4, < 5 (3) for electrons (muons). Leptons are also required to be
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7.3 Physics Objects & Observables Definitions

isolated using information from the inner detector tracks and energy clusters in the calorimeters in a
cone around the lepton. Finally, at least one of the offline reconstructed leptons must be associated
to an online lepton candidate that triggered the recording of the event. In the case where the dilepton
trigger is solely responsible for the recording of the event, each lepton must correspond to one of the
trigger objects. This trigger matching scheme also requires the pt of the offline lepton to be at least
1 GeV above the trigger-level threshold.

7.3.2 Jets & Missing Transverse Energy

Jets are required to have a transverse momentum of pr > 20 GeV and fall in the pseudorapidity
range up to || < 4.5. The anti-k; algorithm is used with a radius parameter of R = 0.4. The jet-
vertex-tagger (JVT) multivariate discriminant selection [118] (JVT > 0.5) is used to separate the
hard-scatter jets from pileup jets within the acceptance of the inner detector of |n| < 2.5 for jets with
20 < pr < 60 GeV by using the calorimeter and tracking information. Jets containing b-hadrons
(referred to as b-jets) are identified using a deep-learning neural network. The chosen operating
point has an efficiency of 85% for selecting jets containing b-hadrons, as determined from a sample
of simulated #f events.

The missing transverse energy is employed in the analysis using the definition discussed in Sec-
tion 3.1.4.

7.3.3 Overlap Removal

In order to ensure that jets, electrons and muons are not counted twice an overlap removal is incor-
porated. The following strategy is followed. If two electrons share calorimetric energy clusters or a
track, the lower-pr electron is removed. If a muon shares an ID track with an electron, the electron
is removed. For electrons and jets, the jet is removed if AR(jet,e) < 0.2 while for any of the surviving
jets the electron is removed if AR(jet,e) < min(0.4,0.04 + 10 GeV/p7) is satisfied. For muons and
jets, if AR(jet,u) < 0.2 the jet is removed if it has less than three associated tracks with pr > 500 MeV
or both of the following conditions are met: the pr ratio of the muon and the jet is larger than 0.5
and the ratio of the muon pr to the sum of the pt of the tracks with pr > 500 MeV associated to the
jet is larger than 0.7. For any of the surviving jets, if AR(jet,u) < min(0.4,0.04 + 10 GeV/ p‘%) the
muon is removed. Finally, the b-tagged jets are always saved from overlap removal.

7.3.4 Observables

This analysis measures 13 observables that are sensitive to the Higgs boson production and decay, its
properties (i.e. spin, charge and parity) and that can provide tests of perturbative and non-perturbative
QCD calculations, higher-order EW corrections or even reveal beyond the SM physics. In addition,
several variables are used to enhance the signal sensitivity, reduce the backgrounds and to discrim-
inate among the processes. The two leptons and jets are generally ordered by their transverse mo-
mentum referred to as leading/subleading lepton or jet?>. A summary of all observables used in the

2 The two leading jets are referred to as tagged jets.
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analysis is shown in Table 7.3.

Table 7.3: List of the observables used in the analysis.

Observable Short Description Motivation
mj; invariant mass of the two leading jets Higgs boson prod. & decay, QCD effects,
beyond SM physics
|Ay ;| rapidity difference between the two leading jets Higgs boson prod. & decay, QCD effects,
beyond SM physics
Agj; azimuthal angle difference between the forward Higgs boson prod., decay & properties,
with higher & the central with lower rapidity jets QCD effects, beyond SM physics
p%‘ 2 leading (j;) / subleading (j») jet transverse Higgs boson prod. & decay, QCD effects
momentum beyond SM physics
Mge invariant mass of the two charged leptons Higgs boson prod., decay & properties,
beyond SM physics
|Adeel azimuthal angle difference between the Higgs boson prod., decay & properties,
two charged leptons higher-order EW corrections
|Ayeel rapidity difference between the two charged Higgs boson prod., decay & properties,
leptons higher-order EW corrections
pf transverse momentum of the dilepton system QCD calculations, Higgs boson interactions
o polar angle defined by the two back-to-back Higgs boson properties, higher-order EW
lepton directions relative to the beam corrections,
p? b leading (¢,) / subleading ({;) lepton transverse Higgs boson prod., decay & properties,
momentum beyond SM physics
p¥ Higgs boson transverse momentum QCD calculations, Higgs boson interactions
Mt invariant mass of 7 pair leptons background suppression (Z/y*, H — 17)
Tp-jet number of b-jets background suppression (top-quark induced)
mr transverse mass process discrimination
Py total transverse momenta of objects process discrimination
> Co sum of the leptons 7 centrality quantifies leptons —positions w.r.t two jets
2, Mej sum of the invariant masses of lepton-jet pairs enhance VBF signal

7.4 Event Selection

Several distinct regions were designed by applying appropriate selection requirements that can max-
imise the sensitivity to the VBF signal or a given background process. Finally, three regions were
used for the measurements: the Signal Region (SR), the Drell-Yan Control Region (Z/y* + jets CR)
and the ggF Control Region (ggF CR), while several others (named as Validation Regions) were

designed and served as a cross-check of the MC modelling.

7.4.1 Pre-selection

The SR and the two CRs prior to the final selection share a number of common kinematic cuts (pre-
selection). Events are required to consist of exactly two different flavour and opposite sign charged
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7.4 Event Selection

leptons (Channel Selection, OS Leptons, Only two Leptons) and pass the trigger requirements (7rig-
ger Selection/Matching) discussed in Section 7.2.1. A cut which selects all jets that pass a loose
identification selection (Jet Cleaning) is applied too. Another cut that discriminates between Vy
and V + jets MC processes where V = W or Z (Overlap: Vgamma/Vjets), is used to remove over-
laps between MC samples. The leading (subleading) lepton transverse momentum is required to be
above 22 (15) GeV (pé?“d > 22 GeV, p%”blmd > 15 GeV). Some MC events produced with Sherpa
generator and some specific Z+jets events are being removed from the selection as it was found to
be highly weighted (Remove High Eventweight Events, Remove High Eventweight Z+jets Samples).
The invariant mass of the lepton pair is required to be greater than 10 GeV (M > 10 GeV) to
suppress the background contributions from the Z/y*+jets and hadronic resonances. Finally, a set of
cuts that account for corrections related to the mis-identification of leptons (Mis-Id) are incorporated
(discussion in Chapter 8). Table 7.4 lists the requirements in the pre-selection region along with the
signal, background and data yields. The resulting ratio of the VBF signal over the total background
in the pre-selection region is 0.0004.

7.4.2 Signal Region

The selected events falling in the SR are required to have at least two jets with pt > 30 GeV and
Inl < 4.5. Any event containing b-jets is vetoed in order to suppress the contribution from top-
quark production. Events with a third jet with pr > 20 GeV that lies between the two tagged jets
are also removed in order to select events with low hadronic activity between the two leading jets,
characteristic of the VBF process. In the VBF process the Higgs products should be between the
two tagged jets. Therefore, an additional veto (outside-lepton-veto (OLV)) on those leptons that fall
outside this -plane removes those events. The suppression of the Drell-Yan background in the SR is
achieved by the requirement m,; < mz — 25 GeV. To further suppress the background contamination
most notably from top-quark production, the invariant mass of the di-jet system should be greater
than 450 GeV while their absolute difference in rapidity is required to be greater than 2.1. Finally, a
cut on the absolute difference in the azimuthal angles between the two selected leptons must be less
than 1.4 rad to reduce the diboson background. The resulting ratio of the VBF signal over the total
background after all SR cuts is 0.13.

Figure 7.3 shows the kinematic distributions of several observables in SR for the final state physics
objects (i.e. leptons, jets and neutrinos).
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Cutflow in the pre-selection region.

Table 7.4

7 Analysis Overview
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7.4 Event Selection
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Figure 7.3: Kinematic distributions of (a) leading lepton pr, (b) subleading lepton pr, (c) my, (d) leading
lepton 7, (e) subleading lepton 7, (f) |Ayl, (g) njes, (h) leading jet pr, (i) subleading jet pr, (j) third jet pr,
(k) Ag;; and (1) E?iss in the Signal Region. The error bars on data indicate the statistical uncertainties and the
hatched band includes MC statistical, experimental and theory uncertainties (see Section 7.6).
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743 Z/y* + jets CR

The Drell-Yan process consists of events in which two incoming partons produce two jets in the
final state and a Z boson which decays to two leptons whereas is dominated by Z — 77 processes.
Contrary to the SR, instead of removing events near the Z-mass window, they are selected with the
requirement the invariant mass of the two 7-leptons to be within a 25 GeV window about the Z
mass peak. Moreover, the invariant mass of the dilepton system should be less than 80 GeV since
the leptons from the Z boson decay tend to have low energy due to the extra neutrinos. In order to
minimise the extrapolation of the Drell-Yan background in SR the OLV, CJV and the invariant mass
of the dijet system cuts are applied similarly. The cuts on |Ay;;| > 2.1 and |A¢¢e| < 1.4 rad are not
applied to achieve high statistics in the region.

Figure 7.4 shows the distributions for m., and the transverse mass mr in the Z/y* + jets CR.
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Figure 7.4: The observed and expected (pre-fit) distributions of (a) m., and (b) mr in the Z/y* + jets CR. The
uncertainty bars on the data points indicate the statistical uncertainties, while the uncertainties in the prediction
are shown by the hatched band, which includes experimental and theoretical uncertainties of the signal and
the backgrounds (see Section 7.6). The Hoper contribution is dominated by the ggF production. The bottom
panel shows the ratio of the data to the expected distributions.

7.4.4 ggF CR

The ggF CR was constructed by inverting the SR selection cuts with the aim to minimise the stat-
istical and modelling uncertainties originating from the modelling of higher order QCD corrections.
The selection criteria which define the ggF CR are: at least two jets, b-jets and Z — 77 events are
vetoed, one of the CJV and OLV requirements should be satisfied and the absolute angular difference
of the dilepton system should be less than 1.4 rad.

Figure 7.5 shows the distributions for |[A¢.| and m;; in the ggF CR.
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Figure 7.5: The observed and expected (pre-fit) distributions of (a) |A¢.| and (b) m;; in the ggF CR. The
uncertainty bars on the data points indicate the statistical uncertainties, while the uncertainties in the prediction
are shown by the hatched band, which includes experimental and theoretical uncertainties of the signal and
the backgrounds (see Section 7.6). The Hger contribution is dominated by the ggF production. The bottom
panel shows the ratio of the data to the expected distributions.

7.5 Background Estimation

Backgrounds, such as Drell-Yan and ggF production, are estimated from fit to data in the dedicated
CRs, as discussed in Section 7.4. Top-quark production and non-resonant VV processes have very
similar properties and final states and their discrimination is very difficult. Thus, their combined
contribution is determined from fit to data in a background enriched phase space of the SR, discussed
in the following.

The W+jets events constitute the background when a jet is misidentified as a lepton. For this back-
ground a purely data-driven technique is used and is described in detail in Chapter 8.

The remaining background processes, considered as minor, are estimated using solely MC model-
ling.

Table 7.5 gives a summary of the methods used to estimate the background processes along with
their relative contributions in the pre-selection and SR. The event yields in the SR and the two CRs
are shown in Table 7.6.

7.5.1 Multivariate Discriminants

For a better discrimination between one process type against others, a multivariate machine learning
technique using the boosted decision tree (BDT) algorithm of the ROOT TMVA library is implemen-
ted in the analysis.
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Table 7.5: Background processes, their relative contributions in the pre-selection region and in the SR and the
estimation methods.

Relative size | Relative size L
Background . . . Estimation
Pre-selection | Signal Region
QCD Ww ~ 8% ~ 20% MC + fit to data
EW Ww <1% ~ 7% MC + fit to data
Top ~ T3% ~ 48% MC + fit to data
ggF Higgs <1% ~ 4% MC + fit to data
Wjets ~ 2% ~ 5% Data-driven
Z—- 1T ~ 16% ~ 9% MC + fit to data
Vy,Vy*,ZZWZ ~ 1% ~ 5% MC only
H - tt,VH <1% <1% MC only

Table 7.6: Expected and observed (pre-fit) event yields in the SR as well as in the Z/y*+jets and ggF CRs.
The quoted uncertainties correspond to the statistical uncertainty, together with the experimental and theory
modeling systematic uncertainties (see Section 7.6). The sum of all the contributions may differ from the total
value due to rounding.

Sample SR Z/v*+jets CR ggF CR
Signal (PowHEG +PyTHIA 8) 110 13 86
ggF Higgs 39 4 450
Other Higgs 3 10 78
Top 420 41 11000
Z]y*+jets 79 320 1400
Vv 280 32 4300
Vy 13 14 210
Mis-1d 47 12 810
Total Signal+Background 1000 + 120 450 + 160 18 800 + 2 600
Data 916 406 18228

A decision tree is a collection of criteria (cuts) designed to classify events as signal-like or
background-like. A given signal event is correctly identified if it is placed in a signal-dominated
leaf and vice-versa for background events. After the initial tree is built another classifier is grown to
better separate the signal and background events misidentified by the first tree. This proceeds iter-
atively until there is a collection of a specified number of trees, in a process known as boosting. A
weighted average is taken from all these trees to form a BDT output discriminant with values ranging
in [-1,1].

A bi-dimensional discriminant is formed in the SR by utilising two distinct BDTs, i.e. Dygp and
Diop+vv, both trained in a slightly larger phase space than the SR3. The former was trained to dis-
criminate the VBF signal events against the backgrounds from diboson and top processes together,
while the latter was trained to discriminate the sum of top-quark and VV processes against VBF,
ggF, Z+jets and Vy events. A bi-dimensional plane is defined with the Dypp score on the one axis

3 The m;; cut is relaxed to 200 GeV and the |A¢| < 1.4 rad cut is removed. This selection was made with the aim to
increase the sample statistics.
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and the Dyp4vy on the other axis.

The data that are contained in the [+0.5, +1.0] range of Dy define a subset of the SR that is denoted
as SR1. Similarly, those that fall into [-1.0, +0.5) define the SR2. The boundaries were defined such
as to maximise the statistical sensitivity on both the signal and backgrounds. For events in the SR1
the DygF score is used as a discriminant and along this axis 4 bins of variable size are defined in the
range [+0.5, +1.0]. For events in the SR2 the Dy vy score is used as a discriminant and 4 equal
bins are defined in the range [-1.0, +1.0].

Another BDT was trained in a phase space slightly larger than the ggF CR*, named Dggp.cr, wWith
the aim to discriminate the ggF process against the VBF signal and all other background processes.
The score of this BDT is split into 4 equal bins in the range [-1.0, +1.0].

Various observables were tested as inputs to the BDTs and only those that demonstrated the highest
discrimination were considered. At the same time, it was ensured that none of those dominated the
discrimination, thus any bias is being minimised.

Figure 7.6 shows the comparisons between the test and training samples of the three BDTs used in
the analysis. There are not big differences observed between the training and test distributions which
indicates that any model over-training is well controlled.
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Figure 7.6: The BDT scores of unweighted, normalised processes for test and training samples for (a) Dygp,
(b) Drop+vv and (¢) Dggr.cr-

The weighted distributions of the three BDTs in the corresponding designed regions are presented in
Figure 7.7.

The same definitions and training of the Dyp4vy and Dggr.cr are used for the differential cross sec-
tion measurements. The Dyggr was re-trained in the SR for each of the differential cross section
measurements with a reduced set of input variables. To be more precise, the highly correlated vari-
ables of the measured distributions as well as the measured variable were excluded from the input
set to avoid biasing the result towards the SM prediction used for the training. In each bin of the

* With the |A¢y| < 1.4 rad cut removed.
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Figure 7.7: The weighted distributions of (a) Dygr in SR1, (b) Diop+vv in SR2, and (¢) Dggr.cr in ggF CR. The
uncertainty bars on the data points indicate the statistical uncertainties, while the uncertainties in the prediction
are shown by the hatched band, which includes experimental and theoretical uncertainties of the signal and
the backgrounds (see Section 7.6). The Hoeer contribution is dominated by the ggF production. The bottom
panel shows the ratio of the data to the expected distributions.

kinematic distribution that is measured, 4 bins of variable size were chosen for the DypgF in the range
[+0.5, +1.0] and 2 (4) equal bins for the Dyopsvv (Dger-cr) in the range [-1.0, +1.0].

7.6 Cross Section Measurements

A fiducial phase space (using objects at truth level) which closely follows the kinematic criteria
applied in the SR event selection (using objects at reconstruction level) is used to perform the cross
section measurements. Therefore, the results are corrected for detector inefficiency and resolution
effects. This method allows the minimisation of the model dependence in the extrapolation from one
phase space to the other and is known as unfolding.

The results are derived by minimising the negative logarithm of a binned profile-likelihood L which
consists of a product of likelihood functions (#s) of the SR yield and those of the two CRs, and is
defined as:

Nbkg Mpkg

SR
L P( data N31gnal + Zﬂbkg k kag Kt Z bkg- j

Npkg Mpkg

CR CR CR-
]_[P( NGNS + Zubkgk NG+ Z NERZ"y ]_[N(e 16:)

(7.1)

where NSR data V. SSIR ) and N CR-n (\CR-n ') are the numbers of events observed (expected) in the SR and
gnal data signal

CR-n (ggF CR or Z/y*+jets CR), respectively. The parameter upgg is the normalization of back-
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ground process k, and Nglsg » (N1§1§g _pand Ngklé‘fk (Ngé‘fj) are the expected yields of the background
contribution k () in the SR and CR-n, respectively. The parameter npk, is the number of background
processes whose normalizations are left floating in the likelihood functions and are determined from
the fit to data, while myy, is the number of background processes whose yields are obtained from MC
simulation or from data-driven techniques that are not included in the simultaneous fit. The N term
is a normal function that parameterizes the systematic effect of type i as a function of a constrained
nuisance parameter 6; and the associated estimate of the corresponding effect §;. The parameter ny,

represents the number of parameters modelling systematic uncertainties considered in the analysis.

The systematic uncertainties are estimated from experimental and theoretical sources. The former are
relevant to the reconstructed leptons, their energy (for electrons) and momentum (for muons) scale
as well as their identification, isolation and trigger efficiency. Furthermore, uncertainties coming
from the jets energy scale and resolution and others relevant to the suppression of jets originating
from pile-up interactions, the jet-vertex association and the flavour tagging efficiency are considered
too. A variation in the pile-up modelling is included to account for the uncertainty in the ratio of
the predicted and measured inelastic cross-sections. The uncertainty in the E?iss measurement is
estimated by propagating the uncertainties in the transverse momenta of reconstructed objects and
applying the momentum scale and resolution uncertainties to the track-based soft term. Finally,
the uncertainty in the integrated luminosity is obtained using the LUCID-2 detector and applied to
the background processes that are normalised to SM theoretical predictions and to the signal cross
section parameters in the simultaneous fit. This set of experimental systematics uses 102 nuisance
parameters in the analysis. The modelling uncertainties are calculated per-sample for the VBF signal
and the major backgrounds, i.e. ggF, top, diboson and Z — 77, and include those originating from
renormalisation and factorisation scale choices, PDF, ay, those associated with UE, PS, hadronisation
modelling and differences in the matrix element calculations and PS matching schemes are also
considered. For the minor backgrounds no modelling uncertainties are assigned as their contribution
is negligible on the final estimate.

The likelihood functions in the SR and CRs are defined as Poisson probability density functions built
from binned histograms of discriminant distributions (templates) using MC events for signal and
backgrounds. The signal and background templates are also functions of the nuisance parameters
such that systematic uncertainties can affect the discriminator distribution shapes for the signal pro-
cess and irreducible backgrounds whose yields are extracted from the fit, and the normalization for
the backgrounds whose yields are fixed to SM predictions. This methodology accounts for correla-
tions of systematic uncertainties between signal and background estimates and between bins of the
measured observables.

The fit is performed simultaneously in the SR and the two CRs. Each of the regions included in
the fit uses a different discriminant. For the estimation of Z/y*+jets background the transverse mass
distribution is used in the Z/y*+jets CR as the discriminant template. For the ggF contribution the
Dggp.cr is used in the ggF CR while the bi-dimensional BDT is used in SR to extract the VBF signal
as well as the contribution from top and diboson processes, as described in Section 7.5.1. A diagram
that describes the simultaneous fitting scheme is illustrated in Figure 7.8.

The measured cross section for the VBF H — WW* — evuy production in the fiducial phase space
is: ofid = 1.68 +0.40 fb = 1.68 + 0.33 (stat) + 0.23 (syst) fb. The overall relative precision is about
23%, dominated by the statistical uncertainty in data. The systematic uncertainty is dominated by
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Figure 7.8: A diagrammatic illustration of the procedure used in the simultaneous fit to the data in the SR and
in two CRs to measure the differential cross section as a function of m;;. The dotted frames aim to describe
the background normalisation factors used in each region and bin of the differential measurement.

the theory uncertainties, most notably due to shape differences that cannot be absorbed by the back-
ground normalisation uncertainties. The background normalisation parameters constrained by data
in the designed regions along with the correlations between them and the fiducial cross section are
shown in Figure 7.9. The comparison between the measurement and the SM theoretical predictions
obtained at different orders in QCD and different matrix element and PS calculations’ is shown in
Figure 7.10. The measured cross section is found to be consistent (at the level of approximately one
standard deviation) with the SM predictions that implement parton shower and the SM prediction
calculated at parton level and at NLO accuracy in the strong and electroweak couplings. Particulary,
the prediction at LO order QCD calculation with the parton shower calculated at particle level, des-
pite the LO approximation shows the importance of parton shower for a good description. Finally,
the fixed order LO calculation at parton level without the parton shower modeling overestimates all
other predictions by approximately 24%.

The measured differential fiducial cross sections for a representative subset of the 13 observables
that were unfolded to particle-level are presented in Figure 7.11. Overall the compatibility with the
SM predictions is good with the data statistical uncertainty dominating the systematic uncertainties
for all the measured observable bins. The predictions at LO and NLO QCD interfaced to parton
shower provide good description of the data in most regions of phase space showing a small impact
of the parton shower model while the fixed order NLO calculation overestimates the measured cross
sections beyond the experimental uncertainties with discrepancies that range between one and two
standard deviations.

5 The predictions are obtained from the parton shower generators PowrEG + PyTHa8, Pownec + HErwIGT,
MGS + Herwic7 and VBENLO@LO + PytHiAS at particle level. The predictions obtained at parton-level calcu-
lations refer to VBFNLO@LO and VBFNLO@NLO.
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Figure 7.9: (a) The measured background normalisation factors and the (b) correlations among them and the
fiducial cross section measurement. The parameter ¢ Z+jets is the normalisation factor of the Z+jets back-
ground in SR1, SR2 and Z/y*+jets CR, while the i Z+jets CRGGF refers to the normalisation of the same
background process in the ggF CR. u ggF is the normalisation of the ggF process in ggF CR, SR1 and SR2.
The parameter u VV+Top ggF refers to the normalisation of the combined contribution from top and diboson
processes in the ggF CR, whereas u VV+Top corresponds to the normalisation of the same backgrounds in
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Figure 7.11: The measured differential fiducial cross sections for (a) p‘;’ , (b) pg, (©) |Ageel, (d) m;;, () |Ayj;l,
and (f) A¢;; compared with the SM theoretical predictions. The inner boxes on the data points show the
statistical uncertainties, while the total uncertainties are indicated by the outer boxes. The uncertainties on the
expected cross-sections indicate the PDF and scale systematic uncertainties. The bottom panel shows the ratio
of different predictions to the data, and the band represents the total uncertainty of the measurement.
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8 Contribution from Mis-identified Leptons

This chapter is dedicated to the estimation of the background originating from jets that are misiden-
tified as prompt leptons and which enter in the analysis. Section 8.1 discusses the data-driven tech-
nique used to estimate this background. The W+jets Control Region which is designed to provide
the W+jets contribution in the Signal Region is defined in Section 8.2. Section 8.3 presents some
studies on the fake factors aiming to assess if there are other sources of uncertainties that affect the
overall uncertainty. Finally, a closure test based solely on Monte Carlo simulation is presented in
Section 8.4 to assess any potential bias in the fake estimation method.

8.1 The Fake Factor Method

The fake lepton background (else fakes or Mis-Id) arises from non-prompt leptons produced either
by the decay of hadrons containing a heavy flavor quark or by the fragmentation of a quark or
gluon. The dominant processes, relevant to this analysis, which contain fake leptons appear from
W+jets events in which one prompt lepton originates from the W boson which decays leptonically
in association with one or more jets, when one of them is misidentified as a second prompt lepton.
These events are classified as single-fakes. A contribution from QCD multi-jet processes in which
two jets are simultaneously misidentified as prompt leptons can also be present. These events are
classified as double-fakes. However, V+jets and multi-jet processes are hard to be modelled with
high perturbative accuracy and sufficient statistical precision [119], thus this background is treated
by a data-driven approach.

The leptons falling in the SR pass from stringent lepton identification selections (as discussed in
7.3) and are referred to as identified (or just id) leptons in the following. The events in the SR can be
expressed as

.. _ nNEW W+ jets oCcD
Niavia = Nigiig * Nigiia -+ Nigria (8.1)

where the ij‘fl , term denotes all processes with two real leptons (including the VBF signal) and the

last two terms denote the single and double fake backgrounds respectively.

In order to handle the fakes, MC V+jets control samples are generated with id leptons as well as
with leptons that pass looser identification and isolation requirements which are referred to as anti-
identified (or just anti-id) leptons in the following. A summary of the selection criteria for both
electrons and muons is given in Table 8.1.

The fakes are estimated in the enhanced with fake leptons W+jets CR (described in Section 8.2),
which constitutes of events that can be expressed as

‘ o aWHjets EWMC ocb
Nidvanti-id = Nig\ ansi—ia * Nidvanii-ia id+anti—id (8.2)
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Table 8.1: Requirements for fully identified and anti-identified leptons. Note: The FF were computed using a
slight different isolation and quality working points for the id leptons compared to those shown here. The fake
factor studies (Section 8.3) and the closure test (Section 8.4) were performed using the same requirements as
presented in Section 7.3.1.

Electron Muon
identified \ anti-identified identified \ anti-identified
pr > 15 GeV pr > 15 GeV
[l < 2.47,excluding 1.37 < || < 1.52 Il <2.45
|zo sin 8] < 0.5 mm |z sin 6] < 0.5 mm
|dol/o(do) < 5 |dol/o(do) < 3 |dol/o(do) < 15
Pass
LooseAndBLayerLH if
pr <25 GeV Pass LHLoose Pass Quality Medium Pass Quality Medium
Pass
LooseAndBLayerLH if
pr > 25 GeV
Pass FCLoose isolation Pass FCLoose isolation
AUTHOR = 1
Veto against identified Veto against identified
electron muon
where NEVMC . term denotes processes with two real leptons which contaminate the W+jets CR.

The subtraction of the EW processes using MC from data will result to the fake background estimate.
Thereafter, the contribution in the SR is estimated by scaling the fake yields by the fake factor which
is defined as the ratio of id and anti-id leptons.

The fake factors (FF) are derived separately for electrons and muons by using a jet enriched sample
(other than W+jets) in a dedicated fake factor Control Region (see Section 8.1.1). They are then
corrected based on predictions from MC to assess any difference between the samples composition
(see Section 8.1.2) and finally they are applied to the fake estimate in all designed regions.

8.1.1 Fake Factor Definition

The analysis for the FF measurement is performed by using a sample of Z+jets! events and a dedic-
ated Z+jets CR is defined. The CR is designed by selecting events with final states of three loosely
identified reconstructed leptons (electrons or muons), each with pt > 15 GeV (Channel Selection, l1l
final state, All lep pr > 15 GeV). Two of the leptons are required to be tagged as Z boson candidates,
i.e. need to be of the same flavour and opposite charge, while the invariant mass of the dilepton
system should be in the range of [80 (70), 110] GeV for electrons (muons)? (Z-tagging). The two
Z-tagged leptons should fulfill the id requirements as listed in Table 8.1 and at least one of them
should be matched to one of the single lepton triggers presented in Table 7.1. If multiple lepton com-
binations satisfy this requirement, the pair with the invariant mass closest to the Z boson is chosen.
The remaining third lepton is classified as the fake candidate.

! PowngG generator is used for the simulation of the Z+jets process because it demonstrated the best statistical precision
among others.
2 The ranges were chosen such as reducing the Z + y background.
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8.1 The Fake Factor Method

The set of backgrounds considered includes V + y, diboson (WW, WZ, ZZ), top production and
triboson processes. A cut for the discrimination of V + 7y and V+jets processes is used (Over-
lap: Vgamma/Vjets). The major contribution comes from the WZ processes. Therefore, a cut on

mV = \/ZErTniSSE%ke cand-(] _ cos ) < 50 GeV is added to reject the events with leptonic WZ de-

T
cays (TransMassW). Then two distinct regions are constructed depending on whether the fake lepton

passes the id or anti-id cuts (see Table 8.1). These regions are split depending on the fake lepton
type, i.e. electron or muon. The full cutflow is presented in Table 8.2.

In order to better handle the WZ prediction, a control region is created. This region is defined for
all the fake candidates passing the id criteria and when the transverse mass is m%v > 50 GeV. A
normalisation factor of 0.99 + 0.01 is computed and then applied to the WZ yields.

The fake factor is then measured for each fake lepton type as the ratio

Nibi i

data non-Z+jets
FF = N _ piia J (8.3)
data ~ *'non-Z+jets

where subscripts i and a correspond to id and anti-id leptons respectively. The lepton properties that
commonly affect the fake factor are the transverse momentum and pseudorapidity and are shown for
both fake candidate types which pass the id and anti-id requirements in Figures 8.1- 8.2. The fake
estimate for the high transverse momenta is small (close to zero). The fake factors are derived as
a function of these two properties, binned such as to gain enough statistical precision. Particularly
for the electron fake factors it was found to be the same across 7, thus the estimation was performed
integrating the whole n range for this lepton type. For muons the fake factors are calculated as a
function of those falling in the central (|| < 1.05) and forward (1.05 < |n| < 2.50) regions of the
detector. Four pr bins [15, 20, 25, 35, 10000] GeV were chosen for electrons and muons. The fake
factors are presented in Figure 8.3.

The uncertainties on the fake factors have contributions from systematic and statistical sources. The
systematic uncertainty comes from the non-Z+jets MC processes, which are subtracted from the data
yield. Theoretical uncertainties were computed for the major backgrounds, i.e. WZ, ZZ, Z + y by
varying their normalisations in both id and anti-id regions. For the rest processes an uncertainty
of 10% was assigned. The relative contribution of the uncertainties on the fake factors is shown in
Figure 8.4.
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3 3000 T e @ 900 e e
o L -+ 0w 4 2 E 24 s gsm) |
Irs r ATLAS Internal - = b @ goof ATLAS Internal | -
g 25001 VE=13Tev. fLat=13015" = e - g E (s=13Tev,fLdt=130 10" o El
5 [ Z+et—eeluy + fake cand. - - ] G 700[ Z+jet - eelup + fake cand. e E
1] L J E B
2000— — 600 — 4. —
F B E ++_+_ H+ -+ ]
b ] 500~ + + E
1500 F* — E 1
r 1 400~ ++
1000 -+- N 300 K
- | c 3
B 200 3
500 - B
] 100 E
oI e e L L e I E
20 40 60 80 100 120 140 3
el fake P, [GeV] el fake n
(a) id electron pr (b) id electron i

Plt "CuFakeElecAntiD/akeElectonpt Plt "CuFakeElecAniiD/akeElectonEta
3 e B e @ 4000 e e
& 18000f— + o %45 s B 13 E o P q
v E ATLAS Internal -, (=[S 3 2 as00f ATLAS Internal -, (= A
% 16000/ Vs=13Tev, [ Ldt=139 b s O - s E Vs=13TeV, [Ldt=130 " s Ol B
5 E Ztjeteefpy + fake cand. o e ] I E Z+jet— el + fake cand. (S e B
& 14000 3 3000 — =
Fo- B £ ]
12000 - 2500~ -
10000 = 2000f- E
8000 — E B
] 1500 -
6000 3 £ 1
7 1000 — —
4000 - F 1
2000 E 500 - 4
L ! ! Lyoad ]

0
80 100 120 140 %3 3
el fake P [GeV] el fake n

(c) anti-id electron pr (d) anti-id electron n

Figure 8.1: Transverse momentum and pseudorapidity distributions of the fake (a)-(b) id and (c)-(d) anti-id
electron candidate.
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Figure 8.2: Transverse momentum and pseudorapidity distributions of the fake (a)-(b) id and (c)-(d) anti-id
muon candidate.
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Figure 8.3: The fake factors estimated in the Z+jets CR as a function of pr and n. (a) The fake factor integrated
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the forward region. The error bars show the statistical uncertainty.
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Figure 8.4: The relative contribution of the statistical and systematic uncertainties on the fake factors for (a)
fake electrons, (b) fake muons falling in the central region and (c) fake muons falling in the forward region.

8.1.2 Fake Factor Corrections
Correction Factors

The fake factor method described in Section 8.1.1 is derived in a three lepton selection (Z+fake in
Z+jets CR) whereas is supposed to be applicable to a two lepton selection (W+fake in W+jets CR)
described in Section 8.2 for the fake lepton background estimation in the VBF H — WW* — evuy
analysis (see Chapter 7). In order to absorb any discrepancy due to the different control samples and
regions, the fake factors must be corrected. The correction is made by comparing the fake factors
measured using solely MC? in Z+jets and W+jets CRs, using the same selection cuts as used in
data®. The ratio of these fake factors gives the correction factor (CF = FF AVZC/ FF 1%/1(:) which is then
multiplied by the data-driven fake factor in Z+jets CR to finally get the fake factor that can be applied
to the W+jets CR (with the FF applied).

The CFs are calculated separately for electrons and muons. For electrons the same choice of the
pt binning is made as used for the FFs. For muons the two highest bins were consistent between
each other, thus they are combined into one bin to enhance the statistics. The dependence on 17 was
found to be negligible thus they are not derived as a function of this kinematic variable. The CFs for
electrons and muons are shown in Figure 8.5.

The uncertainties on the CFs have contributions from statistical and systematic sources. The eval-
uation of the systematic uncertainty was made by computing the CFs using a different generator
(MG5_aMC@NLO) and was taken as the central value difference of the CFs as derived with the two
generators. Table 8.3 gives a summary of the final results by splitting the overall uncertainty into the
statistical and systematic components.

3 PowHEG generator is used for the simulation of Z+jets and W+jets processes because of the high statistical precision.
* Additionally, one (two) leptons in the event are truth-matched to the W (Z) boson and the remaining lepton is determined
as the fake.
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Figure 8.5: The corrections factors for (a) electrons and (b) muons. The error bars show the statistical
uncertainty.

Table 8.3: The correction factor central values with the overall uncertainty split into the statistical and system-
atic components for electrons and muons in each pr bin.

Electron Correction Factor
15 -20GeV 20 - 25GeV 25 -35GeV 35 - 1000 GeV
0.80 + 0.06(stat) + 0.03(syst) | 1.12 + 0.10(stat) + 0.33(syst) | 1.36 + 0.10(stat) + 0.01(syst) | 1.49 + 0.10(stat) + 0.30(syst)
Muon Correction Factor
0.74 + 0.05(stat) + 0.02(syst) | 1.04 + 0.11(stat) + 0.01(syst) | 1.10 £ 0.10(stat) + 0.12(syst)

Double Fakes

The W+jets CR (discussed in Section 8.2) is designed to select events with one prompt lepton and
the other being classified as fake. As discussed in Section 8.1 there is a contribution from double
fake events too. The method described so far, overestimates this contribution. In order to avoid the
overcounting a double-fake control region is used where both of the leptons in the event are required
to pass the anti-id criteria while MC processes with two real leptons are then subtracted. Fake factors
corresponding to two anti-id leptons in the selection are then applied. The size of the correction and
the fake yields in the SR before and after the correction are shown in Table 8.4.

Table 8.4: Fake yields in SR before and after the double-fake correction.

Vs =13TeV, £=139fb"", V21 ‘ e Wijets ‘ 1 Wjets ‘ e+u Wiets ‘ Double Fakes Corr. ‘ Double Fakes Relative Contribution (%) ‘ MisID (double-fake corrected)
VBEF SR (eu) 18.52+4.37 | 1477 £ 1.05 | 33.29 +4.49 -6.57 +0.42 24.58 +4.44 26.73 +4.51
VBF SR (u e) 17.62+3.96 | 7.10+1.29 | 2472 +4.16 —4.46 +0.32 22.01 +4.80 20.26 +4.18
Trigger Bias

Most of the events entering in the analysis are collected by the dilepton triggers that have looser iden-
tification and isolation criteria compared to those for id and anti-id definitions. On the other hand,
single lepton triggers have tighter (looser) requirements than the anti-id (id) definition. Therefore, in
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8.2 W+jets CR

the case that an id lepton fires the trigger there is no loss in the event yield. But, in the case when an
anti-id lepton fires the trigger, the tighter requirements result to a bias in the event yield. The pro-
portion of the fake lepton candidates which fired a single lepton trigger is shown in Table 8.5. The
highest percentage of fake events that fire a single lepton trigger refer to when the fake candidate is
a muon and the leading lepton in the event.

Table 8.5: Events in the W+jets control region for which only the fake candidate fired a single-lepton trigger.
eu ue

e-fakes | 5.6% | 2.2%

u-fakes | 0.0% | 15.5%

In order to account for this scenario, separate fake factors are derived by requiring the anti-id lepton
to fire one of the single lepton triggers used in the analysis. This requirement does not yield sufficient
statistics for a reliable estimation using a Z+jets sample and therefore the calculation is performed
in a di-jet selection. More details can be found in Ref. [120].

To sum up, the FF application in the VBF H — WW" — evuv analysis is performed on the fake
estimate and is based on which of the leptons fires the trigger. When a dilepton trigger fires in an
event, for the fake lepton (or leptons if both are matched to the dilepton trigger) the FF as estimated
in the Z+jets sample is applied. On the other hand, when the prompt (fake) lepton fires one of the
single lepton triggers the FF as estimated in the Z+jets (di-jet) selection is applied. For the case
where both of the leptons in the event are fakes and a single lepton trigger is fired, the di-jet FF
is used for the lepton that fired the trigger whereas for the remaining fake lepton the Z+jets FF is
applied.

8.2 W+jets CR

The W+jets CR is used to estimate the contribution of jets from W+jets processes that are misid-
entified as prompt leptons. The same kinematic requirements as those used in the SR, except for
the |A¢s| < 1.4 rad cut are applied. Unlike the SR, this region requires one id and one anti-id
lepton instead of two well-identified®. The cutflow is shown in Table 8.6 where fakes are defined by
subtracting Vv, diboson, top and Z+jets MC processes from data. Once fake factors and correction
factors are applied these events constitute the fake background estimate in the SR. The kinematic
distributions for several variables in the W+jets CR are shown in Figure 8.6.

3 The fake factors are not applied in this region as it is used to estimate the fake yields on which the FF are meant to be
applied for the fake background extrapolation in the designed regions of the analysis described in Section 7.4.
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8 Contribution from Mis-identified Leptons

Table 8.6: Cutflow in the W+jets control region.

Vs =13TeV, £ = 139fb~! (Full Run 2) Total Bkg data fakes fake purity(%)
Channel Selection | 8012632.06 +2327.10 13124937 5112304.94 +4305.85 38.95+0.03
Trigger Selection | 8012632.06 +2327.10 13124937 5112304.94 + 4305.85 38.95+0.03
Trigger Matching | 7754276.84 +2199.12 13057932 5303655.16 + 4230.14 40.62 +0.03
Wjets flavour split muon | 5672759.42 + 1876.51 10572340 4899580.58 + 3754.15 46.34 + 0.04
W-jets flavour split electron | 3498327.82 + 1524.29 7417426 3919098.18 + 3121.04 52.84 +£0.05
Jet Cleaning | 3498327.82 + 1524.29 7417426 3919098.18 + 3121.04 52.84 +£0.05
Overlap: Vgamma/Vjets | 3498327.82 + 1524.29 7417426 3919098.18 + 3121.04 52.84 +0.05
Only two Leptons | 3448417.08 + 1499.17 7363366 3914948.92 + 3100.14 53.17 £ 0.05
pﬁwd > 22 GeV | 3448417.08 + 1499.17 7363366 3914948.92 + 3100.14 53.17 £ 0.05
pf“blead > 15 GeV | 3447273.96 + 1498.83 7360611 3913337.04 + 3099.53 53.17+£0.05
Remove High Eventweight Events | 3447325.12 + 1489.49 7360611 3913285.88 + 3095.03 53.17£0.05
Remove High Eventweight Zjets Samples | 3371562.75 +£992.08 7360611 3989048.25 + 2888.74 54.19 + 0.04
OS Leptons 3370094.44 + 991.88 7353604 3983509.56 + 2887.46 54.17 £ 0.04
My > 10 GeV 3370035.94 £991.87 7353272 3983236.06 + 2887.40 54.17 £ 0.04
SF: Z Veto 3370035.94 + 991.87 7353272  3983236.06 + 2887.40 54.17 £ 0.04
Leptons ID, singleFakes 1 anti-ID,1 ID, doubleFakes 2*anti-ID 764479.23 + 519.68 1928013  1163533.77 + 1482.59 60.35 +0.09
2-jet (30,30); no FF 385167.42 + 196.07 656338 271170.58 + 833.53 41.32+0.14
b-veto 63869.88 + 142.74 197677 133807.12 + 466.96 67.69 +0.28
CJV (20GeV) 44256.34 + 121.29 137560 93303.66 + 390.22 67.83 £ 0.34
OLV bool 9437.81 £ 59.38 27999 18561.19 £ 177.55 66.29 +0.75
Z — 17T veto 5237.79 + 42.66 18022 12784.21 + 140.86 70.94 + 0.94
M;jj>200 GeV 3269.09 + 32.93 11883 8613.91 + 113.88 72.49 £ 1.17
DYjj>2.1 2851.94 + 32.06 10879 8027.06 + 109.12 73.78 £ 1.23
M;jj>450 GeV 1162.08 + 19.87 4821 3658.92 +72.22 75.90 = 1.85
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Figure 8.6: Kinematic distributions of (a) leading lepton pr, (b) subleading lepton pr, (c) me, (d) leading
jet pr, (e) subleading jet pr and (f) m;; in the W+jets control region. The data (black markers) are shown
together with the electroweak processes in MC (cyan histograms). Their difference (blue markers) represents
the estimate of the fake background. The fake factors are not applied in this region.

110



8.3 The Fake Factor studies

8.3 The Fake Factor studies

A possible dependence on the pileup contamination and on properties that characterize the VBF
signal was investigated for the data-driven fake factor method. Any evidence of dependence should
contribute as an additional systematic error in the total uncertainty.

8.3.1 Pileup

The high luminosity delivered by the LHC leads to multiple pp interactions per beam crossing. This
effect, known as pileup, complicates the reconstruction of the objects in the final state.

There are two different techniques to measure the pileup in a given event. The first method uses the
averaged pileup value across all bunch crossings in the lumiblock (average number of interactions
per bunch crossing) which takes into account the out-of-time pileup®. The other method describes
better the in-time pileup’ by using the averaged pileup value per bunch crossing across the lumiblock
(actual number of interactions).

Each detector condition has a corresponding reference pileup distribution, which is used to determine
the ¢ value that should be used for the event simulation in MC samples®. For an accurate mitigation
of the pileup conditions there is need to reweight the MC to match the data. Due to the discrete
nature of the pileup values used in MC, it is practical to scale the pileup conditions in data by the
inverse scale factor prior to the pileup weights calculation [121].

For the data collected during 2015-2016 the reweighting of the MC samples was performed by using
the average number of interactions per bunch crossing. For the data taken in 2017 and 2018 years,
the actual number of interactions were chosen to simulate the pileup conditions. The scale factor
1/1.03 was applied on data prior to the reweighting procedure.

The distributions of pileup are shown in Figure 8.7 at the Z-tagging cut. The data/MC agreement is
good for the data taking periods of 2015-2016. For 2017 data an excess of ~10% in data is observed
whereas at high pileup values there is a deficit in data reaching ~30%. For 2018 data, a strong
increase appears at u > 45 region. These imperfections are not inserted as an additional systematic
uncertainty for this study.

In order to investigate whether the fake factors are affected by pileup, six pileup bins were used
[0, 18,24, 32,40, 50, 80]. This binning choice resulted to a stable fake purity across the various pileup
regions (bins). The event yields at the id and anti-id selection cuts are presented in Appendix C.1.1.
The fake factors were computed with the data-driven method as a function of pileup in each fake
lepton pr region®. The results are shown in Figure 8.8 for electrons and muons. For completeness

% The out-of-time pileup is referred to when there is a signal overlap from neighbouring bunch crossings.

7 The in-time pileup is referred to the number of interactions in the same bunch crossing.

8 The simulated values of pileup form a discrete set, unlike the pileup in data which represents a continuous spectrum.

° For this study three pr bins instead of four are defined (the last two bins are merged) in order to increase the statistics
in the high pr region. The dependence on i was found to be negligible, thus the fake factors were integrated in the full
7 range.
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Figure 8.7: The pileup distributions in data and MC for (a) 2015-2016 data, (b) 2017 data, (c) 2018 data and
(d) collectively for Run 2.

and to check the validity of the method, the same study was performed based only on MC and the
results are documented in Appendix C.1.2.

A fit with a linear function was performed on the results to assess whether is needed to introduce a
systematic error in the overall fake factor uncertainty. For the low pr regions (pr < 25 GeV) the fake
factors for both leptons remain stable across pileup. For the high prt values (pt > 25 GeV) the fake
factors are dominated by the statistical uncertainties. This study does not show any strong evidence
of pileup dependence.
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Figure 8.8: (a), (c), (e) Electron and (b), (d), (f) muon fake factors in data as functions of the pileup for each pr
bin, while integrated in 7. Statistical uncertainties are shown as error bars. The EW subtraction uncertainties
are shown as error bands. A polynomial fit is performed and the fit parameters are displayed in the insets to

assess any possible pileup dependence.
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8 Contribution from Mis-identified Leptons

8.3.2 Jets

The final state of the VBF signal constitutes of two leptons, their corresponding neutrinos and two
jets. The fake factors are measured in a three-lepton selection without any requirement on jets. A
new cut which selects events with at least one jet (pt > 30 GeV and || < 4.5) is inserted in the event
selection. The aim of this study is to check whether there is any detector activity near the fake lepton
that can have an impact on the data-driven fake factor estimation.

Due to the nature of the Z+jets sample, the cut on jets resulted to significant discrepancies between
data and MC on the kinematic distributions. A reweighting technique of the Z+jets MC sample to
data was performed. The weights that were applied per event and the kinematic distributions before
and after the reweighting procedure are presented in Appendix C.2.1.

The fake factors are derived as a function of the number of jets in the event and are shown in Fig-
ure 8.9 separately for central and forward electrons and muons. A fit with a linear function up to two
jets was performed on the results. The fake factors do not show any dependence with the presence
of jets in the events.
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Figure 8.9: (a),(b) Electron and (c),(d) muon data-driven fake factors as a function of the number of jets in the
event. Statistical uncertainties are shown as error bars. The EW subtraction uncertainties are shown as error
bands. A polynomial fit is performed and the fit parameters are displayed in the insets to assess any possible
dependence on jets.
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8.4 Closure test for the Fake Estimation Method

The jets study was extended by measuring the fake factors as a function of the distance between the
fake lepton and the leading jet, AR(fake,jet) in the event. The aim for this study is to investigate
if there is any overlap between the lepton tagged as fake and its closest jet. Thus, low AR values
are of particular interest. The results are shown in Figure 8.10 for central and forward electrons
and muons. A linear fit was performed on the results and given the low statistics a conclusion for a
possible dependence cannot be made.
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Figure 8.10: (a),(b) Electron and (c),(d) muon data-driven fake factors as a function of the distance between
the fake lepton and its closest jet. Statistical uncertainties are shown as error bars. The EW subtraction
uncertainties are shown as error bands. A polynomial fit is performed and the fit parameters are displayed in

the insets to assess any possible dependence on jets.

For completeness, the studies were performed using MC only and the results are documented in

Appendix C.2.2.

8.4 Closure test for the Fake Estimation Method

In order to demonstrate the robustness of the data-driven technique used for the fake lepton back-
ground estimation, closure tests were performed using only MC samples. Any non-closure effects
would serve as an additional uncertainty in the analysis.
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8 Contribution from Mis-identified Leptons

The closure was tested'® by comparing W+jets events in the SR, to W+ijets events in a control region
(W+jets CR). In general, the fake factors translate the id/anti-id events selected in the W+jets CR
(see Section 8.2) to id/id events selected in the SR (see Section 7.4). Therefore, for the closure tests
the SR selects two well identified leptons in the W+jets sample. These events are then compared to
the fake events estimated using the W+jets MC events with the FF applied.

Two different MC generators were used for the simulation of W+jets and Z+jets events: PowHec and
MGS5_aMC@NLO. For each study, the fake factors were derived from the same MC programme as
the one used for the W+jets process. The same applies for the correction factors extraction.

In the SR selection using Pownec W+jets MC events, the total number of estimated fakes amount
to 67.30 + 24.86, while in the W+jets CR (with the FF and CF applied) 65.06 + 10.83 fake events
are estimated. The closure is within ~ 3% and falls well within the total statistical uncertainties. In
the SR selection using MG5_aMC@NLO W+jets MC events the total number of estimated fakes
amount to 170.81 + 32.96, while in the W+jets CR 172.77 + 27.89 fake events are estimated. The
closure is within ~ 1.2% and falls well within the total statistical uncertainties.

The distributions for several kinematic variables after the full selection are compared between
Pownec MC events in SR and in the W+jets CR and are shown in Figure 8.11. The same distri-
butions are shown at an earlier selection stage in Figure 8.12 to profit from higher statistics.

The cutflows for SR and W+jets CR for both MC generator choices along with the kinematic distri-
butions using MG5_aMC@NLO are presented in sections of Appendix C.3.

Overall, no significant non-closure effects beyond the data-driven fake factor uncertainties have been
observed. Therefore, there was no need to insert an additional systematic uncertainty which accounts
for non-closure bias.

10 These tests were performed in a broader phase space, compared to the SR described in Section 7.4, which is differenti-
ated from the absence of cuts on m;; > 450 GeV and A¢,, < 1.4 rad.
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Figure 8.11: Distributions after the full selection for W+jets MC samples in the SR (black) and W+jets CR
with FFs and CFs applied (red) using Pownec MC. Statistical uncertainties are shown as error bars. The
uncertainties estimated in the data-driven method are shown in error bands. The results of the linear fit of the
ratio of the two distributions are shown for each observable.
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Figure 8.12: Distributions at pre-selection level for W+jets MC samples in the SR (black) and W+jets CR
with FFs and CFs applied (red) using Pownec MC. Statistical uncertainties are shown as error bars. The
uncertainties estimated in the data-driven method are shown in error bands. The results of the linear fit of the
ratio of the two distributions are shown for each observable.
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After a few years of the LHC operation, in 2012 the ATLAS and CMS experiments announced the
discovery of the SM last missing piece, the Higgs boson. Since then owing to the rapidly growing
dataset various physics programmes have been launched which allowed Standard Model precision
measurements as well as an improved sensitivity to physics beyond the SM. At the HL-LHC era
an instantaneous luminosity of up to 7.5 times the nominal value is expected to be delivered to the
experiments. Apart from the higher precision measurements, the larger dataset will increase the
sensitivity of rare processes offering a deeper understanding of our Universe.

To cope with the increased number of interactions, the experiments follow an upgrade plan taking
advantage of new technologies. The largest upgrade for ATLAS Run-3 was the NSW project. The
NSW replaced the pre-existing system located at the innermost part of the endcaps muon spectro-
meter and it was successfully integrated in ATLAS in November 2021. It consists of two novel
detector technologies, the resistive-strip Micromegas and the small-strip Thin Gap Chambers both
with good trigger and tracking capabilities. The first part of this thesis aims to characterise the NSW
MMG performance in harsh background conditions. It is the first time a Micromegas detector in
large-scale is studied. The analysis conducted presents results for normal tracks and different elec-
tronics configuration settings. The detector’s efficiency has been reported and its spatial resolution
has been studied using different methods. In absence of background an efficiency of ~ 95% has
been calculated and a core (weighted) resolution of 67 — 99 um (119 — 181 um) has been achieved
depending on the layer tested. The results are similar for the different VMM settings used for the
pulse integration time among the different estimation techniques. In background conditions similar
to those that will be occurred during the HL-LHC phase the efficiency was found at the level of 90%.
The spatial resolution results are not fully consistent among the techniques used for the different
electronics configurations. A core (weighted) resolution well below 80 um (160 um) has been estim-
ated for the pulse integration time of 100 ns and around 100 um (180 um) for 200 ns. The detector
performance has also been tested in even worse conditions with the efficiency reaching no less than
65% and the core (weighted) resolution was found to be 80 — 120 um (180 — 250 um) depending
on the technique used. By testing the different electronics configuration settings, the performance
of the detector is expected to be significantly improved with the VMM parameter slh enabled at the
upcoming test periods. The analysis is presented in Chapter 6. Moreover, the relevant contribution to
the NSW project technical tasks for the smooth operation in Run-3 has been reported in Chapters 4
and 5.

The analysis for the fiducial cross-section measurements of the Higgs boson production through the
VBF process in the H — WW* channel using the fully leptonic final states has been reported in
Chapter 7. The analysed data correspond to the full Run-2 dataset at 13 TeV centre-of-mass energy
recorded by ATLAS during 2015-2018 and corresponding to an integrated luminosity of 139 fb~!.
The measured fiducial cross section is 1.68i8§g (stat) fg:%f(sys)fb and is consistent with several
SM predictions. The big challenge of this analysis is the low statistics of VBF Higgs events that
are expected to be increased at the HL-LHC era. In Chapter 8 the data-driven estimation of the
background originating from jets that are falsely considered as prompt leptons was presented. Several
studies have been performed with the aim to assess the impact of other sources of uncertainties to
the data-driven technique. The pileup contamination as well as the presence of jets in the event
selection were examined but given the low statistics no evidence was found within the large statistical
uncertainties. Finally, in order to demonstrate any bias that may come from the data-driven technique
a closure test based solely on MC was performed. The results did not give any evidence of non-
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closure effects. The precision of the measurements will be further enhanced the upcoming data-
taking periods.

121






Appendices

123






A CSC Offline Data Quality: Code Development
& Maintenance

In preparation for the LHC Run-3, the ATLAS experiment had to revise its offline software in order
to take advantage of the data processing in multiple cores. The package used during Run-2 for the
offline monitoring of the data collected by the SW CSC detectors had to be migrated in the new
software release.

The motivation behind this mandate relied on the readiness of the offline tools to reprocess the Run-
2 data with the new software release. In this way, the new release could be tested and validated
while the new derived datasets would benefit from the software improvements, including bug fixes.
Moreover, the corresponding packages had to be fully functional for the scenario the NSW detectors
could not meet the deadline set for their installation in the ATLAS cavern.

The main difference between the new framework and the old one, is the separation of the user C++
code from the histogram handling [122]. The variables are monitored in C++ algorithms while
the list of the produced histograms is part of the python job configuration step. Concerning the post-
processing step the histgrinder [123] package is adopted. It is a generic system that provides common
libraries to simplify the user code for the histogram post-processing. It uses a yaml configuration file
where the input and output histogram name patterns, the name of the python function to carry out
the operation on the input histograms as well as any additional parameters to be passed as arguments
to the python function must be provided.

The offline monitoring package for the SW CSC detectors is found in the MuonSpectro-
meter/MuonValidation/MuonDQA/MuonRawDataMonitoring/CscRawDataMonitoring Athena path.
Similarly to the procedure described in Section 5.2 for the NSW MMG, the offline monitoring for
the SW CSC detectors is performed at different stages of the reconstruction step. Therefore, the
monitoring of the recorded hits before and after the calibration and their formation in clusters is
followed. In addition, variables at segment level are also monitored.

All algorithms are fully migrated to the new multithread-safe configuration framework. The histo-
grams produced with the use of the new framework had been checked one by one against to the old
version’s output during the migration of the package. Minor changes were implemented as the pack-
age was well maintained. Among those, a missing cut of 50 ADC counts was inserted in order to
reject the noise that had been detected in some sectors. All other changes were related to histogram
visualisation issues.

The most important histograms are presented on the Webdisplays. A typical example is shown in
Figure A.1 with all CSC folders being flagged green. From time to time, when a new release of both
new and old softwares was published, the Webdisplays were checked and compared against to the
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Webdisplay that has been produced using the previous latest already validated version. In this way,
possible issues that may have affected the CSC system were spotted and fixed as necessary. The
multithread version of the package was finally tested by comparing the histograms produced after
running the software with one and eight threads. At the end, nearly 18 PB of Run-2 collision data
were reprocessed using the updated version of the ATLAS offline analysis software.

Web Display Defect Entry Run Query Data Summary

Run 363129, 20220310/physics_Main

Select Run=| 363129 v | Stream=| physics_Main v | Pass=| 20220310 v |LB Change=|Entire Run v || Click to Go | i |
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Ezrggﬁe;f °r,'1e: ed EndCap A: Cluster charge(Qsum), Qmax > 50.0 counts Assessment Details:
Jets:  Undefined s
LiCalo: Undefined %10
Lilnterfaces: Undefined
LAr: Red
+ MissingEt: Red
MuonDetectors: Red
= CSC: Green
- Expert: Green
= CSCEA: Green
MuonSegments: Green
RawData: Green
= CSCEC: Green
MuonSegments: Green
RawData: Green Results:
= Shifter: Green
= CSCEA: Green L
Cluster: Green 0 GatherData | Mean: 863.1 + 0.02396
FrepRanData: - Green GatherData | RMS: 1303.0 + 0.01694
= CSCEC: Green
Cluster: Green

© 8888

&8-858

Name: hicsc_clus_qgsum_signal_EA_count
Algorithm: CSC_Histogram_Not_Empty&GatherData
Num. of Entries: 3223159237.0

9 -»Data
H - Reference

-
o
=]

Configuration Parameters:

-
=]
=]

entries/20 counts

PrepRawData: Green
# LIMU: Red
# MDT: Green
& RPC: Undefined o \—_;
I:IITG_I(_::kl_lede I L P I T I L L
luonTracking: e
e 0 1000 2000 3000 coun4tgo°

+ Tau: Red
b g Run 363129, 20220310/physics_Main
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8-

&

Reference from: root: ern.ch: i i 3_13TeV/82/b5/HIST.27654524._000001.pool.root.1

Figure A.1: A typical Webdisplay for the reprocessing at Tier-1 of run 363129 recorded in 2018 from pp
collisions at 13 TeV centre of mass energy. The original from Tier-0 run 358031 is used as the reference.
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B.1 SM1 PCB-1,3 dimensions & expected hit occupancy

The strip length, £, can be calculated by the following formula:

¢, = dL_activeArea_bottom + (dL_activeArea_top — dL_activeArea_botFom) - (strip — nMissedStrip_bottom) - pitch (B. 1)
dr_activeArea

where dL_activeArea_bottom/top is the length of bottom/top trapezoid bases of the module’s active

area, nMissedStrip_bottom is the number of strips in PCB-1 that are not connected to the front-end

board channels, dr_activeArea is the radial length of the module, strip is the strip index for which the

length is calculated and pitch is the distance between two consecutive strips. The exact numbers are

documented in Chapter 4.

The middle strip for PCB-3 has the index 2560, therefore its length is about 681 mm. For PCB-1,
the middle strip has the index 512 and its length is found to be about 358 mm. The dimensions allow
to relate the performance of PCB-3 to that of PCB-1 when the high voltage is set on one side of
PCB-3.

107 photons

The simulated particle flux at a distance of 1 m away from the source is 5 — 7 - 5 [106].
cm?s

Assuming that the detector sensitivity to photons is ~ 5 - 107 the expected particle rate under full

irradiation (A.F = 1) is 25 — 35 kHz/cm?. A relation between the particle rate and the recorded hits
(i.e accepted events) on the detector can be given as:

ted t
(particle rate) - (area) - (time window) - (number of triggers) = (accepted events)

B.2
(cluster multiplicity) (B-2)

The particle rate is presented in Figure B.1 as function of the different attenuation filters used.

The expected hit occupancy, i.e number of hits per strip, can be estimated by using the following
formula:

<hit occup> = (read out rate) - (area) - (strips/cluster) - (time window) (B.3)

For a time window of 200 ns (i.e 8 BC) the expected hit occupancy on the middle strip of PCB-3 and
PCB-1 is presented in Table B.1 for different values of readout rate. These values can be compared to
the experimental results of the hit occupancy presented in Appendix B.2 in order to relate the results
to what expected at HL-LHC.
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Figure B.1: The particle rate as function of the inversed value of the attenuation filter (A.F) used. A linear fit
(red line) is performed upon 0.1. The time window considered is 200 ns (i.e 8 BC, the effect of electronics,
dead time and integration time was not considered). The VMM peaking time is set at 100 ns whereas the HV
is set on the right side of PCB-3 and its value is set accordingly in order to achieve equal currents among the
layers. The operation gas mixture with a consistency of 93% Ar and 7% CO, is used. The VMM gain is set at
9 mV/fC. The data were recorded on 16th December 2021 out of the beam period.

Table B.1: Expected hit occupancy on SM1 PCB-1,3 for different readout rates.

SM1 expected hit occupancy
Readout Rate PCB-3 PCB-1
5kHz/channel 0.011  0.006
10kHz/channel 0.023  0.012
15kHz/channel 0.034  0.018
20kHz/channel 0.046  0.024

B.2 Results with the source only or in combination with the muon
beam

Several studies were performed with SM1-M40 since October 2021 at GIF++ either during the muon
test beam periods or out of the beam period collecting data using only the '3’Cs source. The aim was
to understand the performance under irradiation. Here the results with different gas mixtures, HV
and VMM settings are summarised.
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Figure B.2: The distribution of raw hits when the high voltage is set on (a) both sides and (c) on right side of
PCB-3. The mean hit occupancy as function of the inversed value of the attenuation filter (A.F) used when
the high voltage is set on (b) both sides and (d) on right side of PCB-3. The HV value is set at +570V for the
operation gas mixture with a consistency of 93% Ar and 7% CO,. The VMM parameters for the peaking time
is set at 100 ns and the gain at 9 mV/fC. The data were recorded on 14th and 15th December 2021 out of the
beam period.
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Figure B.3: The mean hit occupancy as function of the inversed value of the attenuation filter (A.F) used for
VMM peaking time (a) 200 ns and (b) 100 ns. The high voltage is set on the right side of PCB-3 whereas the
value is set in order to achieve equal currents among the layers. The operation gas mixture with a consistency
0of 93% Ar and 7% CO; is used. The VMM gain is set at 9 mV/fC. The data were recorded on 16th December

2021 out of the beam period.
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B.2 Results with the source only or in combination with the muon beam
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Figure B.4: The mean hit occupancy as function of the inversed value of the attenuation filter (A.F) used when
the high voltage is set on half PCB-3 at (a) +570V, (b) +560V, (c) +550 V and (d) +540 V. The operation gas
mixture with a consistency of 93% Ar and 7% CO; is used. The VMM parameters for the peaking time is set
at 100 ns and the gain at 9 mV/fC. The data were recorded on 15th December 2021 out of the beam period.
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Figure B.5: The raw hit distribution for different values of the attenuation filter (A.F) used when the high
voltage is set on half PCB-3 and the VMM peaking time is set at (a) +520V and 200ns, (b) +500V and
200mns, (c) +520V and 100 ns and (d) +500 V and 100 ns. The operation gas mixture with isobutane is used.
The VMM gain is set at 9 mV/fC. The data were recorded on 8th and 10th December 2021 out of the beam
period.
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Figure B.6: The mean hit occupancy as function of the inversed value of the attenuation filter (A.F) used when
the high voltage is set on half PCB-3 and the VMM peaking time is set at (a) +520V and 200 ns, (b) +500 V
and 200ns, (c) +520V and 100ns and (d) +500V and 100 ns. The operation gas mixture with isobutane is
used. The VMM gain is set at 9 mV/fC. The data were recorded on 8th and 10th December 2021 out of the
beam period.
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Figure B.7: The distribution of the number reconstructed clusters for different values of the attenuation filter
(A.F) used when the high voltage is set on half PCB-3 and the VMM peaking time is set at (a) +520V and
200ns, (b) +500V and 200 ns, (c) +520V and 100 ns and (d) +500 V and 100 ns. The operation gas mixture
with isobutane is used. The VMM gain is set at 9 mV/fC. The data were recorded on 8th and 10th December

2021 out of the beam period.
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Figure B.8: The mean number of reconstructed clusters as function of the inversed value of the attenuation
filter (A.F) used when the high voltage is set on half PCB-3 and the VMM peaking time is set at (a) +520V
and 200ns, (b) +500V and 200ns, (c) +520V and 100ns and (d) +500V and 100ns. The operation gas
mixture with isobutane is used. The VMM gain is set at 9 mV/fC. The data were recorded on 8th and 10th
December 2021 out of the beam period.
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Figure B.9: The distribution of the raw hits for different attenuation filter (A.F) values used for VMM peaking
time (a) 200 ns and (b) 100 ns. The mean hit occupancy as function of the inversed value of the A.F used for
VMM peaking time (c) 200 ns and (d) 100 ns. The high voltage is set on the right side of PCB-3 at +520 V.
The operation gas mixture with isobutane is used. The VMM gain is set at 9 mV/fC. The data were recorded
on July 2022 with muon beam and source on and the run details are documented in Chapter 6.

136



B.2 Results with the source only or in combination with the muon beam

[Oar=1  [JaAF=15 [ JAF=22 [Jar=46

. []AaF=10 AF=22  [_]source off Events - 201106

Mean = 6.24

Std =3.07

events

L Events = 200060
Mean = 2.38
B _\—L Sid=1.70
]
Events = 191569
_‘_| ﬁj Mean = 1.71
Std=131
=] L|_:—L
Events = 307961
M = Mean = 1.37
d =103

i
2
T T T T T T T

s
10 T
! iiLiJ H:”h ﬂ
. . R LALL T i il  iw TI T T
J‘O 5 10 15 20 25 30 35 40
N clusters
(a)
A ST T T T T ™
o i
s | 3
ERNs =
5 F E
g F 8 ]
or -
E [ ] 3
5: v 3
aF : =
F i
C L] M1 eta out |
SF [} m SMletain 7
C '] A M1 stereo in .|
C i v $M1 stereo out ]
0: L L L L L L L L L L L L L L L L B
0 0.2 0.4 0.6 0.8
1AF
(©

events

i

T T T T

S

[JaF=46

Events = 300184

Std =3.08

Mean =
Std =233

Events = 302685
Mean = 2.40
Std=177

Events = 301965
Mean = 1.76
Std = 1.44

Events = 279282
Mean = 1.42
Std =119

~

<n_clusters>

=)

o

w

N

TTT [T T TT T[T T [ TTTT[TIT T ITTT

<> me

TTTT

=2

2
>
n

Figure B.10: The distribution of the reconstructed clusters for different attenuation filter (A.F) values used for
VMM peaking time (a) 200 ns and (b) 100 ns. The mean number of reconstructed clusters as function of the
inversed value of the A.F used for VMM peaking time (c) 200ns and (d) 100ns. The high voltage is set
on the right side of PCB-3 at +520 V. The operation gas mixture with isobutane is used. The VMM gain is
set at 9 mV/fC. The data were recorded on July 2022 with muon beam and source on and the run details are

documented in Chapter 6.
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Figure B.11: The mean number of strips per reconstructed cluster as function of the inversed value of the A.F
used for VMM peaking time (a) 200 ns and (b) 100 ns. The high voltage is set on the right side of PCB-3 at
+520 V. The operation gas mixture with isobutane is used. The VMM gain is set at 9 mV/fC. The data were
recorded on July 2022 with muon beam and source on and the run details are documented in Chapter 6.
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B.3 Chamber alignment & corrections

Several checks and iterations were performed to align the test beam’s setup presented in Section 6.2.
All chambers were aligned with respect to the prototype chamber that was positioned outside the
irradiation field, i.e SBY1. Therefore correlations between the SBY1 and all other chambers were
calculated. A linear fit was performed and the results of the fit were passed as corrections to the
corresponding layer’s strip positions. Figure B.12 shows an example for the attempt to align the
SBY?2 chamber.
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Figure B.12: Correlations between the reconstructed cluster positions in SBY1 and SBY2 (a) before and (b)
after the alignment. The result after a linear fit (red line) of (a) are used to correct the chamber’s strip position.
The plots are produced from run 1658081138 with muon beam ON and y source OFF.

Particularly, for SM1, the eta out layer was aligned with respect to SBY 1 and the results from the fit
were used to align the other SM1 layers. To a second order, by checking the residuals between the
layers an additional shift was inserted as a correction to the strip position as necessary.

Due to geometry imperfections of the large scaled MMG there is not always one to one correspond-
ance of MMFES channel to the readout element. These imperfections were observed during the
alignment procedure as shifts of the order of ~ 1 — 2 strip pitch. Examples showing these shifts
between MMFES card and for some cases between VMMs are presented in Figure B.13. These im-
perfections were corrected prior to the alignment of the whole chamber. However, it was not obvious
for which of the layers these corrections had to be applied. Therefore, the alignment was checked
and corrected again as necessary using information by the reconstructed muon tracks.

For the spatial resolution study, a hidden component had been observed in the shape of the residual
distributions leading to slightly worse results (Figure B.14) than those discussed in Chapter 6. A
correlation (Figure B.15) between the residuals and the reconstructed track angle was observed and
corrected.
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Figure B.13: (a)-(c) Example cases showing the misalignment of the connected MMFESs. In (c) a misalign-
ment at VMM level is also visible. This kind of misalignment results to residual distributions, like (d), that
are not centered at zero whereas an additional peak is observed at the tails. The plots are produced from run

1658081138 with muon beam ON and y source OFF.
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Figure B.14: The distribution of residuals as calculated between the (a) two eta layers, (b) eta in and combined

stereo information and (c) eta in and combined stereo information. The extracted resolutions as result of the

fit with a double gaussian function (blue line, o yeight/ \/5) as well as with a simple gaussian function (black

line, 0 core/ V2) are reported. A hidden component coming from the reconstructed track angle is present. The
plots are produced from run 1658081138 with muon beam ON and y source OFF.
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Figure B.15: Observed correlations between the residuals of (a) two eta layers, (b) eta in and combined stereo
information and (c) eta in and combined stereo information and the reconstructed track angle. The plots are
produced from run 1658081138 with muon beam ON and y source OFF.
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B.4 Impact of oxygen contamination in Micromegas detectors

Once an electron passes through the metallic mesh into the amplification region, due to the strong
electric field an avalanche of electron-ion pairs is formed. The number of the electron-ion pairs define
the avalanche size or gas gain. In other words, the avalanche size distribution can be described in
terms of a probability that an electron with initial momentum created at a position in the drift region
reaches the metallic mesh, passes in the amplification region and produces through the avalanche
process a readable signal by the detector electronics. Therefore, it consists an important parameter
for the detector performance.

The properties of the gas mixture, the electric field, the environmental conditions inside the detector’s
active volume as well as the initial momentum and position of the electron are subjects to the avalache
size distribution [124].

It is of particular interest to study the impact of air in the gas mixture. The oxygen existing in the
air can be inserted by diffusion mechanism in the detector. Because it is electronegative it tends to
capture electrons and a degradation in the gas gain is expected. Although a qualitative estimate of
the effect can be made by theoretical approaches [125], a detailed simulation, using the microscopic
tracking algorithms in Garfield++ toolkit [126], could give more accurate results as the particular
detector’s geometry characteristics could be considered.

For the detailed geometry description and the electric field calculation, Garfield++ interfaces to
applications like gmsh [127] and ElmerFEM [128]. Moreover, it shares functionality with Mag-
boltz [129] for the definition of the electron transport parameters in gas mixtures.

The drift gap is defined by a planar drift electrode positioned 5 mm above the metallic mesh, i.e a grid
made by cylindrical wires of radius 15 um and a pitch of 100 um. The anode is defined by a planar
electrode positioned 128 um below the metallic mesh whereas it is segmented in strips of 300 um
wide, 20 um in height and with a pitch of 400 um. The drift cathode plane was set at -300 V and the
anode plane at +540 V. The metallic mesh was kept at ground. This voltage configuration results to
an electric field of around 600 V/cm and 42 kV/cm in the drift and amplification regions respectively.
Finally, the gas mixture Ar/CO,:93/7 was simulated. Keeping the two components of the gas mixture
at the same ratio, different fractions of N,/0;:79/21 were introduced in the gas mixture (neglecting
the other components of air). These fractions correspond to 0.005%, 0.02%, 0.25%, 0.5%, 1%, 2%
and 5% of air contamination in the under study gas mixture.

A thousand electrons were released at different positions above the metallic mesh with an initial
energy of OeV. Figure B.16 shows the calculated probability of the electrons reaching the metallic
mesh as a function of the air contamination in the gas mixture. As expected, the presence of air leads
to a strong attachment preventing the electrons from reaching the metallic mesh and depends on the
distance the electron has to cover. A similar effect is expected in the amplification region. However,
experimental measurements of the mole fraction of air inside NSW MMG modules were performed
and a contamination of air of 80 ppm for LM1 and 90 ppm for SM1 in average were reported [130].
These levels of oxygen detection in the gas mixture are negligible to make impact on the detector’s
performance.
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Figure B.16: The probability reaching the amplification region for a single electron released from (a) 5 mm
(cathode) and (b) different positions above the metallic mesh as a function of air fractions that contaminate the
operating gas mixture.

B.5 Prediction of perpendicular tracks position in Micromegas
detectors

This study hasn’t reached final conclusions yet. The workflow is documented for future investiga-
tion.

A thousand normal muon tracks, with initial energy of 4 GeV, were transported inside the Micro-
megas geometry discussed in Appendix B.4 using the gas mixture Ar/CO,:93/7. Each track was
initiated above the middle of a strip, at the level of the cathode electrode. The electrons as products
of the gas ionisation were drifting inside the drift region while their positions at the mesh level were
filled in a histogram, representing their diffusion. The distribution was fitted with an exponential and
a gaussian function and is shown in Figure B.17.

Random numbers, x;, uniformly distributed in a chamber consisting of 7 strips represent the muon
tracks position. By using the fitting function and the generated random number the charge distribu-
tion on the strips can be described. The aim of this study is to make predictions of the tracks position,
X;, in the chamber based on the charge information induced on the anode strips.

The strip with the highest charge is called as the middle strip. For a chamber that consists of n = 20
strips, with a pitch of 0.4 mm, the cluster multiplicity as function of the cut value imposed on each
strip’s charge compared to the charge deposited on the middle strip is presented in Figure B.18.

Several predictions of the track position inside the chamber can be made based on the charge deposits
on the strips. First, the total charge induced on the strips that are found at the left side of the middle
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strip is compared to the charge induced on the strips placed at its right side. If xq is the position of
the strip with the highest charge (middle strip), the following predictions can be made:

i Qleft > Qright
Oleft
Omiddle

Olefe

Qleft + Omiddle + Oright

Xz = Xxo — (pitch)

x,, = xo — (pitch)

. Oright
Xp = Xg — (pltch)i
middle

Qri ght

Oleft + Omiddle + Oright
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i Qleft < Qright

Oright
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Oright
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Qleft
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Qleft
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Xg = Xxo — (pitch)

x,, = xo — (pitch)

Xp = xo — (pitch)

x, = xo — (pitch)

o QOeft = Qright
’

Xg =X, = Xp =X, =X

Similar predictions can be made after accounting the charge sharing (@ = 16%) between the strips.
Therefore the charges are redefined as:

Olet = (I = @) Qleft + @Omiddte
Oriadie = (1 =2 @) Omiddte + @Qeft + @ Qright
Qlight = (1 = @) Qright + @Omiddie

Finally, the prediction of the track position can be made according to the charge centroid method:
o = i Qi
N0
where x; is the strip’s position and Q; its charge.

Some examples of the best predictions are presented in Figure B.19 and Figure B.20 for a cut value
set at 0.02 and 0.05 respectively.
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Figure B.17: The electron position at mesh level shown in (a) linear and (b) logarithmic scale. The distribution
is fitted with (c) an exponential function ([0]*TMath::Exp(-[1]*TMath::Abs(x-[2]))) and (d) a simple gaussian
function.
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Figure B.18: The strip multiplicity as function of the cut value imposed on each strip’s charge.
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Figure B.19: The predictions compared to the real track position x; for the (a) charge centroid method, (b) x/,
and (c) (x, + xp)/2. The cut value on the strip charge is set at 0.02.
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Figure B.20: The predictions compared to the real track position x; for the (a) charge centroid method, (b) x/,
and (¢) (x, + xp)/2. The cut value on the strip charge is set at 0.05.
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Method

C.1 Fake Factor pileup study

This section serves as auxiliary material for the studies presented in Section 8.3.1.

The event yields at the selection cuts for the fake leptons in each of the pileup regions defined are

shown in Table C.1.

The MC fake factors measured in bins of pileup are presented in Figure C.1.

C.1.1 Event yields

Table C.1: Event yields in the Z+jets CR for the full Run 2 dataset. For each fake lepton type at the selection
cuts, the yields are shown for different bins of pileup (w).

V5= 13TeV, £=139fb"' (FullRun2) |  Z+jets Powheg Viy ww wz 7z Top vvy Total Bkg | Data fakes | ZFake purity(%)
Take type: electron || 27114.88 + 86.05 | 3032.25 = 128.88  9.38 = 0.86  3632.34 = 14.64 150823 + 1024 570.31 =441 7.95+0.13 | 8760.46 = 130.19 | 32627 | 23866.54 = 222.66 73.15+0.79
fake el pcut || 21365.18 +76.58 | 2703.91+ 12221 7.04+0.82  3430.76 + 14.36 141890936  526.99 +4.23 7.54+0.12 | 8095.13 + 123.48 | 26946 | 18850.87 + 205.41 69.96 + 0.87

Scale factors NF =099 £ 0.01 NF = 0.99 £ 0.01 NF =099 £ 0.01
IDcuts | 1823.04:22.64 | 619485681  037+0.19 275950+ 12.98  102622+6.11 16746+ 1.67 622+0.11 | 4579.25+58.61 | 6349 |  1769.75 + 98.92 27.87 £ 1.60
0<u<I8 188.40 + 7.40 66.88+22.16  0.06 = 0.05 29233542 11426=2.11  17.62056 0.68+0.04 | 491832291 | 635 143.17 = 34.06 2255+ 544
18<u<24 30321+9.31 | 123532809 -0.11£0.10 47431480  17822+261  27.12+064 104005 | 804.12+2862 | 1077 272.88 + 43.55 2534+ 4.12
2<p<32|| 5188741228 | 14096+27.68 006+0.02  779.85+642  288.49+325  4689+091 173006 | 1257.97+2861 | 1705 447.03 £ 50.24 26.22+3.01
R<p<40|| 3858441053 | 165442900 0.16£0.10 60504708  223.17£298  3642£0.77 140005 | 1031.62+30.01 | 1421 389.38 +48.18 27.40 347
40 < <50 286.01 + 8.44 92571627  022£0.11 42876 £4.67  151.86£2.23  26.69+0.67 0.91+004 | 701.01+17.09 | 1023 321.99 +36.26 31.48+3.68
u>50 140.72 + 6.19 30.11+8.68 —0.02+002 20464 +244 7022+128 1271046 046 +0.03 318.13+9.12 | 488 169.87 + 23.90 34.81+5.14

Scale factors NF =099 £ 0.01 NF = 0.99 £ 0.01 NF =099 £ 0.01
Anti-ID cuts || 19542.13+73.15 | 208443+ 10821 6.67+0.80 63993583  392.69+7.09 359.53+3.89 1.32+0.05 | 3484.56 + 108.67 | 20597 | 17112.44 = 180.02 83.08 + 1.05
0<p<I8 || 202359+24.17 | 153.61+32.13 044037 50.73= 1.76 3578+233  3803%1.37 0.12+002| 278.72+32.30 | 2025 | 1746.28 +55.39 86.24+3.34
18<u<24 | 322948+2970 | 356.28+40.59  1.06+0.26 94.73 221 6379+3.16 5924+ 1.64 0.16+002 | 57525+40.80 | 3344 | 2768.75+70.77 82.80 +2.56
2 <p<32|| 53953143921 | 668.80+61.35  1.19+0.41 178254320  110.36£4.26 101.82+2.12 0354003 | 1060.77+61.62 | 5576 | 4515.23 +96.81 80.98 +2.05
32<p <40 || 4306873484 | 415.06+56.52 207036 146.72 + 2.40 86.51£2.82  77.571.77 030+003 | 72823+56.67 | 4474 | 3745.77 +£87.67 83.72+233
40<u <50 | 3079.54+2727 | 321783636  1.13+030 113.62 297 6272235 5539+ 142 0254002 | 55488+36.58 | 3420 | 2865.12+68.98 83.78 +2.47
u>50 || 1507.35+19.74 | 168.90+27.34  0.78+0.20 61.78 + 136 3353+ 182 27.47+097 0134002 | 2925942745 | 1758 | 146541 +50.12 83.36 +3.48
Take type: muon || 22670.73 £ 84.77 | 557.27+ 6581  625+0.61 438792+ 1447 1723.00% 1563 2024.75+9.21 9.73%0.15 | 8708.93 % 69.78 | 35430 | 26721.07 + 200.75 7542+ 0.69
fake mu pcut || 21968.08 +83.41 | 508.03+ 6445  6.06+0.61 428576+ 14.28 1684.04+ 1547 1962.13+9.04 9.51+0.14 | 8455.52+68.40 | 34232 | 2577648 + 197.26 75.30+0.71

Scale factors NF =099 £ 0.01 NF = 0.99 £ 0.01 NF =099 £ 0.01
IDcuts | 1063.43 = 18.21 720+358  050+0.17 351044 +13.06 1074.96+ 1034 21244+ 199 7.90+0.13 | 4813.44=17.16 | 5800 986.56  78.07 17.01 £ 136
0<u<I8 113.05+6.13 000 0022002  36440+439  [1892£3.02  2227%0.70 0.86+0.04 50648 £537 | 569 62.52+24.45 10.99 432
18<u<24 190.96 +7.61 137116 0.17+0.10 59304511  18846+455  3599+084 131005 82034 +6.99 | 990 169.66 + 32.23 17.14 +3.30
U<p<3 28324 +9.67 556+337  023+0.13  1003.66+649  301.82+568  58.11+105 215+0.07 | 1371.53+9.33 | 1667 295.47 +41.88 17.72£2.55
R<p<40 23639 + 8.76 000 005£002  76320+585  229.05+527  47.11£097 1794006 | 1041204794 | 1187 145.80 + 35.36 12.28 +3.00
40 < <50 164.42 + 6.66 000 003002  549.87+640 16042341 3342071 120005 74496 £729 | 925 180.04 + 31.28 19.46 +3.44
u>50 75.37 + 4.65 027+027  000+000  268.62+331 76.28+234 1554046 0.58+0.03 361.29+4.09 | 462 10071 + 21.88 21.80 + 4.84

Scale factors NF =099 £ 0.01 NF = 0.99  0.01 NF =099 £ 0.01
Anti-ID cuts || 20904.65+81.39 | 50083 +6435 555059 73618545  609.08+ 1151 1749.69£8.82 1.61 +0.06 | 3602.95+66.19 | 28432 | 24829.05 = 181.14 87.33+0.82
0<p<I8 || 2161.26+26.88 3531+31.19 023014 69.72 = 1.86 56.33+3.32 182.87+3.07 0.16+002 | 34462+31.57 | 3030 | 2685.38 +63.46 88.63 = 2.64
18<u<24 | 3569.29+33.53 83.57+30.62 144027 113194210 10572573  295.00+3.70 0.26+002 | 599.18+31.44 | 4672 | 4072.82+75.24 87.18 +2.05
2<p<32|| 59237544408 | 119.86+3040 1754034  201.60+£293 17089 +6.46 490.66+4.76 042+0.03 | 985.18+31.58 | 7797 | 6811.82+93.78 87.36 + 1.56
32<p <40 || 45203643839 | 101.65+21.82 087028 164.64 +2.5 139.00+5.27  381.79+4.12 036003 | 788.30+22.96 | 6142 | 5353.70 +81.67 87.17+ 1.73
40<u<50 | 320822+£2999 | 113542197  091+022 12444 + 2,40 93.53+£3.66 26790322 0244002 | 600.56+22.63 | 4518 | 3917.44+70.92 86.71 +2.03
u>50 || 152178 +21.48 469141863  035+0.11 69.37+ 133 43.61+237 13148 +217 0.16+0.02 | 291.89+1895 | 2273 | 1981.11+51.31 87.16 +2.90
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C.1.2 Monte Carlo Fake Factors
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Figure C.1: (a)-(c) Electron and (d)-(f) muon fake factors in MC as functions of the pileup for each pr bin,
while integrated in 5. Statistical uncertainties are shown as error bars. The error bands represent the total
uncertainties of the data-driven technique for a direct comparison. A polynomial fit is performed and the fit
parameters are displayed in the insets to assess any possible pileup dependence.
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C.2 Fake Factor jet study

The requirement on jets in the Z+jets event selection lead to significant discrepancies between MC
and data on the kinematic variables (see the distributions presented at the left side in Figures C.3,
C.4). In order to overcome the jet mis-modeling, a reweighting procedure of the MC events to data
was followed. Particularly, the data driven fakes were compared to the Z+jets MC fakes in order to
extract the weights that were applied to the Z+jets MC event-by-event. The weights were calculated
using the distribution of jets at the cut where the two of the three leptons are matched to the Z
boson candidate and thus they pass the strict id requirements (Z-tagging). Such a MC reweighting
procedure only affects the MC modeling of jet production and the fake factor estimation in MC but
does not affect the data-driven estimate of the fake factors. The weights measured in bins of number
of jets in the event are presented in Figure C.2 and the data/MC improvement on kinematic variables
is visible in Figures C.3, C.4 after the weights application.

Figure C.5 shows the MC fake factors as fuction of the number of jets in the event whereas Figure C.6
presents the MC fake factors as fuction of the distance between the fake lepton and its closest jet.
These results aim to complement the studies based on data as presented in Section 8.3.2.

C.2.1 Z+jets Monte Carlo reweighting

"¢ Data

Z+jets Powheg
B MC bkg
—4— data-bkg

o

Data-bkg/Zjets

Figure C.2: Number of jets in selected Z+jets events in MC and in data. Their ratios are used to calculate the
weights that correct the MC distributions for the jet mismodeling.
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Figure C.3: Leptons and leading jet py distributions after the Z-tagging cut (where the fake lepton is selected).
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Figure C.4: Leptons and leading jet  distributions after the Z-tagging cut (where the fake lepton is selected).
Left: before the MC-reweighting, Right: after the MC-reweighting
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C.2.2 Monte Carlo Fake Factors
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Figure C.5: (a),(b) Electron and (c),(d) muon fake factors in MC as a function of the number of jets in the
event. Statistical uncertainties are shown as error bars. The error bands represent the total uncertainties of
the data-driven technique for a direct comparison. A polynomial fit is performed and the fit parameters are
displayed in the insets to assess any possible dependence on jets.
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Figure C.6: (a),(b) Electron and (c),(d) muon fake factors in MC as a function of the distance between the fake
lepton and its closest jet. Statistical uncertainties are shown as error bars. The error bands represent the total
uncertainties of the data-driven technique for a direct comparison. A polynomial fit is performed and the fit
parameters are displayed in the insets to assess any possible dependence on the nearby to the fake lepton jet.
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C.3 Closure test

This section serves as auxiliary material for the closure test of the data-driven fake factor method
described in Section 8.4. The full event selection cuts in the two defined regions are presented in
Table C.2 for W+jets Powheg events and in Table C.3 for W+jets Madgraph events. The comparison
of the kinematic distributions between the two regions using W+jets Madgraph events are shown at
different stages of the event selection in Figures C.7, C.8.

C.3.1 Cutflows

Table C.2: Cutflow for W+jets Powheg MC events in the SR (left) and in W+jets CR (right). Uncertainties are
statistical including those from the fake factors and correction factors.

Vs = 13TeV, £ = 139£b~! (Full Run 2) Wijets Powheg Vs = 13TeV, £ = 139fb~! (Full Run 2) Wijets Powheg
Channel Selection | 429029.54 + 2088.97 Channel Selection | 429029.54 + 2088.97
Trigger Selection | 429029.54 + 2088.97 Trigger Selection | 429029.54 + 2088.97

Trigger Matching

Jet Cleaning

Overlap: Vgamma/Vijets
Only two Leptons

plead > 22 GeV

pbtead 5 15 Gev

414966.14 + 2024.45
414966.14 + 2024.45
414966.14 + 2024.45
414915.22 +2024.34
414915.22 +2024.34
414783.01 + 2023.96

Trigger Matching

Jet Cleaning

Overlap: Vgamma/Vijets
Only two Leptons

plead > 22 GeV

ptsublmd > 15 GeV

414966.14 + 2024.45
414966.14 + 2024.45
414966.14 + 2024.45
414915.22 +2024.34
414915.22 + 2024.34
414783.01 + 2023.96

OS Leptons | 414736.98 + 2023.76 OS Leptons | 414736.98 + 2023.76
My > 10 GeV | 414718.18 +2023.72 My > 10 GeV | 414718.18 +2023.72
SF: Z Veto | 414718.18 +2023.72 SF: Z Veto | 414718.18 +2023.72
Leptons ID 14757.01 + 381.36 SingleFakes 1 anti-ID,1 ID | 194343.95 + 1357.06
2-jet (30,30) fIVT 949.68 + 96.08 Apply fake factor | 15288.07 + 1039.00
b-veto 820.17 + 88.07 2-jet (30,30) fIVT 868.63 + 82.45
blinding (2-jet) 820.17 + 88.07 b-veto 757.13 £72.01
CJV (20GeV) 618.70 + 76.42 CJV (20GeV) 562.89 + 57.07
OLV bool 121.78 +33.08 OLV bool 140.20 + 19.45

Z — 17 veto 85.51 +£27.96 Z — 17 veto 95.04 + 13.45
M;jj>200 67.30 + 24.86 Mjj>200 69.01 + 11.27
DYjj>2.1 67.30 + 24.86 DYjj>2.1 65.06 + 10.83
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C.3 Closure test

Table C.3: Cutflow for W+jets MapGrara MC events in the SR (left) and in W+jets CR (right). Uncertainties
are statistical including those from the fake factors and correction factors.

Vs =13TeV, £ = 139fb~! (Full Run 2) Wjets MadGraph Vs =13TeV, £ = 139fb! (Full Run 2) Wjets MadGraph
Channel Selection | 576388.36 + 2447.50 Channel Selection | 576388.36 + 2447.50
Trigger Selection | 576388.36 + 2447.50 Trigger Selection | 576388.36 + 2447.50

Trigger Matching
Jet Cleaning
Overlap: Vgamma/Vijets

558441.72 + 2354.41
558441.72 + 2354.41
558441.72 + 2354.41

Only two Leptons | 558329.53 + 2354.37
plead > 22 GeV | 558329.53 = 2354.37
piublead > 15 GeV | 557872.38 + 2353.94
OS Leptons | 557580.25 + 2353.73

My > 10 GeV | 557564.30 + 2353.72
SF: Z Veto | 557564.30 + 2353.72
Leptons ID 22108.58 + 529.18

2-jet (30,30) fIVT 3209.79 £ 95.94
b-veto 2675.45 +90.34

blinding (2-jet) 2675.45 +£90.34
CIV (20GeV) 1939.87 +75.44
OLV bool 367.08 +36.99

Z — 17 veto 229.30 + 34.36
M;jj>200 186.59 + 33.21
DYjj>2.1 170.81 +32.96

Trigger Matching

Jet Cleaning

Overlap: Vgamma/Vijets
Only two Leptons

plead > 22 GeV

p’xublmd > 15 GeV

OS Leptons

Mg > 10 GeV

SF: Z Veto

SingleFakes 1 anti-ID,1 ID
Apply fake factor

558441.72 £ 2354.41
558441.72 £ 2354.41
558441.72 + 2354.41
558329.53 +2354.37
558329.53 + 2354.37
557872.38 +2353.94
557580.25 +2353.73
557564.30 + 2353.72
557564.30 + 2353.72
243273.90 + 1460.28

22684.74 + 3484.24

2-jet (30,30) fIVT
b-veto

CJV (20GeV)
OLV bool

Z — 17 veto
M;jj>200
DYjj>2.1

3297.59 £476.78
2761.77 £ 403.51
2045.10 £ 298.37
394.47 +59.13
244.64 + 37.90
182.80 £29.23
172.77 +£ 27.89
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C.3.2 Kinematic distributions using MADGRAPH generator
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Figure C.7: Distributions after the full selection for W+jets MC samples in the SR (black) and W+jets CR with
FFs and CFs (red) using MapGrapa MC. Statistical uncertainties are shown as error bars. The uncertainties
estimated in the data-driven method are shown in error bands to facilitate the comparison. The results of the
linear fit of the ratio of the two distributions are shown for each observable.
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Figure C.8: Distributions at pre-selection level for W+jets MC samples in the SR (black) and W+jets CR with
FFs and CRs (red) using MapGrapa MC. Statistical uncertainties are shown as error bars. The uncertainties
estimated in the data-driven method are shown in error bands to facilitate the comparison. The results of the
linear fit of the ratio of the two distributions are shown for each observable.
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