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ITepiAndm

Ye autrhv TNV epyaocio Teaypatonoteiton uétenon e Palag Tou top xoudpXx YEMCLLOTOWVTIS
dedopéva mou cUNREYONXay ot evépyewa /s = 13 TeV and cuyxpoloec tpwtoviwy oto neipa-
wo CMS pe ohoxdnpwpévn gotewvotnta 36.3 b~ H pdla tou top xoudpx petpdron uéow Tou
OEUTEPEVOVTOC UNYAVIOUOL TapaywY NS Lovipwy top xoudex oTo t-xavdht and niextpacieveic
OAANAETORAOELS arvoxaTtaoxeLdlovTag TNV aueTdBANTN wdla Twv Teoiévtwy ddonaong. To u-
Toripla YEYOVOTH ETMAEYOVTOL OMOLTMVTOS VAL HLOVIO Xou oxEL3M¢ BV0 TOAXES, EX TWV OTOIWY
o0 évag va Tpogpyetal and bottom xoudpx, otny TeAy| xatdotaor. T va Behtiwiel 1 avaxo-
TaoxeUr) TS HAlog Tou top XOUdEX, YENOHIOTOLOLYTOL TEYVIXEC UNyYavixhc udinong, omwe ta
BDT, vy va extiuniel ye onpBeta 1) dtaurixng opuy| Tou VETeivo xat 1 Yoot opur) Tou midonxa
omd bottom xoudpx, eve epapudleTon XvnuaTXy| TEocapuoYY yio vor teptopto tel 1 udloa tou W
uroloviou ot dwdonacn W—lv. Eva Eeywpioté BDT yenowonoteiton yio var armogovewidel to
ofua oo to unéBadpo. H pdloc tou top xoudpx xatd tn uétenon Peédnxe 171.25+£0.24 GeV
(stat+prof). Autd to amotéheopa LTOBEXVUEL Utar TOAG UTOGY GUEVT LED0BO Lol 0LGLIG TIXY
UEOT TWY CTATIOTIXGY XAl CUCTNUATIXOY UBEBUOTATOY O HEAAOVTIXES UETPNOELS.

Abstract

In this thesis a measurement of the top quark mass is performed using a data sample colle-
cted at /s = 13 TeV from proton-proton collisions by the CMS experiment, corresponding
to an integrated luminosity of 36.3 fb~!. The top quark mass is measured in the subdomi-
nant production process of single top quarks in the t-channel via electroweak interaction by
reconstructing the invariant mass of the decay products. Candidate events are selected by
requiring a muon and exactly two jets, one of which is identified as originating from a bot-
tom quark, in the final state. To enhance the mass reconstruction of the top quark, machine
learning techniques, such as BDTs, are employed to accurately estimate the neutrino’s lon-
gitudinal momentum and the transverse momentum of the b-tagged jet, while a kinematic
fit is applied to constrain the mass of the W boson in the W—lv decay. A separate BDT
for classification is used to distinguish the signal from the background. The top quark mass
is found to be 171.254+0.24 GeV (stat+prof). This result demonstrates a promising method
for significantly reducing statistical and systematic uncertainties in future measurements.



Euyaplotieg

Evyaplote Yepud v opddo tou CMS yio T ouvepyoaoio xod” OAn T Bidpxeta exndvnone tne
epyaociog wou. Euyapoto wiutépwe Tov emPrénovia xadnynt x. Kovotavtivo Koucoupr| yia
Vv ToAUTW xardodrynon xou Tov utodriglo BiddxTopa Oodwet XatlnoTadpou Yio T GUVEYT
UTOGTARIEN.
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Extetopevn Ilepiindn

To Kabepwpévo Ipdtuno (KII) tne puoxhic o totyetnddy oouatidiny etvon o xBovtind Vewpio
Tedlou Tou anooxomel oTNY TEPLYEUPT| TwV VEUENWODY COUATOIWY — OTKC Elval ToL AETTOVLA,
Toe XoLdiEx, Tar pmolovia Barduldag xon to umolovio Higgs — xon twv odAniemdpdocwy Toug. Amo-
Tehel Evor amd T TO XOAL EDPALWUEVE VEWENTXE TAXLCLA OTY) PUOLXT|, TOAAUTAGG eTBEBaLwUEVO
OO TELRUUOTLIXG OEDOPEVA, TaEd TOL AVOLY TE, TTEOSC TO TUEOV AVATAVTNTA, EQWTAUNTA.

To gepuidvia, SnhadY| ta cwpoatido ye oy 1/2 tou vrnaxovouvy otn otatiotuxy| Fermi-Dirac
xot oTnV amayopeuTr| oy Y| Tou Pauli, etvon o fooixd Sopxd otolyelor Tng UANG xou amoteAol-
vTow a6 tar xoudex xon Toe Aemtovia. To KIT nepihouBdver dwodexa QepuLovia, xotaveunueve oe
TEEC YEVIES, UE xdde yewid va mepthopfdver évar xoudpx TOTou up (u,c.t), évol xoudpx Timou
down (d,s,b) xou évo @opTiouévo Aemtovio (e,u,7) UE To avtioTtoryo VETEVO (Ve vy, v-). Ta
CWUATIOLL TWV AVOTEPWY YEVEWDY OLUCTIOVIUL OF CWHUATIOW YUUNAOTERNS YEVIAS, EVE TOL XOUBEX
Beloxovta mdvTo SECULA OE aBEOVLAL, YWElC Vo UTEEYOLY TOTE w¢ EAeUEpU owuATIBLL, AOYw TOU
YEWUATIXOU TOUG TEQLOPLOUOD.

Extoc and to gepuiovia, o KII meprypdger xou Ti¢ ahAnhemidpdoels Yetall owuatidiwy
UECK TEUOV VEUEAWDOMOY BUVIUEWY: TNG NAEXTEOPXYVNTIXNAG, TNG LOYURHC TUENVIXAC XoL TNG
ac¥evolg mupnvixhc duvVaUNg. AuTéC oL BUVAUES TPOXUTTOUY and CLUUETEEC OTN Bour| Tou
KII, ot onoleg diénovton and tnv tomxéc ouuuetpieg Baduidac. H evoroinuévn nhextpacieviic
ahhnhenidpaon Baciletar otny oudda cuppetpioc SU(2)Lx U(1)y xat tepthoyBdver o urmoldvia
Borduldag, dnhadh o pwTdVLAL, T W=+ o ta Z urolovia. H woyvpr| oddnienidpoon Bactleton
oty opdda SU(3)c xon mepthopBdver o yxhouodvia. To copatidio mou amotehoby Toug @opelc
TWY SUVAPERY UToxoVoLy TN oTatioTixy| Bose-Einstein. To urolévio Higgs, to omolo eivan éva
cwuatidw Baduldac pe oy 0, xatéyel povadixd poro oto KII, xodoe arotehel to Yeuého Tou
UnNYeVIoUoU U€Gw Tou omolou To UTOAOLTTY GLUTIOI amoxToly Tr udla TouC.

QQo1t600, Tapd TNV emTUyie OTNY TEPLYPAPT TV VEUEAIWONOY COUXTIOWY Xt TV ahANAE-
mopdoewy Toug, To KII dev mepthapBdver tn d0vaun tne PBapltnTog, YEYOVOS TOU UTOBNAGMVEL
OTL amoTeAEl o AT Vewplor yiar TV gpunveia Tou guotxol xdopou. Eriong, o KII aduvortet
UETHEY AWV Vo eENYNOEL QavoUEVa OTIKC Elval 1) ox0TEWT UAT), 1 gUom Tou urnoloviou Higgs
1 1 mpoéievon tne mopoPlacne ouuuetpiog CP. Ou amavtiioeic oTa Topamdvey EQWTARNTA ATo-
TeEAOUV TNV xvnThpla SOvoun oty avalNTNOY VEUS PUOLXNC %o UTOBELXVUOUY TNV oVAYXT) TNG
enéxtaong tou KIIL

To top xoudpx elvor évar pepudvio ye omv 1/2 xou amotehel to Popltepo Vepehdes ow-
wotidio oto Kathepwuévo Ilpdtuno. Pépet nhextoind goptio (+2/3)e xou oynuatiler Simiéto
aovevoic oottty pall pe to bottom xoudpx éyovtac tpoBol woonty I3=+1/2. To top xou-
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EKTETAMENH IIEPINAHYH iv

dox avaxoALpinxe and Tig ouvepyaoiec CDF xou DO oto Tevatron to 1995 xau, Aéyw tng
UEYEANG Tou Wdlag, 1 Sdpxelor (oM Tou efvon GNUAVTIXG UiXEOTERT TOU YPOVOU TOU omouTel-
TOL VLol VoL OAANAETULORAOEL LoYUEd TEOXEWEVOL Vo adpovoTotniel 1 yiol Vo oy nuatioel BEGULES
adpovixég xutaoTdoelg. To top xoudpx dlaomdtar oyedoV ATOXAEITTIXE UECK NG acVEVOUQ
oAANAETBpooNG OE €vay b xoudpx xat évay unolovio W™, 1o ornolo UE TN OEled TOU BlooTdTol
elte Aemtovind ot €va YeTnd QopTIoUEVO AETTOVIO Xat To avTioTolyo avTiveTpivo, elte adpovixd
o€ éva (e0Y0g XOLAPX-OVTIXOUHEX.

wt Vy q

b o+ 7
(o) ®) ()

Yyfua 1t (o) H xupla Sidonaon tou top xoudpx ot évo unolévio W xon évav b xoudpx. To
nolévio W Biaondton e tn oepd tou gite Aemtovind, elte ADEOVIXAL.
Y

‘Ocov agopd Tov TpoTo TopaywYHS Tou top xoudex oto Meydho Emtayuvth Adpoviwy (LHC),
o xuplapyog unyoaviouog etvar 1 maparywyr Cebyoug tt H€ow TNg Woyveric aAANAeTidpaong. Mu-
yxexpyévo ot evépyela xévipou udlac /s = 13 TeV oe ouyxpoloeic tpwtoviwy, to (edyn
tt mopdryovtar xuping péow ouyywveuong yxhovoviwy (gluon fusion) ce nocootd 90%, eve
1 e€abhwon xoudpx-avtixoudex (qq) ouvelo@épel o Tocootd mepinov 10%. O Abéyoc mou 1
x0pLo GUUPOAT) TN GUVOALXY) EVEQYO BLATOUT] TROERYETOL OO T1) CUYYWVELUST] YXAOUOVILY Elvor
6TL Tor yrhouovia Bploxovton oe agdovia 6T cuvdpTtnon TuxvoetTntac Twy aptovioy (PDF), oe
avtideon ue to Lebyn qq oe xhipaxec TeV. Ytov LHC o 13 TeV, unodétovtog tn pdla tou top
xoudpx 172.5 GeV, 1 npoBhendpevn evepyodc dratoun oe mopoywyh tt (NNLO+NNLL) eivou
o = 833.975001210 pb, émou 1 TEGTN oPeBudtnTa TpoépyeTon amd TNV aveopTnota xhuuxoe
xou 1) 8eltepn amd Tic PDF xou ) otadepd obleuéng tne woyuenc odnienidpaone a.
Evaoxtind, otov LHC mpayuatonoteiton xan mapaywyy| povhpwy top xoudpx yéow tng
ac¥evoie alnhenidpaone xou evoc W unoloviou, ue tpelc T1pdmoug: To t-xavaht, To S-xavahL xou
0 tW-xavdhi. "Evo acind yapoxtneiotind etvon n mapousio tou ototyeiov Vi, tou mivaxa CMK,
TOU ETUTEETEL TNV GUECT) TaEATAENOY Tou xouBou mapaywyhc. To t-xoavdil ebvar o xuplapyog
TPOTOC, GLVELTPEPOVTAG TEp(tou To T0% e cuvolxhc evepyol dlotopnc. Eva yapoxtnelotind
TOU TEOTIOU TaPAYWYNS 0T t-xavdAL eivon 1 peydhn PevdowxiTnta Tou Tiduxa adpoviwy Tou
npoépyeton amd to ehappl (light) xoudpex. Xta 13 TeV, n unohoyiopévn Satour| yio o t-xovahe
(NLO) eivor 214.2777733 pb, evdy n evepyde dlatour) tapaywyhc top xoudpex evar 1.7 (POpES
HEYOADTERT amd auTY| TV top avTixoudpx, Aoyw Tng peYahltepng agloviag Twv up xoudex
010 TEWTOVIo. Extoc amd 1o t-xavdil, to povien top xoudpex mapdyovton mepitou 25% Twv
Tepntooewy poll pe éva mpoypotixd Woumolovio péow tou tW-xavolov. To s-xovdit, to
omolo cuuBdiher uévo 5% otnyv mapoywyr povipwy top xoudex, TepAauBdvel TNV Topay YT
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evoc exovixol W umoloviou. ‘Ohec ot mpofAédelc oV Topandve EVEQYOV BIATOUMY CUUPLYOLY
XohG PE TIC TELpoaTXES peTeroelg and ta mewpduoata ATLAS xou CMS.

H pdla tou top xoudpx, my.p,, amotehel uio onpovt| mapdueteo tou KII. Axpelc pe-
TENOE TNG Myop EVOL ATOEOETNTES TPOXEWEVOL Vo UTEEEOLY GLUYXRIOES UE TIC VEwENnTIXéS
TeoPBAEPELS, AmOTEADVTAS, XATd QUTOV TOV TEOTO, TOAY OE VEX QUOLXY|. LUVETMS, UTAOYEL TAT-
Vo TEROUATIXDY ATOTEAEOUATOY amd peterioelc udlag otov LHC, ye v mhetodmeplo autdv var
BaotlovTtar oTNV XIVNUOTIXT) AVOXATACKEUT) TV TEAXDY TEOIOVIWY TNE NUAETTOVIXYC OLACTIONS
top xoudpx-avTixoudox. LUVETEI UETENOELS ATd OLAPOEOUS TEOTIOUG TUEUY WYY UTOROVY VA O-
onynoouvy ot LPNAGTERT axpifela UEGW TOU GUVBUACUOU TKV ATOTEAECUATWY X0k Vo GUUBIAOLY
0€ XAAVTEPT XATAVONCT) TV GLUOTNUATIXOY ofefotoTAtwy. [N T0 Adyo autd, elvon amapaltnTeg
UETPNOELS O CUUTANPWUATIXES TOTONOYIEC YEYOVOTMV. LUYEXPWEVA, TO t-XaVAAL GTNY TR0~
YOYT LoV ewY top x0udpx uTopel Vo Tpoc@épet TETOLN UEQINMS aveEpTNTA DELYUUTA YEYOVOTKDVY
yioo yetprioeic. Mia tétota mpdogotn pétenorn oto CMS oamd dedopéva cuYXPOUCENMY Pp xoL O-
roxhnewuévn gotevdtra 35.9 th™! ota 13 TeV, xatéypode tn pdla tou top xouvdpx {on pe
Mop=172.13£0.32 GeV. Ilopdtt autr n pétenon amotehel uio woyuer| extiunon ue petwpéva
OQANIOTAL, UTIAEYEL TEPLIMELO YLl TEPUITER BeATiwon xan otdyog Tng Tapolcug epyaciog elvor
1 DLEQEVVNOT) EVORAAXTIXDY TEY VXDV AVOXATUOXEUAS XAl 1) TEOTACT) VEWOY UEVOB®Y Yol Wit Tiio
oxpiBr peTpnon.

Aoyw e e€onpeTind pxpnc didpxetag Lwhc Tou, To top xoudEx UEAETATAUL UOVO UECK TOV
TEOLOVTLY OLdomactc Tou. Emouéveg, amouteiton Bodid xatavonor tng tonohoylug Tou ohuatog
xa TV LToRdYenmy. MTny Topodo avaAucT), 1) Sladixacio oHuaTog TERLAUUBAVEL TNV oY WY
EVOC HOVAPOUS tOp x0UdEX UEGW TOU t-XOVUALOD, UE YUPUXTNELO TIXT) TEAXT) XUTAC TOOY) TOU TE-
oLhouBdveL €var popTIoUEVO AETTOVIO, Vol VETEIVO Tou 0dmYel ot avicopponio eYxdpotlac opunc,
evay Tidoxar amd ehaped xoudEX X evay Tduxa and TNy adpovoroinor Tou bottom xoudpx.
Kopua mny?) umofBdipou amotehel 1 mopaywyr (EUYOY top x0UdEX-AVTIXOUdEX, 1) TEMXY| Xo-
TdoToon TNS omolag cuyVE YoldlEL YE TNV TOTOAOYIA TOU GUATOS 6Tay To €val top BlaomdTo
Aemtovixd. ‘Eva dhho onuavtixd vnoBadeo mepioufdvel yeyovota and Wjets xou Z+-jets.
Téhog, TEAXEC XATACTAGELS TAVOUOLOTUTIEG UE QUTY| TOU OAUATOC EVOEYETAL Vo TEOXOPOLY oo
X0l TO UTIOAOLTIOL XOovhLoL BlUOTIIONG MO THEAY WYT) HOVAROUS top xoudpx, amd TNV ToEoy wy
800 unoloviwy (diboson) ¥ anéd tnv napoywyh mddxwy héyw QCD.

H Yewpntinr) povieAomolnom Temv XaTavouny dlapopemy HETUBANTOV Yol TIG DLUOXACIES OT|Uo-
T0¢ xou uTtoPdiipou efvar amaEalTnTy Yiot TN CUYXELON UE To TAUPATNEOVUEVA HEYEDT) GTOV ALy VEU-
T ot Yo TNV €oYWY T EXTIUACEWY TV TURAUUETEWY amd To dedopéva. o autéy Tov oxomod
yenowonotolvtor yevvitetee Monte Carlo (MC) yior t Snuiovpyio yeyovdtmv npocopolwong
amd ouyxpovoelg UPning evépyetag. Ta yeyovota mou avahbovtoar Thneolv ta Pooctxd xeltrhpta
TOU GTOYEVOLY GTNV TEAXY| XATACTACT) TOU OYUaTog, Ue xVpLa xatnyopia Ty 2J1T, n onola
TepLAoPBdvel 500 AVAXATACHEVACUEVOUG THOUXES, EX TwV OTolwy 0 évag TpoépyeTtal amd bottom
xoudpx. H mapoloa avdhuor UeAeTd uévo Ny TERITTWOTN TOU TO QOPTIOUEVO AETTOVIO Elvor
wovio. Ta Boowd autd xerthplor Tepthau3dvouy TepoTéS TNV EYxdpota oppn xou TNV (eu-
dowxitnta: yior o péviee pr > 35 GeV o xau |n] < 2.1, v toug light niaxec pr > 40 GeV
xou || < 4.7, evdd v touc b-tagged midoxec pr > 35 GeV xau |n| < 2.4. uoird, o aprdude
TWY OVIUEVOUEVKY YEYOVOT®Y TOU TEEVOUV Tal XpLThplal EmAoYYS TpocupudleTton, AauBdvovTag
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Yyfuo 2: Avorypdupata Feynman Stadixaotdy ofuatog xou utofdipou: (o) Movipee top xoudpx
oto t-xavdht. (B) Zedyog top xoudpx-avtixoudpx xat (y) W/Z+jets .

UTOYN TNV OAOXANEWUEVT] PWTEVOTNTOL XAl TNV EVERYO dlortour| xde dradixaciog.

H tetpaopun) tou top umopel vor UTOAOYIOTEL UECK TNG AVUXATAOXEVHC TWV TEOLOVIWY Ot-
domaong amd TNV xvnuaTixr TAnpoopla oe xde yeyovoe. To vetpiva, ouwe, dev ahhnhemidpoy
ue tov aviyveutr. O mopadootuxds TeOTOC UE TOV 0Tolo YIVETAL 1) AVAXUTACKELY| TOU VETEiVOU
elvar amodidovtog TNV EAAEITOUCN EYXJECLA OpUT) TOU YEYOVOTOC €& OAOXATIPOU GTNV EYXAPGLY
opun} Tou VeTpivou, eve 1) dlourxng opur) utoroyiletoan Vétovtag T udla tou W otaldepy| xou
fon pe 80.4 GeV. 'Ercita, vnodétoviac dwthenon tne evépyetag-opunc oto Bedyo W — v,
TEOXUTTEL EVOL TPUWVUUO WG TEOS TO Py 4

+ _ Ape I A?pi, B Eipyr — A2 (1)
o pl2,T p?,T pl2,T

omou A = mi, /2 + pirpur cosAd, ye Ad v alyoudondd| yoviaxh dagpopd tou poviou
xou Tou vetpivou. H undpeln nocdtnra A amotelel Tn Bloxpivouca tou Tetwvouou. Edv m
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otoxpivouoa etvan Vetiny|, UTdEyOLY BUO TEAYHATIXES AUCELS YL TO Py, » X0 TEOTYETOL GUVAYKC
oUTY| ME TN WxeoTeEN amoiuTn T, Edv 1 daxpivouca eivon apvntiny|, ol AOcelg Tou p,, . €lvor
ULYOOWES. X qUTHY TNV TEP(MTWOon TeoToTolElTon 1) Py WOTE Vo UNdeVioTel 1) Blaxplvouoa, Ue
TEOTO TETOLO WOTE 1) HETUPBOAT) TOU UETEOU TNG OpUNG Vo elvan 1) EAGyLoTr duvat. Me autdv tov
TEOTO EMTUYYAVETOL Uit BEATIWUEVT) OVAXATAOKELT| TNG EYAQEOLUC 0PN TOU VETEIVOU.

A<0 A<0
_é 0.06 ----Generated é ----Generated
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Yy 3: LOYXELon TV CUVIOTOOMY TNG EYXAEOLIS 0pUhAc Tou VETEivou, (o) Py ot (B) puy,
UETAUE) TWV TORAYOUEVLY KO UVUXAUTUOXEVUOUEVWY TGOV, Yiol TV TEQITTWOT apvnTixig Olo-
xpivoucoc.

O avohutixéc pédodol Tapéyouy AOYIXEC EXTIUACELS Yiot TNV OpuY| TOU VETpiVOu, oahhd €L-
0dyouV ACUVETELEG AOYw Tou oTadepol teptoptopol ot udla tou W uroloviou. ‘Etot, undpyet
repriwpto Bedtivong. Xty nopovoa avdivon, tpoteiveton 1) uédodog Regressed Kinematic Fit
(KinFitReg) yio tnv evioyuon e avoxotooxevrc tou top xoudpx. o cuyxexpyéva, 1 dio-
UAXNG CUVIGTOON TNG 0pUNG TOU VETEIVOU, Py, -, EXTIIATOL dpyd e YeYon Unyavixnic udinong
xou ovyxexpiéva e Evouvopmuéve Aévtpa Anogdoewy (BDT) yio modwbpéunon. Ot peta-
BAnteg ewobdou ota BDT nepthaufdvouy Tig xivnuotixég wdtnteg tou b-jet, tou light midoxa,
TOU OVIOU X0l TWV GUVBLUCUMY TOUG XL ETLAEYOVTOL BACEL TNG LOY VPTG TOUG CUCYETIONG UE
TNV TporyorTier) T piie mou TapdyeTal amd TIC TPOCOPOLMGELS. LUVOAXA YenollonololvTa 22
uetoBAnTéc. O peydhog aprdude petoBAntey dev ennpedlel tnyv anddoot), xadwe ta BDT etvou
oviexTXd oTNY Tapousta ELOBKY PE YUY Bty welo Tt xavotnta. ‘Etol, tpocpépetan pla
extlunom yia 1o p,, . 1) omola TEPLY el UE UEYAADTERT axp{BElal TNV XUTAVOUY) TWV TUEAY OUEVKDY
TIOV.

To enduevo oTddlo TEPLAUUPBAVEL TNV TAUTOYEOVY EXTIUNCT) OAWY TWY CUVIOTOOMY TG OPUHC
TOU VETPIVOU UECW XVNHOTIXC TEocopUoYNS. OL apyixéc eXTWACELS Yo TNV EYXdpota opun
€youv 1oN meoxeL Y€ow NG EMEITOVCUSC EYXAEGCLAC OPUNG p?iss, EVG Yo TN OLoqY|Xr OpUT)|
uéow Tng maAvdpounone. Autéc ol exTiufoElc elodyovTon ot Sadixacio elayioTonolinong 2,
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Yyfuo 4: Ldyxpion tne Topadootaxic UEVOBOU PE TNV TOAVOEOUNCT) Yiol T1) Ol |Xn OpUT| ToU
VETEiVOU P, .

10 omoio epapudlel Tov Teploplond walac tou Wumoloviou:

2
~(v) ~(v) ~(v m;“veco_mf;“ue ? NEV)_pEV)
W, By ) = (T) + > (T (2)

ic{z,y,z}

O tée tv o; xou I'y, UTOBEWYOOLY TNV EMTEETTY ATOXALOT) OO TIG UETEPNUEVES TS, AUTH
1 TEOGEYYIOT UEWWMVEL TIC OLUPOPES TNG AVOXATUOXEVAOUEVNG OPUNG UE TNV TEAYHATIXT| TUY),
0dNYOVTOC OE To GLVETELC TEOBAEYELC YL XEE CUVIGTOON TNG OPUNC UETA TNV EAayIoTOTONOT
Tou X2 Buvohxd, N xoTdAANAN TPOCUEUOYH OE oUVBUNOWG e TNV Tahvdpdunon Bektidvel
ONUAVTIXG TNV EUXEIVELR, 00NYOVTAS O UUMAGTERT XOPUPY| X UELOVOVTAS TIC UPNAESC OURES TTOU
TEOXAAOVVTOL OO AUVIUCUEVY) OVAXATAOXEUT TOU tOP XOUBEX, oV X0l TORUUEVEL Uil LEQOANplar
(bias) mpoc younidtepeg evépyeec. H unepoyr tne uedodou KinFitReg éyxerton oto yeyovoc
OTL 1) Moo Yo TNV opur) Tou VeTpivou eV emPBAAAETOL OAAS TEOXUTTEL ATd APYIXEC EXTYIHOELS,
TopEyovTag €Tol éva o Quoxd oyfua yioe T wdla tou Woumoloviou ot olyxplorn UE TIC
TOEUOOCLUXES TEYVIXEG.

H didonaon tou top xoudpx moapdyer éva W unocdvio xou €va b xoudpx, ue 1o xadéva
vor Aopfdver meplmou TN WioY| apyir| evépyeta tou top xoudpex. H evepyeod Baduovounon
TV mddxwy oto CMS yiveton xatd Yéco 6po Ue Bdon to pr, yweic vo haufBdvovton uddn
ol dlpopég yevorng, ue Toug b-tagged midoxeg vo ydvouv evépyela o veTplval amd AETTOVIXES
OLoTAoES B Uecoviwy, 0dNymVTaC 68 CUCTNUATIXY UTOEXTIUNOT €6 10%. T NV avdxTNno
™G yopévng evépyetag, egapuoletar Leywploth taivdpounon ve BDT oto pr twv b-jets oc
eninedo parton, BeAtiwvovtag Ty extiunon tng eyxdpotag opunc Tou apyxol bottom xoudpx.
Metd v makvdpdunor, 1 anoxplon axoroudel xatavour) Gauss pe wéorn twr 1.1 xou Tumxn
amoxAon 0.12, Slopdwvovtag Tny apyixt| utoextiunom. Ot dopdnuéves TWES Tou pr ennpedlouvy
NV TEAXY xotavout| Hdog Tou top xoudpx, Ue TNV TahvOeOUNoT VoL GUUBAAAEL 0TV avalpeoT
g unoféoxoucag pepohndiag, dlatnedviag ouws T Bedtinon otny euxpivela.
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Eynuo 5: (o)-(y) X0yxelon Twv Blupop®y HETUEYD TWY TOEAYOUEVMY XL OVUXAUTATHEVACUEVLY
TGV xG0E CUVIOTOOUS TNG 0PN TOU VETEIVOU, TPV Xou HETE TNV EAAYLOTOTONGY) TOU 2.

miee = 172.5 GeV

E KinFitReg

0.09f—

008E- |:| Traditional

Fraction
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My, [GeV]

Lo 6: Katavopée tne udlag tou top xoudpx yenolonowsvTag T topadoctoxy pédodo xau
™ pédodo KinFitReg.

‘Onwe avogéplnxe, Tapaywyy| Tou top xoudex ot yeyovoTa ovipwy top 6To t-xavdhL dev
elvon 0 xuplopyoc TedTOC TaPAYWYTC top xoudpx. It TNV xahitepn didxplon uetalh GhuaTog
xan urof3dpou, yenotuonootvtoan BDT w¢ dlaywpetotée moAamAoy YetaBAnTav. (¢ dwdixaota
ofatog AapPdveTton UTOYPT xoun 1) ToEAY YT tOp AVTIXOLdEX, EVK Kk LTOBulpo VewpolvTa U6vo
ot diepyaoiec mapoywyhc Leuyodv tt xou ta yeyovota ond Wjets. Ou undhownee diepyaoieg
umofddpou Yewpelton 6Tl (ATACTEAAOVTOL AMOTEAECUOTIXG AT T oEYLXd XELTARL ETAOYHC.
Ao yopoxTNEOTIXEG PETOPANTES HE LPMAY) BLory WELOTIXT IXAVOTNTA Yio TO OO ATOTEAOVV:

1. H andéhutn Pevdomxidtnro tou light midoxa (|1;]), xodde 1 tpoyid tou xoudpx mou €pye-
Tou xoteudeloy amd To TEWTOVIO PETOPBIAAETOL EAUPEOC, TUEAYOVTOS UE AUTO TOV TEOTO
Tdaxeg e PEYAAES PeUdOLNVTNTES.
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S - — Before % 0.09— Traditional
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Yo 7: (o) H andxpion tng avaxataoxeuacyévne pr tou b-jet mptv xou YeTd Ty Toktvdpouno
Lo’ (B) 1 xaTovour| TN Halog Tou top xoUdEX YENOULOTOWWVTIS TNV Tapadoctuxy] uédodo xou
™ pédodo KinFitReg, pe xou ywelc epapuoyn naAvdpounong.

2. To cuvnuitovo Tng Ywviog petald tou light midaxa xou Tou Aentoviou 6To cho TN Neeuiog
T0U top xoudpx (cos 0*). Me autdy Tov TpdTo adlomoteiton 1) LYNAH TOAWCT TwY top xoudEx
1 omola eMBAAAEL CUYHEXPWEVA OTILY GTAL CLUTIOW TEAXAC XaTdoTaong, enneedlovTag
TIC YOVIOXES TOUG XAUTOVOUEG.

Yy emhoyt| UETOBANTOV €10680u amogedyovial UETOBANTES Ye LPMAY cuoyétion pe
uala Tou top, xode oe BlapoEETINY TEPITTWOT, 1 EQUEUOYT XaTw@Alou Yoo To uToBadeo Vo
0BNYNOEL GE HOPYOTOINCT TNG HATAVOUHC TNG OVOXATUOXETACUEVNG UALaC, YEYOVOS Tou xardi-
014 TN OLdxplon orjuatog xou uToddpou BUCXOAT GTO GTADIO TN TEOGUPUOYNC. 2TH CUVEYEL,
o OywploTthg amodider Eva BDT oxop oe xdie yeyovog, ue 1o yeyovota oNuaTtog vor Aoy-
Bévouv ubniotepn Baduoroyla o clyxplon Ye To yeyovoTa utofdipou. Me tnv e@apuoyn evog
xatw@hiou oto BDT oxop, o dwywetotrg elvon oe V€on va xataotelhel Ti¢ diepyasieg uto-
Bddpou amoTEAECUOTIXG, SLUTNEMVTOSC TO OY AN TOUS XA, GUVOALXS, Vo EVIGYVEL OTUAVTIXY TNV
%x00opOTNTOL TOU CAUATOC.

Hpoxewévou vo emodndeutel 6Tt elvon duvatd va e€ay Yoy oUCLIGTIXG ATOTEAEOUATO OO
Tov alyopripo mou avamtOydnxe, ivon amopaitntn 1 Sielorywyy| uehétng Toy Monte Carlo. H
EXTUNOY TWV CUVEIGPORKY TV BLUPORETIXMY DLEPYUCLOY OE €V GUVOLO BEBOEVGLY D emiTuy-
YEvETOL PE TNV avEALGT TwV dlapopny oTic xatavouée wdloc (templates), ol onoieg mpoxdnToUV
am6 mpocopownoelc MC. Ou avoauevouevol aprduol yeyovotwy yia xde template dewpolvton
(G TOPHUETEOL TOL UOVTELOU Xt TpocapuolovTon Yo Tr BEATIO TN GUUQVio UE To DEBOUEVAL.
o wor apartneotuevn pdla top , T0 povTéAo TEOCUPUOYHG BivETa (G:

D(x) = Nstht(x;migge) + Ntt-th(x;migze) + Ny;Fuj(z) (3)

omov oL Fy, Fy xou F,5 ebvon oL cuvaptrioeic muxvotntag mdovotntog Ty avtio Tolywy Slepyaot-
ov. Tl Ty emdpwmaorn Tou povtérou, dnuovpyolvtol PeUBOBEDOUEVA Kot EXTEAEITOL TEOGUPUOYN
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Yynuo 8: (o) H andxpion tou BDT oe stack wotdypoppor xon ot xatavopée pdlac tou top xoudpex
(B) metv xan (y) petd to BDT cut.

ML ot xdie ot Yy €heyyo otodepdTnTog Twv Tapapétewy. Ilpoxeévou va hngdel utodgn 7
eCdpTNON TWV TEOCOUOIOUEVWY OeryudTwy amd TN udlo Tou top xoudpx, yenoomolin oy
ToMamAd detyparta, To xaéva utodétovtog dlapopeTiny udla top. I'a Tov Eheyyo YpouuxoTn-
Tag, 0 AOYog g uéong extyunieicoug tapauéteou Ny ¢ Teog TNV apytxy| TWr ogelhet va elvor
XOVTH OTN) LOVADA, Ol AVAUEVOUEVES TWEC TN exTiunieicag mapouétoou Nz ogellouy va €youy
Yoo e€80TNoT 0C TEOC TIC aPYIXES UE XAIOT) LOVADBO ot UNOEVIXY| HETUTOTILON, €V, TEAOC,
1 xatovour Tou pecou pull yia Ty mopdueteo Ny; ogelhel va elvor xovtd oTo UndEV evidg
TWV CQUNIATOY PE TNV TUTUXT| ATOXALOT) XOVTH OTY) LOVAOA. LUVOAX, UTH 1) EXTEVHC UEAETN
olao@ahiel TNV adlomoTion TwV HOVTEAWY TPOCUPUOYTC Xou TNV axpifela oty extiunon twv
TOROUETEWY OE BlapopETIXd oevdpla ualac Tou top xoudoex.

‘Eyovtac dwodéoda €€L povtéla mpocopuoync, xodiotaton duvaty| 1 extiunon e pdloc
Tou top xoudpx Uéow cdpwong mavogdvelas. Tlpaypatonoteiton, dnhadh, mpocupuoY TwWY
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Ly 9: "EAeyyog yeouuxotnTog: (o) 0 Noyoc e fitted mapopétpov Ny mpog TNV apyixy
Ty, (B) n fitted Nz ¢ ouvdptnon twv apyay Tudy xot (Y) 1 péon tun tou pull xou (8) g
Tumig améxhiong Tng fitted N,; wg cuVAETNON TNG Mty VIO BlaPOPETXE GEVARLN UAlag top
XOUBEX.

0edouévey oe xdie povtého, xou €merta avalntdtar To Yovtélo oto omolo 1 (apyntixn) mdovo-
pdveta, ouyxexpuléva 1 negative log-likelihood, elye ™ ppdteen tiun. Xn cuvéyewa, yiveton
TEOGUEUOYY| TOAUWVLUOL Teltou Baduol otn cuvdptnorn mavogdvetag xat toloyiletal YEow
Topofolxfic TeocEyylong To onuelo ehayloTtou. H extiuduevn Ty tne pdloc avtiototyel 6To
eNGyYLOTO TNG TUPABOATE, EVEK TO GTATIOTG GPdAUa Tpocdloplleton amd To TAdTog. ALilel va
onuetwel 611, emeldr) T delypato palag xahimTouy evpl pdoua, Ta templates udlog mapeuBd-
hovtan e Briua 0.25 GeV 00Tteg OoTe vor XaAITTETOL ETUEXAGE 1) TEELOY T YUPW amtd TO EALYLOTO,
UTOVETOVTOG Lol YRUUUIXY| OYEOT aVIUESH OE DO YELTOVIXd DElypoTa,

X1 ouvéyela, 1 emhoyr Tou xatweiiov Tou BDT xadopileton ye Bdon tnv enidpacy| tou
070 GQdAde TNE PETENOMG. Luyxexpweva, To BDT cut emAcyeton €tol wote va odnyel o€ mo
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0 TEVO TOEABOAIXG Gy Yo 6TNY xoTavouy| TG TavoQavelag, onAadY| ue wixpdtepo tAdtog. Ilo-
edyovTac ToAG (heudodedouéva amd €va delypa udlac MC uroroyileton To U€GO GPIAUL UECW
odpwon mavogdvelng. Eravoloufdvovtag tn dtadixaocta yio dapopetind BDT cuts evtomnile-
Tor 0 BEATIOTO xaTwPAL TO omolo 0dNYel 0T ehdyioTo Yoo ogdiua. T uEyiotn axplPea,
ENOUEVLS, yenotponowinxe xotwgit BDT oe oxop 0.1, ue péoo opdiua <op,>=0.113.

‘Eyovtag enaindeoet 6TL o akydprduog mtou avartiydnxe Aettovpyel cwoTd ye Tor OelypoTa
MC, eqopudletar otar TRyt OEBOPEVAL Yo T UETENOT). DTNV avaAUGCT] AUTY Y ENOLLOTOLO-
Ovtow dedouéva Tou CMS ané to Run 2 tou 2016 pe evépyeio xévipou pdloc 13 TeV xou
LYo QuTEWVOTNTA 36.3 fb~t. H Tr NG HAog TOU tOp, Mgy, YETOWOTOLOVTAS YEYOVOTA
TOEUYWY NS HOVAR®Y top xoudpx oTo t-xavdt, ueteriinxe xon Beédnxe va elvou:

t—ch

My, = 171.25 £ 0.24 (stat+prof) GeV

(4)

To anotéheopo autéd etvor cupfatd e Tic mponyolueves yetprioelc and ATLAS xa CMS
evtog v offefatotitov. Eivar onuovtind, ©votéco, vo onuewwdel 6t ol otatioinég afdefou-
otNTEG, o8 oUyxplon Ue TNV avtioToryn pétenorn tou CMS mou avagéplnxe mpornyoupéveg,
uetwvovton xatd 25%. Autd amotelel onuavTixs TEGod0 Xot ETLTUYYAVEL TOV dpyixb oT1dY0, O
omolog elvan etvor 1 ehayto tomoinom twv ofeBaotAtov. Apa, hoimdy, 1 Bertinon tng suxplivelog
OTNV XUTOVOUT) TNG AVUXATAOXEVACHEVTS HALac Tou top xoudpx péow tne uedodou KinFitReg
oL €101 U1 O QUTAY TNV AVIAUGT) £YEL (G ATOTEAEOUA TN UEIWOT) TWV CTUATIO TV TQUMNISTWY,
%4TL IOV OONYEL EV YEVEL XL OTY| UELWOT TWV CUCTNUATXOY OBEBUOTATOY.

Fit Model: mpy® = 171.25 GeV

CMS Run 2 Data (2016)

36.3fb™ (13 TeV)
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Eyuo 10: (o) Extiunon tne udlog tou top xoudpx péow odpworng mdavopdvetas. H napaohxt
TpocEyylon Oelyvel éva ehdytoto ota 171.25 GeV ue cuppetewd| aefoudtnra +0.24 GeV xou
(B) mpocapuoyh twy dedouévey oTo Lovtélo pe urottdéuevn wdlo top xoudpx 171.25 GeV.

Me o ot} emdedpnon 1wV TROCUPUOOUEVLY BEBOUEVGY 0TO ovTELO e udla top 171.25
GeV, napatnpeiton 6Tl €V TO LOVTENO TEQLYEAEL UE oxplBetar Tor BEBOPEVA GTNY TEQLOYT| TNG
XOPLPNG, GTNY TEPLOYT| YUUNAOTERWY EVERYELWDY Ot xartavoués pull ebvan yeyahitepeg and to 0,
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amoxAtvovtog pé€ypet xa 30. O GUVORXOS VELIUOC TWV UVUUEVOUEVWY YEYOVOTWY EVOL ONUXVTIXS
UXEOTEPOS OO TOV TORUTNEOVUEVO 0ptlud 0Tl DEBOUEVA, UTOBEVUOVTOS OTL GE YUUNAOTERES
evépyeleg umopel var utdipyouv dlepyaoieg, 6Twe to utoBadpo QCD, mou ayvorinxay otic pe-
Aéteg Toy Monte Carlo. Autéc ot cuvelogopéc utofdipou utopolyv va e&nyfoouv Ty adinon
Tou tt, xadie 1 Sdiooia tpocopuoyfc amodider Aavioouéva o AoV YEYOVOTA OTNY Ta-
eaywyn) (ebyoug top xoudpx-avtixoudpx. Ipdyuatt, Tapatneolvton oNUAVTIXES ATOXAICELS OTIC
Twéc pull yio to undBadpeo ¢t pe T 4.06 xou yior To ofa Lovipwy top xoudpex pe Ty -2.35.
LUVETOC, amoutelTon TEPATER® EPELVAL VLol ToL UTOAOLTAL UTOBA)pa, TEOXEWWEVOU VoL TEOGOL0PLG TEL
1 enldPUOY| TOUC GTO TEMXO UTOTENECUAL.

Apywd  Ilpooapuoyr) Lgdipa  Pull

Ny 7342 6522 350 -2.35
Ng 3978 6142 233 4.06
Ny; 2884 2981 270 0.36

ivoncag 1: Apyinéc xon TpocupUOGUEVES TIES TwV EAELYEPWY TORUUETEWY, ToL GOIAUNTE TOUG
xat ol Tée Twy pulls.

Ex twv mpoyudtwy, oto mhalow plag dimhopotixdc epyaotog emBAidnxay apxetol mepto-
PLOoUOL Xol, ETOUEVLS, 1) AVIAUOT) oUTY| OEV amoTeAel Uit OAOXANEWUEVT pETenor. Mia o Ae-
TToueprc avdiuon Yo tepthduBave: T ouPTERIANdT XAVUALDY BLICTAOTC OE TENMXT| XATAOTAO
UE nAexTeovia, TNV e€é€taot emimhéov TyoV utofdioou OTeS Tol UTOAOLTAL XAUVAALY LOVARKY
top tW xou s, Tnv QCD, ta Z+-Jets xou ta VV, 1 yerion meplocdtepny detypdtwy ualac,
Behtiotonolnon g andxpiong twv BDT xau v extiunon twv cuctnuatixey aBefototitoy.
(161600, ToEd TOUG TEPLOPLOUOUGE, 1) QUUVOUEVY UELWOT TwV oTATIC TIXOY ABefutoTTwY Tou o-
modideton ot Peitiwon g avaxoataoxeunc Tng palac Tou top xoudex LUTodEVUEL OTL Eivon
epuety| o axplBéotepn YEtenon n omolo Yo 0dnyroel ot Yelon oQuiudTtemy GUVOAXY. Xu-
VETWS, OUTO TO UMOTENECUA OVAUOEIXVUEL Utat TOAAS LTOGY OUEVT U€V0BO Yia ouCLaCTiXY| Uelton
TV OTATIOTIXOY X0 CUC TNUATIXOY AfeBaloTATwY ot UeAoVTIXES UETEROELS TNE Udlag Tou top
XOUdPX.
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Chapter 1

Introduction

In the Standard Model (SM) the top quark is a fundamental fermion with spin 1/2. It
carries an electric charge of (4+2/3)e and is a color triplet. It also forms a weak isospin
doublet together with the bottom quark, where the top quark is the up-type quark with
the third component of the weak isospin I3 = 4+1/2. It was discovered by the CDF and D0
collaborations at the Tevatron in 1995 and is the most massive elementary particle currently
known. The uniqueness of the top quark lies in its decay time; it is considerably shorter
than the time of hadronization, hence resulting in a shorter lifetime than the time needed
for strong interactions to modify its properties or to bind it into a hadron. Therefore, the top
quark provides a unique laboratory to test our understanding of matter and fundamental
interactions at the Electroweak symmetry-breaking scale and beyond.

1.1 The Standard Model of Particle Physics

The SM of particle physics is a quantum field theory that describes the fundamental set
of particles - leptons, quarks, gauge bosons and Higgs boson - and their interactions [, 2].
Although there remain open questions that cannot be answered by it yet, the SM constitutes
perhaps the most well-established theoretical construct in physics, enjoying a multitude of
observational confirmations throughout the last century.

The elementary particles of spin 1/2 obeying the Fermi-Dirac statistics and the Pauli
exclusion principle are called fermions. These particles include all quarks and leptons and
are regarded as the fundamental building blocks of matter. The SM contains twelve fermions
in total, six leptons and six quarks distributed across three generations. As shown in Table
1.1, each generation consists of an up-type quark (u,c,t), a down-type quark (d,s,b), a charged
lepton (e,u,7) and the corresponding neutrino (v.,v,,v,). Charged leptons carry an electric
charge of one elementary charge —1le, whereas quarks carry a fractional electric charge of
either (+2/3)e or (—1/3)e. For each of those fermions, there exists an antiparticle with
identical physical properties except for opposite charges.

All regular matter in the universe is exclusively composed from particles of the first
generation. Nevertheless, despite the decaying of higher-generation particles into the first
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Flavor Fermion Symbol El charge [e] Mass [MeV/c?]
up quark U +2 2.1610 50
down quark d -3 4671513
electron lepton e —1 0.511
e-neutrino  lepton Ve 0 < 0.8-10°
charm quark —i—% (1.27+0.2) - 10°
strange quark 5 -3 944158
muon lepton ! -1 105.658
p-neutrino  lepton vy 0 < 0.19
top quark t —i—% (172.69 £0.3) - 103
bottom quark —3 (4.18%5:5) - 10°
tau lepton T -1 1776.86 + 0.12
T-neutrino  lepton Uy 0 < 18.2

Table 1.1: The three generations of fermions, their electric charges and masses [3].

generation, these massive fermions are studied through high energy interactions, such as
collider experiments. Additionally, quarks are never observed as free particles; they are always
confined in bound states, known as hadrons. These hadronic states are either quark-antiquark
pairs (mesons) or three quarks (baryons) or three antiquarks (antibaryons). The formation
of hadronic bound states is realised in accordance with Pauli exclusion principle through the
introduction of an additional quantum number for quarks; the color. A quark’s color can take
one of three charges: red, blue, green (or antired, antiblue and antigreen for an antiquark
respectively). The mixing of all three (anti)colors, or any color with its complement, is
considered colorless and has a net color charge of zero. Due to color confinement, free particles
must have color charge of zero, thus directly implying that free quarks cannot exist.

Besides fermions, the SM also provides the theoretical framework for the interactions be-
tween particles by describing three of the four fundamental interactions: the electromagnetic
force, the strong and weak nuclear forces. Each of these forces originates from a symmetry by
a mechanism called local gauge invariance, which requires that the Lagrangian of a physical
system remains invariant under a certain group of local transformations. In particular, the
unified electroweak sector of the SM is based on the SU(2),xU(1)y symmetry group and
is mediated by the so-called gauge bosons: the massless photon () and the W, Z bosons,
whereas the strong sector, based on the SU(3)¢ group, is mediated by the massless gluons
(g). These force carriers are particles of spin 1 obeying Bose-Einstein statistics, which allows
them to occupy the same quantum state, contrary to fermions.

The final element of the SM is the Higgs boson, which differs from all other particles. Un-
like the fundamental fermions and gauge bosons, the Higgs boson is a spin 0 scalar particle
and the only fundamental scalar discovered to date. In the context of quantum field theory,
the Higgs boson is regarded as an excitation of the Higgs field, which has a non-zero expec-
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Force Bosons Symbol El charge [e] Mass [MeV/c?]

strong 8 gluons g 0 0
electromagnetic photons v 0 0

weak W W= +1 80.369 + 0.013

weak Z Z° 0 91.188 + 0.002

Table 1.2: The gauge bosons, their electric charges and masses [3].

tation vacuum value. Its pivotal role in the SM stems from the fact that the interaction with
this non-zero Higgs field is the mechanism through which all other particles acquire their
mass.

The remarkable success of the SM lies in its ability to describe a wide range of pre-
cise experimental measurements, thus establishing its validity up to the electroweak scale
and providing in this way a robust understanding of the constituents of the universe and
their interactions. However, its inability to incorporate the gravitational force in the existing
quantum-field framework, although it can be neglected on subnuclear scales, strongly indi-
cates that in its current form it cannot account as a theory of everything. Additionally, open
questions related to dark matter, the nature of the Higgs boson, the origin of CP violation,
among others, underscore the need for exploring physics Beyond the Standard Model.

1.2 Electroweak theory

The single framework describing the electromagnetic and the weak nuclear forces is a gauge
theory called electroweak theory and is based on the group SU(2); x U(1)y. At low energies
the two forces are completely different, the weak force mediated by massive W* and Z°
bosons is short range, while electromagnetism, mediated by massless photons, is long range.
Nevertheless, there is an energy scale, at the order of ~100 GeV, above which the two forces
are unified.

The weak force is described by the SU(2),, part, while U(1)y represents the hypercharge,
which combines with the weak force account for electromagnetism. When acting on an isospin
doublet, the generators o are represented by %, where o; are the Pauli matrices. The linear
combination of the gauge fields W¥" and W' is responsible for the charged current interactions
corresponding to W* bosons:

1
+ 1 1172
WM = % (WM + ZWM) (11)
Accordingly, the electromagnetic field A, can be expressed in terms of the remaining
fields by performing a rotation:

A\ [ cosby  sinfy B, (1.2)
Z,)  \—sinfy cosby Wj’ ‘



CHAPTER 1. INTRODUCTION 4

under the condition ¢sinfy = ¢’ cos by = e, where e is the electric charge of the electron.
The parameter Oy is the electroweak mixing angle and the neutral field Z, corresponds to
the field of the Z boson.

The left-handed chirality states of the fermionic fields are organized in isospin doublets

of SU(2):
2) - o
. () ond O — () (1.3)
e qar,

where index j = 1,2, 3 runs over the fermion generations, V{L, e{L, quL and qéL indicate the
Dirac fields of lepton neutrinos and charged leptons, up-type quarks and down-type quarks
respectively. The right-handed fields are treated as SU(2) singlets. The Lagrangian density
describing the dynamics of the fermionic fields is given by:

L = iLiy"D,Li + iy Dy + ilgy" D,lg (1.4)

Y:
D, = 0, —igo"W;(x) — ig’%Bu(x) (1.5)

where g, ¢’ are real dimensionless parameters, o® are the three generators of SU(2), Yy is
the hypercharge operator, and W/ (x) and B, (z) are the corresponding gauge fields.

1.3 Quantum Chromodynamics

The theory of strong interactions, known as Quantum Chromodynamics (QCD), is a gauge
theory based on the SU(3)c symmetry group and describes the fundamental force binding
quarks together into hadronic particles, such as protons and neutrons. The quark fields are
organized in SU(3) triplets 1,=(qa, gs, ¢.)", which contain three color states for each of the
quark flavors. The QCD term of the SM Lagrangian can be written as:

Locp = —ZFLIVF““” + qu iv'D,, —my) Yy, (1.6)

where D, =0, —igit. Ay (z) and Fj, = 0,47 — 9, A} + gsf“bCAZAl‘i (1.7)

The index ¢ runs over the quark flavors and the symbols v* and ¢, denote the Dirac and Gell-
Mann matrices respectively. A (z) correspond to the eight massless gauge fields of the SU(3)
group and the % are the completely antisymmetric SU(3) structure constants defined by
the commutation relation [t,, ;] = i f%t.. The last term in the second equation of 1.7 shows
that gluons, besides mediating the strong interaction, are self-interacting particles.

The coupling constant of QCD, denoted by gs, determines the strength of the strong
interaction. Commonly expressed as o, = g2/(47) in quantum field theory, the strong cou-
pling constant is dependent on the energy scale Q of a given physical process, as a direct
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consequence of the renormalization procedure. Therefore, in one-loop approximation, the
dependence is given by:
1 33 — 2ny

(02 = here by —
(@) boln (Q/A30,) 127

The number of quark flavors with mass m, < @ is denoted by ns, and the energy scale at
which the QCD coupling constant is expected to become large is denoted by the parameter
Agcep. This implies that the regime of fixed-order perturbative calculations remains valid up
to a certain point. Nevertheless, as observed in equation 1.8, increasing the energy transfer
Q leads to a decrease in the value of the strong coupling constant. As a result, in high-
energy QCD processes, colored particles interact weakly, allowing for a perturbative approach
to QCD. This property, known as asymptotic freedom, is essential for predictions relevant
experimental high-energy physics. In contrast, at low-energy scales, the strong interaction
gives rise to color confinement, namely the mechanism that prevents quarks and gluons
from isolating. In the context of collision experiments, this confinement causes high-energy
quarks and gluons to form multiple bound states, producing jets in a process known as
hadronization.

(1.8)

1.4 The Higgs Mechanism

The requirement of gauge invariance forbids explicit mass terms for the fermionic fields
and for the gauge bosons in the Lagrangian. To account for the generation of the masses of
elementary particles, the Higgs mechanism is introduced for spontaneous symmetry breaking.
The Higgs field, a complex scalar field that permeates all of space, is a doublet under the
electroweak gauge symmetry SU(2);, x U(1)y that can be written as:

o= (%) (19)

Even though the Lagrangian is invariant under the SU(2); x U(1)y symmetry, the vacuum
state is not. The Higgs field takes on a non-zero vacuum expectation value (VEV) and breaks
the symmetry to U(1), the gauge symmetry of electromagnetism. In this way, W and Z boson
acquire mass, while the photons remain massless. The Higgs potential can be written as:

V(¢) = 1261 + A¢'9)” (1.10)

For pu? < 0 the Higgs potential receives the characteristic "hat” shape and leads to a
non-zero VEV with a form:

(9) = % (2) (1.11)
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where v = \/—p?/\ = 246 GeV is the VEV. Thereby, the electroweak gauge bosons acquire
their mass by interacting with the Higgs field. The covariant derivative in the Lagrangian
describing those interactions is:

£ =Dl — V(&) (1.12)
where D, ¢ = (@ - %ga’lW/f — %B;) 0] (1.13)

and the masses of the W and Z bosons are:

2 2
My — %, My = —V92+9“ (1.14)
where g and ¢’ are the gauge couplings for the SU(2), and U(1)y fields respectively. In its

vacuum state, the Higgs field can be expressed in terms of a perturbation around its non-zero
vacuum expectation value (in unitary gauge):

¢= % (v +(;z(m)> (1.15)

where h is the field corresponding to a physical state, named Higgs particle, a scalar chargeless
boson with a mass equal to m, = vv/2\. The existence of the Higgs boson was experimentally
confirmed at the Large Hadron Collider in 2012.

Moreover, Higgs mechanism accounts also for the masses of the SM fermions through the
Yukawa interactions, which take the general form of:

£Yukawa = _yff_L(be + h.c. (116>

where y; is the Yukawa coupling constant that determines the mass of the fermion after the
spontaneous symmetry breaking:

yrv
my 3 (1.17)
However, mass eigenstates do not correspond to flavor eigenstates. The superposition of
flavor eigenstates in the basis of mass eigenstates suggests the existence of flavor-changing
charged currents mediated by charged W* bosons. The relative strength of quark transisions
to different flavors are encoded in the Cabibbo-Kobayashi-Maskawa (CKM) matrix (Vexwm):

d/ d vud Vus Vub d
ST = Vekm|s| = [ Vea Ves Vo s (1.18)
b/ b ‘/;td ‘/ts V;ib b

The CKM matrix describes the probabilities of transitions between different quark flavors,
where the transition from a flavor j quark to a flavor i quark is proportional to |V;;|?. In
contrast, an analogous flavor mixing for leptons is not observed if neutrinos are considered
massless.
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1.5 The Top Quark

1.5.1 Decay of Top Quark

Top quarks decay via the weak interaction almost exclusively into a b quark and a W boson,
since the decay rates into other down-type quarks, namely into d and s quarks, are suppressed
due to the small CKM matrix elements of these decays. The partial decay width for the
decay channel t — Wb, T'(t — WTb), is proportional to the CKM matrix element |Vj;|*.
The branching ratio for the channel ¢ — Wb can be calculated in terms of the elements of
the CKM matrix:

+ o ’Wb’Q
BES W) = WP+ el + VaP
where, by using the independently measured CKM elements, its value is approximately
B(t — WT*b) ~ 0.95 [3]. By assuming |Vy| > |Via|, |Vis| and by neglecting terms of order
m2/m?, a? and (a,/m) M3, /m?, the total decay width is perturbatively calculable and the
prediction within the SM at NLO is:

Gem? (. M3 M? 2a, (277 5
r, = 20 (-2 () g 2 (22 (1.20)
87v/2 m3 m3 3 \ 3 2

where m; is the top quark pole mass, a, the strong coupling constant and Gz the Fermi
constant. At the reference value of m; = 172.5 GeV, the total decay width is I'; = 1.326
GeV and by inverting it, the top quark mean lifetime is 7, = 5 x 10~2* s. This lifetime is
considerably shorter than the typical time scale of hadronization which can be estimated from
the inverse of the energy scale Agep at which QCD becomes non-perturbative: 1/Agep =~
1/(200MeV) = 3x 1072*s. As a result, top quarks are expected to decay before hadronization
and do not form top-flavored hadrons or tt-quarkonium-bound states. Additionally, in this
way, the top quark spin polarization and the correlation between spins are largely preserved
as well. Consequently, any polarization of the top-quark or any spin correlations in top quark
pair production are reflected in angular correlations of the decay products.

(1.19)

wt Vy q

b o+ 7
(a) (b) (c)

Figure 1.1: (a) The dominant decay process of the top quark into a W boson and a b quark.
The W boson, in its turn, decays either (b) leptonically or (c¢) hadronically.
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The dominant decay process of the top quark, shown in Figure 1.1, consists of a W
and a b quark. While the b quark hadronizes, the W™ boson can decay either leptonically,
namely into a positively charged lepton and the corresponding neutrino, or hadronically into
a quark-antiquark pair. Although the universality of the weak interaction suggests equal
probabilities, the hadronic decays of W boson are favored by a factor of 3 due to the three
different color charges. As a consequence, each of the three leptonic decay modes has a
branching fraction of 1/9, whereas each one of the hadronic 3/9:

BF (Wt = (Ty) = %, = {et,put mr} (1.21)
BF (W" = q7) = g, q7 = {ud,cs} (1.22)

It is worth noting that, in general, the leptonic channel, although includes a neutrino which
escapes experimental setups, is highly favored for reconstruction because the imprint of
charged high-energy leptons in detectors are much clearer than that of two light-quark jets
from the hadronic channel, which mix with the multi-jet background of QCD.

1.5.2 Production of Top Quarks
Top Quark-Antiquark Pair

At the LHC the dominant production mode for the top quark is the top pair production
mechanism (¢f) via the strong interaction. More specifically, at center-of-mass energy of
V/s=13 TeV in pp collisions, ¢t pairs are predominantly produced via gluon-gluon fusion
(9g) approximately 90% of the time, with a subdominant contribution from quark-antiquark
annihilation (¢q) at 10% [3]. Figure 1.2 below depicts the Feynman diagrams for different
top quark pair production modes at LO in QCD.

9 £ Y t g §D< P q £
(a) (b) (c) ()

Figure 1.2: Feynman diagrams for ¢ production in QCD at LO: (a)-(c) gg fusion in s, t and
u-channel respectively and (d) ¢g annihilation.

The main contribution to the total cross section stems from gg fusion is due to the fact
that gluons are abundant in the parton distribution function (PDF) of a proton, in contrast
to qq pairs at the TeV scales. These relative fractions depend on the PDF's of the initial-state
hadrons (pp or pp collisions) and on the center-of-mass energy as well. For example, in pp



CHAPTER 1. INTRODUCTION 9

collisions, ¢qq annihilation is enhanced because in that case the annihilation of valence quarks
from the proton with the valence antiquarks of the antiproton is now feasible [1]. At the
LHC at 13 TeV, assuming a top quark mass of 172.5 GeV, the predicted tf production cross
section (NNLO+NNLL) is:

833.97300 1510 pb (1.23)

O =

where the first uncertainty originates from scale independence and the second from PDFs
and ay [5]. The measurements displayed in Figure 1.3a are in agreement with this theoretical

prediction.

t‘JcL{Z%*V%"S Prefiminary Vs=13TeV  November 2023
0 .summary, Is = €' lovember . .
NNLOSNNLL PRL 110 (2013) 252004 " Y ATLAS+CMS Preliminary November 2023
"""" My, = 1725 GeV, a,(M.) = 0.118£0.001 LHCtopwG
scale uncertainty ‘ ) total stat
scale [ PDF [ o uncertainty 0% (stal) £ (syst)  (lumi) Vs =13 TeV, m =172.5 GeV total stat
ATLAS, e . Wl 829+1+13+ 8pb : NNLO (JHEP 02 (2021) 040),
JHEP 07 (2023) 141, L”“ =140 fb PDF4LHC21
ATLAS, l+jets [ 830+ 0.4+ 36+ 14 pb scale uncertainty
PLB 810 (2020) 135797, L, =139 " scale 0 PDF O og uncertainty
ATLAS, all-jets —— + + +
JHEP 01 (2021) 033, L, =361 f? 864+ 4.3+126+ 18 pb
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CMS, Ijets + 24264 - &l
o s <220 |44 888+ 2:26+20pb ATLAS, L _=140fb Bl oii1s13s2pm
CMS, allets * ATLAS-CONF-2023-026*
CMS-P’AS-TOP-lG-DlS, LmI =253? 834£25+ 118423 pb
CMS, I+jets § (XS] 791+ 1+ 21+ 14pb
PRD 104 (2021) 092013, L =137 fo CMS. L =359fb?

PDF4LHC21 1.Phys.G 49 (2022) 080501 ' Tint +——— 207+2+30+5pb

NNPDF4.0 EPIC 82 (2022) 428 PLB 800 (2019) 135042

MSHT20 EPJC 81 (2021) 341

CT18 PRD 103 (2021) 014013 * Preliminary
* Preliminary )
e b b b b by | P PR PR |
200 400 600 800 1000 1200 1400 150 200 250 300
G, [pb] Ot _channet [PP]
(a) (b)

Figure 1.3: Summary of the ATLAS and CMS Collaboration measurements of (a) the top-
pair production cross-section and (b) the single top production cross-section in the t-channel
at 13 TeV. The measurements are compared to theoretical calculations assuming a top mass
of 172.5 GeV [0].

Single Top Quark

Instead of forming pairs, top quarks can also be singly produced at the LHC through the
electroweak interaction via the exchange of a W boson. The single top quark production at
LO can be realized in three modes, depending on the virtuality of the W boson involved in
the process; the t-channel (spacelike), the s-channel (timelike) and the tW-channel (on-shell),
as displayed in the Figure 1.4 below. A unique feature in single top quark production is the
presence of the CKM matrix element Vj, in the production vertex, which allows its direct
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measurement. Since the W boson interacts only with left-handed quarks and right-handed
antiquarks, the top quarks produced are fully polarized.

q q
W-l-
b t
(a) (b)
q ; b ) b -
t
7 b g W g t
(c) (d) (e)

Figure 1.4: Feynman diagrams for electroweak single top production at LO: (a)-(b) t-channel
4FS and 5FS scheme, (c) s-channel, (d)-(e) tW-channel.

The dominant process in single top quark production in pp collisions at the LHC is
the t-channel, contributing approximately 70% of the total cross section. Single top quark
production in the t-channel can be calculated in two alternate ways: the four-flavor scheme
(4FS) and the five-flavor scheme (5FS). In the 4FS, the initial state gluon splits into a bb
pair from which the resulting b quark interacts with W boson to produce the top quark;
these bottom quarks are not considered part of the proton. In contrast, in the 5FS, the
initial state b quark originates from flavor excitation occurring inside the proton as part of
it [1]. Furthermore, a distinguishing feature of the t-channel production mode is the subtle
alteration of the direction of the spectator quark, namely the quark which originates from
one of the interacting protons, during the scattering process. During the reconstruction this
is translated as a jet at large pseudorapidity |n|. Calculations for the t-channel cross section
at the LHC at 13 TeV at NLO accuracy yield:

ol ., = 134.211°731 pb (1.24)
i = 80.0555515 pb (1.25)
ottt = 214.2721433 ph (1.26)
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where the uncertainties are from scale dependence and from PDFs and o, [7]. Here, the
cross section for producing top quarks is about 1.7 times larger than the cross section for
producing top antiquarks due to the fact that (valence) up quarks outnumber down quarks
in the proton. These predictions, as shown in Figure 1.3b agree with the recent ATLAS and
CMS measurements.

Besides the t-channel, top quarks are singly produced in association with a real W boson
around 25% of the time, where the initial b quark is a sea quark originating from the splitting
of virtual gluons inside the proton. The predicted cross section (t+t¢) of the tW-channel at
13 TeV, computed at NLO in QCD with the addition of third-order corrections of soft-gluon
emissions by resuming NNLL terms and assuming top quark mass 172.5 GeV [3], is:

o = 179.3719%53 pb (1.27)

The final mode in single top quark production, the s-channel, involves an incoming quark
and an incoming antiquark producing a virtual W boson, which in turn decays into a bottom
and a top quark approximately 5% of the time. The s-channel has the smallest cross section
among the single top production modes, with NNLO approximated calculations at 13 TeV
(t+1) yielding:

Os e = 6.847555 pb (1.28)
where the uncertainty is from scale dependence only. All of the SM predictions for the single

top production cross sections in various channels over a wide range of center of mass energies,
as depicted in Figure 1.5, are in good agreement with the respective measurements so far.

—
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Figure 1.5: Summary of ATLAS and CMS measurements of the single top production cross-
sections in various channels as a function of the center of mass energy. The measurements
are compared to theoretical calculations assuming a top mass of 172.5 GeV [(].



Chapter 2

The CMS Experiment at the LHC

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular particle accelerator operating at CERN
laboratories in Geneva, near the Franco-Swiss border. It is composed of a 27-kilometre ring
of superconducting magnets with a number of accelerating structures that boost the energy of
charged particles, such as protons. These particles are accelerated to high speeds in order to
collide with each other. Besides protons, ions of lead (Pb) are also injected in the LHC, hence
p-Pb and Pb-Pb collisions can take place too. Collisions are achieved at four interactions
points, where the main four experiments are located: CMS, ATLAS, LHCb and ALICE.

In the quest for precision measurements and probing new physics at the TeV scale, the
LHC is designed to provide center-of-mass collision energies up to /s = 14 TeV. Inside the
collider, two particle beams move in opposite directions in distinct beam pipes, approaching
the velocity of light. Magnetic fields along the accelerator are used to keep beams on track
inside the pipes. In order to achieve the highest possible efficiency with the least energy
loss, the magnets have to be superconducting. Therefore, the electromagnets in the LHC are
chilled to -271.3°C by using liquid helium and the beam pipes are also kept in ultra-high
vacuum to reduce the amount of heat that seeps from the surrounding room-temperature
environment [9]. Indicatively, 1232 dipole magnets of 15m length and 392 quadrupole magnets
of 5-7m length that bend and focus the beams respectively, form the LHC.

Nevertheless, the LHC is just the final element of a sophisticated acceleration structure in
which the beams reach their highest energies, up to 6.8 TeV per beam. The CERN accelera-
tion complex, shown in Figure 2.1, is a succession of machines, each of which accelerates the
particles further before injecting them into the next machine in the chain. The first element
of the acceleration chain consists of a linear accelerator, the Linac4 [10], operational since
2020, that accelerates negative hydrogen ions to 160 MeV to prepare them to enter the Pro-
ton Synchrotron Booster [11], which is also part of the LHC injection chain. Radiofrequency
cavities are employed to charge cylindrical conductors, which accelerate the ions by pulling
them forward and pushing them from behind as they pass through. The tightness of the hy-
drogen ion beams is ensured with the assistance of quadrupole magnets. Linac4 boosts ions

12
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in stages: first to 3 MeV by a radio-frequency quadrupole (RFQ), then to 50 MeV by drift
tube linacs (DTLs), then to 100 MeV by coupled-cavity drift tube linacs (CCDTLs), and fi-
nally to 160 MeV by Pi-mode structures (PIMS). Subsequently, the ions are stripped of their
two electrons during the injection from Linac4 into the Proton Synchrotron Booster in order
to accelerate up to 2 GeV before being delivered to the Proton Synchrotron (PS) [12], which
pushes the beam up to 26 GeV. In this way, the particle accumulation and therefore the
beam quality are enhanced. Then, protons are transferred to the Super Proton Synchrotron
(SPS) [13], the second-largest machine in CERN’s accelerator complex, reaching energies up
to 450 GeV and finally up to 6.8 TeV in the two beam pipes of the LHC.

The CERN accelerator complex
Complexe des accélérateurs du CERN
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™M ISDE
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Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
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Figure 2.1: The CERN accelerator complex [14].

It is worth noting that at the LHC the beams are not a constant flux of particles, but
they are separated in bunches of particles. A typical bunch at the start consists of 1.2 - 10!
protons and each proton beam contains 2808 bunches. This multitude of protons per bunch
leads often to the so-called in-time pileup effect, namely the phenomenon of more than one
proton-proton interaction taking place per bunch crossing. This effect is quantified by the
average number of interactions per bunch crossing, as shown in Figure 2.2b, where the pileup
distributions in CMS for each year are stacked above the previous years over the Run 2 and
Run 3 (until 2023) period. In addition to in-time pileup, there can be out-of-time pileup, in
which the readout time of the signal in the detector is longer than the time between two
consecutive bunch crossings, resulting in the mixing of the two signals.
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Figure 2.2: (a) Integrated luminosity collected by the CMS experiment and (b) average
number of interactions per bunch crossing by year of data taking [15].

What is more, besides the number of simultaneous collisions within the same bunch
crossing, machine-dependent parameters of particular interest for physics analyses include
the center-of-mass energy of the collisions and the instantaneous and integrated luminosity
as well. The production rate of a physical process depends on the cross section o for a specific
process and on the instantaneous luminosity £:

dN

Subsequently, the total number of events produced is derived by integrating equation 2.1
over time. Since the cross section is dependent only upon the center-of-mass energy, which
is constant over the time of a fill, the number of events is given by:

N = U/dtﬁ = oL (2.2)

where L is the integrated luminosity. The instantaneous luminosity depends on the param-

eters of the LHC: N2 S
8

L = —L—F 2.3

4 3*e (2:3)

where « is the relativistic gamma factor, N, is the number of particles per bunch, k is

the number of bunches per beam and f is the revolution frequency of the bunches. The

normalized beam emittance e gives the spread of the beam in the phase space and the beta

function g* describes the focusing of the beams at the interaction point. Finally, the form

factor F' accounts for the fact that the two beams are collided at a non-zero angle, thus

reducing the effective area. Luminosity, measured in cm=2s7!, is an important indicator of
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the performance of an accelerator: the higher the luminosity, the more data can be gathered
to allow observations of rare processes. For this reason, the High-Luminosity LHC (HL-LHC)
project [16] aims to increase the integrated luminosity by a factor of 10 beyond the LHC’s
design value from the beginning of 2029.

2.2 The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) experiment [17] is one of two large general-purpose
detectors built at the LHC. It is 21.6 m in length, 14.6 m in diameter and weighs 14000
tonnes, covering a pseudorapidity range of |n| < 5 with a cylindrical geometry. The main
CMS subsystems, in a radial order from the interaction point, are the silicon pixel and strip
tracker, the electromagnetic and hadron calorimeters, the superconducting solenoid, and the
muon system. A brief overview of each subsystem, along with the trigger and data acquisition
system, follows in the next sections.

As shown in the vertical slice of the CMS detector in Figure 2.3, the particle tracks origi-
nating from collisions can be traced back to the interaction point. Initially, charged particles
leave hits in the tracking system. Particles that interact electromagnetically are absorbed by
the electromagnetic calorimeter, while hadrons deposit their energy in the hadronic calorime-
ter. On the other hand, muons travel through the entire detector and are measured in the
muon system. The trajectories of the charged particles are bent by the powerful magnetic
field created by the superconducting solenoid, which produces a field of 3.8 T in the in-
ner part of the detector and 2 T in the muon system. In this way, particles are accurately
identified and measured, allowing for precise reconstruction with the CMS detector.

® i
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Electromagnetic i, ol fui [
Calorfmeter N Il I
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Figure 2.3: Slice of the CMS detector [18].
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2.3 The Tracking System

The CMS inner tracking system is designed to accurately reconstruct the trajectories of
charged particles emerging from collisions. As these particles move through a powerful mag-
netic field, their paths curve. Consequently, the momentum of the particles can be inferred;
greater momentum results in less curvature. With an accuracy of 10 um, only a few posi-
tion measurements are needed for a satisfactory reconstruction. However, surrounding the
interaction point, the tracker receives intense flux of particles. This poses challenges to the
tracking system. Firstly, high granularity and fast response are necessary features of the
detector to avoid attributing trajectories to particles from different bunch crossings. Sec-
ondly, the detector components must be capable of withstanding the harsh environment of
increased radiation. Therefore, the tracker detector is made exclusively of silicon.

The CMS tracker with a length of 5.8 m and diameter of 2.5 m covers a pseudorapidity
range of || < 2.5 [19]. It consists of two subdetectors; a silicon pixel detector built around
the interaction point and a silicon microstrip detector around the pixel detector. Incoming
particles passing through the silicon detectors that excite the silicon atoms create electron-
holes pairs. By using an external electric field, these charges are collected by p-n junctions,
shaped in pixels or strips, resulting in a small pulse of electrical signal which is regarded
as "hit”. The combination of hits along the cylindrical structure of the tracking detectors
provides the information for reconstructing the trajectories of the charged particles. In this
way, precise reconstruction of the secondary vertices, namely the points where particles other
than the initial protons decayed, is feasible as well.
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Figure 2.4: Layout of the CMS tracker [19].

As shown in Figure 2.4, the tracker is composed of five components: the Pixel Detector
(PIXEL) around the collision point , the Tracker Inner Barrel and Disks (TIB/TID) con-
sisting of 4 barrels and 3 disks at each end, the Tracker Outer Barrel (TOB) consisting of 6
barrel layers surrounding the TIB/TID and the Tracker EndCaps (TEC+/TEC—) composed
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of 18 disks in total with each endcap carrying up to 7 rings of silicon micro-strip detectors.

Pixel Detector

The pixel system is the part of the tracking system closest to the beam pipe consisting of 4
barrel layers at radii of 3, 7, 11 and 16 cm from the beam line and 3 disks on each side of
the interaction region at a distance of 29, 40, and 52 cm from the interaction point [20]. The
detector contains around 124 million pixels with pixel cell size of 100x150 pum? providing
high-precision tracking points in the r — ¢ plane and the z coordinate. This is crucial for
achieving small impact parameter resolution to reconstruct secondary vertices. As previously
mentioned, due to its proximity to the interaction point, the detector operates in a region
with high track multiplicity and severe irradiation. As a result, the sensors were designed
with a n+ pixel on a n—substrate. This design increases radiation tolerance by allowing
for partially depleted operation. Additionally, to maintain high performance of the CMS
tracking system, the original pixel detector (Phase 0) was replaced in 2017 with an upgraded
system (Phase 1) during the extended LHC Shutdown.

Silicon Strip Tracker

The next parts of the tracker that particles pass through are the layers of silicon strip
detectors. With a total radius of 130 cm, these layers consist of 15200 modules, housing ap-
proximately 10 million detector strips and 72000 readout microelectronic chips. Each module
comprises three main parts: one or two silicon sensors, the structure that provides mechan-
ical support and the read-out electronics. The strip tracker operates similarly to the pixel
detector. The sensor elements in the strip tracker are single-sided silicon microstrip sensors of
the p-on-n type and the signals from the silicon sensors are amplified, shaped, and stored by
a custom integrated circuit, the APV25 [19]. The front-end readout electronics for a detector
module are housed within a multichip module called hybrid. Because the tracker and its
electronics are exposed to high levels of radiation, the system is kept at -20°C to minimize
potential damage to the silicon and to prevent it from spreading.

2.4 The Electromagnetic Calorimeter

The CMS electromagnetic calorimeter (ECAL) is a homogeneous, fine-grained lead tungstate
(PbWOy,) crystal calorimeter designed to measure the energies of electrons and photons
with high precision. The selection of PbWO, with a density of 8.28 g/cm?® was driven by
its high radiation tolerance, short radiation length of Xq = 0.89 cm, small Moliere radius
of r,, = 2.19 cm, and its fast response, with 99% of the light collected within 100 ns [21].
When high-energy particles that interact electromagnetically traverse the ECAL, a cascade
of less energetic secondary particles is produced. Specifically, photons generate this cascade
through electron-positron pair production, while charged particles do so via Bremsstrahlung.
This process continues until the secondary particles are fully absorbed. The scintillation
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light produced by the crystals, which is proportional to the energy of the initial particle,
is detected by avalanche photodiodes. In this way, the energy of photons and electrons is
accurately measured.

The ECAL, Figure 2.5, consists of 75848 crystals arranged in the central barrel section
(EB), which has pseudorapidity coverage up to |n| = 1.48. The coverage is extended up to
In| = 3.0 by the two endcaps (EE) that close the barrel. The barrel crystals measure 23
cm in length, corresponding to 26 radiation lengths, and have a front-face cross-section of
2.2 x 2.2 cm?, whereas the endcap crystals are 22 ¢cm long, corresponding to 25 radiation
lengths, with a front-face cross-section of 2.86 x 2.86 cm? [22]. The total crystal volume
is 11 m3, with a combined weight of 92 tons. The barrel calorimeter is organized into 36
supermodules, each containing 1700 crystals, while the endcaps consist of two dees each
comprising 3662 crystals. Finally, a preshower detector (ES) composed of lead absorbers
and silicon strip sensors, featuring 4,288 sensors and approximately 3 radiation lengths in
thickness, is positioned in front of the endcaps with pseudorapidity coverage 1.65 < |n| <
2.6 to assist in the separation of photons and 7° mesons.

|||\|ﬁ§%§1ﬁﬁﬁﬂ

Figure 2.5: Geometric view of the ECAL at CMS [21].

The performance of the ECAL has been tested with electron beams in a setup without
magnetic fields nor any other materials in front of the calorimeters. The energy (F) resolution
of the barrel is typically parametrized as:

o _ 288 12 0 03% (2.4)

E  VE E
where the energy E is measured in GeV [21]. The initial term is referred to as stochastic
and represents the statistical variations in the showering process and the number of photons
detected by the photomultipliers. The second term is the noise term representing the elec-
tronic noise in the readout chain. In addition, there is the last term which is constant and
not energy dependent. It can arise from various factors such as the geometry of the detector,
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the temperature gradients or the radiation damage. It stems from several factors, such as
the detector’s geometry, temperature variations, or radiation-induced damage.

2.5 The Hadronic Calorimeter

The CMS hadronic calorimeter (HCAL) is a sampling calorimeter that, together with the
ECAL, forms the CMS calorimetry system. As its name implies, the HCAL is designed to
measure the energy of charged and neutral hadrons, while also providing information for in-
direct measurements of particles that do not interact with the detectors, such as neutrinos.
The HCAL consists of alternating layers of brass absorbers and plastic scintillators and it
determines the position, energy and time of arrival of a particle in the detector. Incoming
particles passing through the HCAL interact with the brass material, creating hadronic cas-
cades. The secondary particles then interact with the alternating layers of active scintillation
material, producing rapid light pulses. These pulses are collected by special light fibers and
transmitted to photodetectors, which amplify the signal. In this way, the total amount of
light collected in a given region provides the measure of the initial particle’s energy.
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Figure 2.6: Layout of the HCAL at CMS [23].

The HCAL includes four distinct subsystems: the barrel (HB), the endcap (HE), the
outer (HO) and the forward (HF) calorimeters, as shown in Figure 2.6. The HB covers the
pseudorapidity range |n| < 1.4 and its effective thickness depends on the polar angle. It
contains 5.82 nuclear interaction lengths (the mean distance travelled by a hadron before
undergoing inelastic nuclear interaction, );) at |n| = 0 and 10.6 X\; at |n| = 1.4. To contain
the entire hadronic shower, the HO is placed outside the solenoid. At |n| = 0, where the
HB’s effective thickness is the lowest, two HO layers are placed around a 19.5 cm thick
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tail catcher iron piece. This increases the HCAL thickness in the barrel region to at least
11.8 A;. The pseudorapidity range of 1.3 < |n| < 3.0 is covered by the HE detector. To
achieve maximum coverage, a Cherenkov-based forward calorimeter, the HF, is positioned
11.15 meters from the interaction point, extending the pseudorapidity coverage to |n| = 5.2.
Due to the high particle flux, a design tolerant to high radiation was necessary. Therefore, a
Cherenkov detector was chosen. The HF is composed of steel absorbers and quartz fibers as
the active medium.

Since most particles begin to shower in the ECAL, the hadronic energy resolution is
dependent on both the ECAL and the HCAL [23]. The resolution is customarily parametrized

as
o 84.7%
= = 7.4 2.5
5= g © (25)
Because the HCAL is a sampling calorimeter, its energy resolution is generally less precise
than that of the ECAL.

2.6 The Superconducting Solenoid

The next layer of the CMS detector, surrounding the tracking system and the calorimeters,
is the superconducting solenoid. This solenoid has an inner diameter of 5.9 m and a length
of 12.9 m. This solenoid has an inner diameter of 5.9 meters and a length of 12.9 meters.
It is constructed using niobium-titanium coils, which generate a powerful magnetic field of
3.8 T and storing an energy of 2.6 GJ. The coil of the solenoid is cooled to 4.7 K using
6000 1 of liquid helium. As previously discussed, the magnet plays a crucial role in bending
the trajectories of charged particles, thereby enabling the determination of their momentum
and electric charge. Additionally, the solenoid is surrounded by yokes made from common
structural steel, weighing a total of 12500 tonnes. These yokes consist of 5 wheels and 2
endcaps and are used to reduce stray magnetic fields by returning the solenoid’s magnetic
flux. The relative ease with which these elements can be moved simplifies the assembly of the
subdetectors and provides mechanical support to the experiment’s overall structure. Beyond
the solenoid, the magnetic field strength is 2 T in the opposite direction, encompassing the
muon system. The steel yokes also function as absorbers for the four interleaved layers of
muon chambers, which allow for independent measurements of muon momentum, separate
from the inner tracking system.

2.7 The Muon System

The precise measurement of muons is vital for CMS, as implied by the experiment’s name.
Specifically, the muon system is utilized for muon identification, momentum measurement,
and triggering. Muons register hits in four stations in the muon chambers, unlike all other
particles which stop at the calorimeters. Subsequently, the hits are combined to create high-
purity muon tracks. The muon system has a pseudorapidity coverage up to |n| <2.4. The
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solenoid’s shape dictates a cylindrical design for the muon system, which includes a barrel
section and two planar endcap regions. The solenoid magnet and the flux-return yoke provide
robust momentum resolution and triggering capabilities. Additionally, the yoke acts as a
hadron absorber, enabling muon identification.

Three types of gaseous detectors are employed by CMS for effective muon identification:
Drift Tubes (DTs), Cathode Strip Chambers (CSCs), and Resistive Plate Chambers (RPCs).
The muon chambers, covering 25000 m? of detection planes, require cost-effective and reliable
components [19]. The operating principle of gaseous detectors, broadly speaking, involves
particles with sufficient energy ionizing the gas between two electrodes within the detector,
resulting in an electric signal generated by the drift of the electrons toward the electrodes.

R (cm)

1200
Z (em)

Figure 2.7: The layout of the CMS detector, highlighting the four DT stations in the barrel
(MB1-MB4 in green), the four CSC stations in the endcap (ME1-ME4 in blue) and the
RPC stations (in red) [24].

Figure 2.7 shows the CMS detector, highlighting the muon system. The DTs are filled
with a gas mixture of Ar and CO, and have gold-plated anode wire at the center. The drift
tubes consist of four stations, covering the barrel region up to |n| < 1.2. The CSCs are placed
at the endcaps, covering the |n| region from 0.9 to 2.4, where the magnetic field is strong
and not uniform. These chambers are filled with a gas mixture of Ar, CO5 and CF, and have
a fast timing response. CSCs consist of multiple anode wires and cathode strips arranged
orthogonally to each other, enabling the simultaneous triggering and precise measurement of
the momenta of muons in the endcap region as the DTs do in the barrel region. The RPCs,
the third component of the muon system, cover the |n| region up to 1.6. Designed to provide
excellent timing resolution, the RPCs consist of two parallel plates with high resistivity and
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are primarily used for triggering.

2.8 The Trigger and Data Acquisition System

At the LHC, each beam crossing at the design luminosity of 103 cm=2 s=! results in approx-

imately 50 inelastic proton-proton collisions producing a data rate of several terabytes per
second. These collision rates and the corresponding data rates exceed the current storage
capabilities. Furthermore, the majority of these events are not of interest to high-energy
physics analyses, as they are dominated by soft multi-jet scattering processes. Therefore, a
trigger system is essential to optimize the data storage rate by selecting physically significant
events and discarding the rest.

The CMS Trigger and Data Acquisition System (TriDAS) [25] inspects the the detector
information and accomplishes the event selection for archiving and later offline analysis in
two steps. The Level 1 Trigger (L1), as shown in Figure 2.8, reduces the incoming average
data rate from approximately 40 MHz to a maximum of 100 kHz by processing fast trig-
ger information coming from the calorimeters and the muon chambers while holding the
high-resolution data in pipelined memories in the front-end electronics. The second step is
the High-Level Trigger (HLT), which is designed to reduce the rate of events even further
to a final output rate of 100 Hz. The HLT accesses the full read-out data and performs
sophisticated computations comparable to those conducted by the offline analysis software.
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Filter
Systems
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Figure 2.8: Architecture of the CMS DAQ system [19].

Furthermore, apart from forwarding the accepted events, the CMS DAQ/HLT system,
it also reserves a small sample from the rejected events to monitor the performance of the
CMS detector. Additionally, another important function of the DAQ system is operating the
Detector Control System (DCS), which supervises all detector components and the experi-
ment’s general infrastructure, thereby ensuring the collection of high-quality physics data.
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Event Reconstruction at the LHC

3.1 Hard Processes

In proton-proton collisions a multitude of particles is produced, and these subatomic particles
are studied through their interactions with the detector. In this high-energy environment,
the interactions often involve a large transfer of momentum, known as hard scattering [20].
Hard processes enable the probing of distance scales much smaller than the proton’s radius,
allowing investigation at the parton level, specifically its constituents: quarks and gluons, as
shown in Figure 3.1. The cross section calculations of such events consist of a term describing
the partonic scattering with cross section ¢ and factors accounting for the incoming flux of
partons, described by the parton density functions (PDFs) f;,. A general expression for
pp — X can be written as:

olpp — X) = Z/d$1d$2 fi,p(xh,u%‘) fj,p<x27M%') @j(%@&ﬂ%:ﬂ%) (3.1)
i,J

where the summation is over the possible initial-state partons with longitudinal momentum
fractions x; and x, giving rise to the final state X at a center-of-mass energy ./X1x25.
Additionally, the cross section depends on the two energy scales up and pg, referred to as
the factorization and renormalization scales. Under the assumption of factorization, PDFs are
universal at a specific momentum scale, and their evolution at hard scales can be calculated
using perturbative QCD. This is indeed true for certain processes, and as a result, PDF's are
well understood across a broad range of momentum fractions and scales.

As expected, production of particles in a hadron-hadron collision involves parton-parton
scatterings, initial-state radiation (ISR), final-state radiation (FSR), and beam-beam rem-
nants (BBR), thus increasing the complexity of a collision event. In addition, the large parton
densities available in pp collisions often result in more than one parton-parton scattering, an
effect referred to as multiple parton interaction (MPI). The overall combination of particle
production from BBR, ISR, FSR, and MPI is called the underlying event (UE) [27]. The

UE activity cannot be uniquely separated from initial and final state radiation and therefore

23
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Figure 3.1: Schematic representation of a proton-proton collision with a hard process.

a good description of its properties is crucial for precision measurements of the SM in the
LHC.

To perform such measurements, simulations assuming a specific physical process tak-
ing place in the hard interaction of the collision are necessary. In particular, the gluons
emitted from the additional radiation split into further secondary particles, creating a par-
ton shower. The evolution of the parton shower is modeled using Monte Carlo simulations,
which account for the probabilistic nature of quantum processes involved. Once the energy
of the partons reaches the order of Aqcp ~ 200 MeV, they start to form color-neutral bound
states due to QCD confinement. At this non-perturbative regime for QCD at low energy
scales, hadronization is described using phenomenological models. After the four-vectors of
the final-state particles have been generated by the Monte Carlo generators, a detailed sim-
ulation of the detector is performed with GEANT4, which accurately models the interaction
of particles with the detector’s material and geometry. This process covers a wide range of
electromagnetic, hadronic, and optical interactions over an extensive energy range, from a
few hundred eV to the TeV scale.

3.2 The Particle Flow Algorithm

The produced particles from the collisions can be identified based on their interaction sig-
natures with the different subsystems: charged particles "hit” the tracking system, electrons
and photons deposit energy in the ECAL, charged and neutral hadrons are absorbed by
the HCAL and muons uniquely leave an imprint on the muon chambers. The information
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obtained from these electronic signals from all subdetectors needs to be combined optimally
to access the elementary hard process that occurred at the collision point. For this purpose,
CMS uses the particle flow (PF) algorithm to reconstruct events [28]. The main goal of the
PF algorithm is, firstly, to perform efficient and pure track reconstruction of the PF elements,
such as tracks and calorimeter clusters, by disentangling overlapping showers, and secondly,
to link the energy deposits of each particle efficiently across the subdetectors. In overview,
the algorithm iterates over the possible PF elements, and after reconstruction, removes them
from the PF block. The order of reconstruction is fixed: muons are identified first, followed
by isolated photons and electrons, and lastly hadrons and non-isolated photons.

3.2.1 Tracks and Vertices

Tracks are reconstructed in an iterative way in four steps: seeding, pattern recognition, final
fitting, and selection. The first step, called seeding, provides initial track candidates from hits
in the tracker, typically two or three hits and the position of the primary vertex. In the second
step, for pattern recognition, the initial seeds are extrapolated outward to search for new
hits in the outer layers of the tracker that are compatible with the original track. In the third
step, the best estimate of the track parameters is determined by fitting the final collection of
hits associated with the track using a Kalman Filter (KF) algorithm. Missing hits or outliers
that are not compatible with the fitted trajectory may be removed from the track. The final
step, the selection process, includes retaining only the track candidates that satisfy specific
quality criteria. Then, this algorithm is iterated multiple times, each time using different
seeds and quality criteria. In order to reduce the complexity of the combination process,
after each iteration, the hits associated with determined tracks are discarded in subsequent
iterations.

Once tracks are reconstructed, the primary vertex is determined, along with any other
vertices arising from pileup effects in the same LHC bunch crossing. This is achieved by
clustering the tracks that appear to originate from the same interaction vertex in each event,
based on a deterministic annealing algorithm. The spatial coordinates of the reconstructed
vertex are then specified by the adaptive vertex fitter algorithm. This algorithm determines
the best vertex parameters, discards any outlier tracks, and assigns a weight to each of the
remaining tracks based on how well the track’s kinematics align with the vertex position.

3.2.2 Muon Reconstruction and Identification

Muon reconstruction is based on combining the information from the inner tracking system
with that of the muon chambers. There are three different types of reconstructed muons:

e Standalone muons are reconstructed based only on the information provided by the
muon system

e Tracker muons correspond to the muons whose track in the tracker system, when
extrapolated outward to the muon system, is compatible with the position of at least
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one segment in the muon segment

e Global muons are obtained by simultaneously fitting the hits from the inner tracker
and muon chambers inwards with a Kalman Filter

Typically, over 99% of the muons with sufficient pr are reconstructed either as global or
tracker muons or both. In the case muon candidates in the two categories share the same inner
track, they are merged into a single candidate. On the other hand, muons with inadequate pr
(less than 10 GeV) are usually reconstructed as tracker muons, since they are less energetic
and are scattered in the iron return yoke.

The PF algorithm, after muon reconstruction, proceeds to muon identification by re-
quiring the muon candidates to pass quality identification criteria based on the global and
tracker muon properties. Firstly, global muons are considered isolated if the sum of pr of
additional inner tracks and energy deposits in the calorimeter with a distance AR < 0.3 to
the muon direction are less than 10%. In this way, charged hadrons mistakenly considered
as muons are adequately rejected. The relative isolation variable is required to be small and
is defined as:

I°" + max (I7 + 1™ — 0.5 x P, O)
Pr

where I°" is the energy of charged hadrons, I” the energy photons and I™ the energy of

neutral hadrons within a cone of fixed radius R around the muon. The charged hadron energy

includes a correction for pileup (PU) effects, denoted as I*". The last term accounts for an

estimate of the neutral pileup energy by subtracting half of the charged PU energy from the

neutral hadron energy.

However, muons inside jets, originating from semileptonic heavy-flavor decays or from
charged-hadron decays in flight, need additional criteria for proper identification. To address
the contributions from charged hadrons misidentified as muons or, conversely, unidentified
muons considered as charged hadrons, tight ID criteria are usually applied to non-isolated
muons. This ID selection requires that the muon candidate be reconstructed as both a PF
muon and a global muon, and the normalized x? of the global muon track fit must be x?/ndf
< 10. Moreover, the associated muon track must have more than ten hits in the tracker, with
at least one in the pixel detector, and should be matched with two muon segments in at least
two muon stations. Additionally, it should have a transverse impact parameter |d,,| < 2mm
and a longitudinal impact parameter |dz| < 0.5cm with respect to the primary vertex. In
total, different ID criteria might be applied, depending on the specific physics analysis in
question.

Irel -

(3.2)

Electron Reconstruction

On the other hand, electron reconstruction is based on combining information from both the
silicon tracker and the energy deposits in the ECAL. There are two complementary methods
for this purpose. The first method identifies the energy deposits by grouping neighboring
crystals with considerable energy into superclusters (SCs). The second method utilizes the
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PF algorithm, where the initiated electron tracks in the silicon detectors are extrapolated
to the ECAL and matched to the corresponding superclusters. In this way, the efficiency for
low pr and non-isolated electrons is enhanced.

The reason electrons are more challenging to reconstruct than muons is their energy
losses via bremsstrahlung; they emit photons as they pass through the tracker material
before the ECAL, resulting in alterations to the electron’s momentum and trajectory. Since
the direction of the bremsstrahlung photons generally does not coincide with the electron’s
¢ direction, the energy of the electron reaches the ECAL with a significant spread in ¢.
Therefore, a modified Kalman Filter, known as the Gaussian Sum Filter algorithm (GSF),
is applied to account for the electron energy losses due to photon emissions.

3.2.3 Jets Reconstruction

A jet is a collection of hadrons and other particles produced from the process of hadronization
of a quark or a gluon within a well-defined cone of fixed radius R. Quarks and gluons produced
from inelastic scattering, which are colored partonic states, cannot exist freely due to QCD
confinement. Therefore, they hadronize into colorless bound states, creating a shower of
secondary particles. These particles, reconstructed by the PF algorithm, are clustered by
identifying the values of the distances d;; between two candidates (i and j) and the distance
d;p assigned to each individual candidate in relation to the beam axis, as defined by the
anti-kT jet clustering algorithm [29]. Between these quantities, if dij has the smallest value,
candidate i is merged with candidate j by summing their four-momenta. Conversely, if d;g
has the smallest value, candidate i is identified as a jet and removed from the list of particles.
This procedure is iterated until all particles are clustered into jets. The distance metrics d;;
between two PF objects and d;g between the PF object and the beam axis are defined as:

| A
d;; = min (p%p%’;)?j and d;p = p%’j (3.3)

where A;; = \/ (yi —y;)° + (¢ — ¢;)%, and pry, y;, and ¢; are, respectively, the transverse
momentum, rapidity, and azimuth of particle i. In addition to the radius parameter R, there
is a parameter k that defines the type of jet-clustering algorithm. In the case of the anti-kyp
algorithm, the value is & = —1. This algorithm is preferred in most analyses because the
reconstructed jets are resilient to both the emission of soft radiation (infrared safety) and the
presence of collinear decay products (collinear safety), while also maintaining an intuitive
conical structure in the n-¢ plane.

Efficient jet reconstruction is necessary since jets carry information about the initial
parton’s energy and momentum. Depending on the stage of the hadronization process, jet
reconstruction can be divided into three stages: the parton level, which consists of the initial
parton (quark or gluon) from which the jet originated; the particle level, which includes the
particles produced from the initial parton after its hadronization; and the detector level,
which refers to the jet we observe due to the interaction of the shower particles with the
detector systems. To link the measured properties from the calorimeters with the underlying



CHAPTER 3. EVENT RECONSTRUCTION AT THE LHC 28

parton, jet energy corrections are applied to the energy deposits to account for contamination
from pileup effects and detector noise, the non-linearity of the calorimeter response in jets’ pr
and n, and for residual differences between data and simulation responses. These corrections
are used to rescale the four-momentum of the initial jets.

Jet Identification from b-quarks

Jets originating from b-quark decays are typically referred to as b-jets, and the process of
identifying them is known as b-tagging. A distinct feature of b hadrons is their relatively
long lifetime of approximately 1.5 ps, which allows them to travel a measurable distance
in the detector before decaying, often resulting in the formation of secondary vertices. This
property is a powerful tool for isolating physics processes involving b-quark production, and
several methods have been developed for b-tagging at CMS, such as the Combined Sec-
ondary Vertex (CSV) and Deepjet algorithms. The most prominent method, Deepjet [30], is
a multiclass flavor tagging algorithm that exploits low level variables and deep neural net-
work architecture for high b-tagging efficiency. The Deepjet algorithm defines three working
points: loose, medium and tight corresponding to cut values in the discriminator distribu-
tion. These cuts are set to achieve misidentification rates for light jets as b-jets of 10%, 1%,
and 0.1% respectively.

3.3 Kinematic Variables

In collisions at the LHC at 13 TeV, each proton comes in with back-to-back momenta of
E,=6.5 TeV, conventionally taken to be in the z-direction. At the TeV scale, the mass of the
protons is negligible, so the four-momentum of the protons can be written as:

P!' = (E,0,0,E,) and P! = (E,0,0,—FE,) (3.4)

In hadron-hadron collisions, the center-of-mass frame of the pp system is not the center-of-
mass frame of the colliding partons. Taking into account the fact that the partons, possessing
an unknown fraction of the proton’s momentum, are the ones participating in the collisions,
there is an a priori unknown longitudinal momentum component of the parton hard scattering
decay products. Therefore, it is preferable to choose variables for expressing quantities that
are independent of the selection of the lab or parton center-of-mass reference frame, namely
those that are invariant under Lorentz longitudinal boosts. In proton collisions, a Cartesian
coordinate system is employed in which the z axis is aligned with the beam direction, while
the x and y axes define the transverse plane orthogonal to the beam, as explained in [31].
The origin of the coordinate system is defined as the point where the beams collide. Due
to the cylindrical shape of the detectors, it is customary to use the angles of the cylindrical
coordinates (r, ¢, ), where r is the distance from the z-axis, ¢ is the azimuthal angle
measured in the xy-plane starting from the x-axis, and 6 is the polar angle measured in the
rz-plane starting from the z-axis, as shown in Figure 3.2a.
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The momentum of each particle, = (p..,py.,p), can be decomposed into the longitudinal
component along the z-axis and the transverse component pr. The transverse momentum
vector and its magnitude are given by the following relations:

p} = (px)py) 0) = (pT COos ¢a pr sin ¢) 0) (35)

pr = |pr| = \/p3+ 0D} (3.6)

where the azimuthal angle ¢ is expressed as a function of the momentum components as:

¢ = tan”' (&) (3.7)

Dy

Both the transverse momentum pr and the azimuthal angle ¢ are Lorentz invariant under
longitudinal boosts, unlike the component p.. Additionally, the polar angle # is also not

invariant:
§ = tan~! (72) (3.8)
Pz

As a result, the introduction of a Lorentz-invariant variable requires replacing 6 with the

quantity:
1 E+p,
= -] 3.9
v =g (5E) (3.9)

where F and p, are the measured energy and z-component of momentum of the particle.
The quantity y is called rapidity, and it serves as a measure of the relativistic velocity of the
particle. It has the property that under a longitudinal boost, it changes only by a constant,
so the differences Ay remain invariant.

In the case of massless particles, it becomes p, = |p] = F cos 6, so equation 3.9 takes the
form:

o an(E) - () - () - e

From this equation, the geometric quantity 7 is defined, which is called pseudorapidity:

n = —In(tan(6/2)) (3.11)

For massless particles, pseudorapidity is equal to rapidity. Figure 3.2b shows the values of n
for different angles 6.
Again for massless particles, the anglular metric can be written as a function of 7:

(dQ)? = (df)* + sin®0(d¢)* = [(dn)* + (do)?] (3.12)

cos?n

Thus, the angular distance can be defined as:

AR = /(An)? + (Ag)? (3.13)
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(a) (b)

Figure 3.2: (a) The coordinate system showing momentum components and angles in proton
collisions and (b) The relationship between pseudorapidity n and polar angle 6.

which is Lorentz-invariant under boosts. For a fixed AR, as the value of 7 increases, the
angular separation A¢ decreases. This implies that the phenomena of underlying events and
pileup tend to cause greater dilution in the forward region, namely the region with large n,
in contrast to the central region, which is approximately uniform in the n — ¢ plane.

In detectors, the quantities observed are inferred through the interaction of particles with
the detector components. However, some particles cannot be observed, such as neutrinos,
which exit the detector without interacting at all. For this reason, their momentum is calcu-
lated indirectly through the missing transverse energy, which is equal to the negative vector
sum of all the individual transverse momenta pp; of an event:

p—%miss _ Zp}l for 4 = leptons, jets (3.14)

In a similar way, the missing transverse energy, EX' is defined as the energy lost from the
event due to undetectable particles and is equal to the absolute value of the negative sum
over all detected particles:

EPs = |pp™ = > i (3.15)
Another useful quantity can be the sum of the transverse momenta of hadronic jets:
Hr = Zp}i where j = jets (3.16)
J
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In addition, an important quantity is the invariant mass, m, which is equal to the rest mass
of a particle with four-momentum p* = (E, p) and is defined as:

m = /p'p. = \E2—p|’ (3.17)

For a system of n particles, perhaps coming from the decay of an initial particle, the invariant

mass can be calculated as:
m = (Z E) — (Z@-) : (3.18)
i=1 i=1

Finally, the transverse mass, my, can be calculated using only the transverse components of
the momentum, according to the relation:

mr = \/(Bra + Era)? — (Fra + pra)®. (3.19)

where Er = y/m? + p2 is correspondingly referred to as the transverse energy. If my = m
then the momenta p; and py are purely in the transverse plane (n = 0), while if mr = 0, the
momenta p; and ps are longitudinal. In all other cases, 0 < mp < m.



Chapter 4

Analysis

In this chapter, a novel method for reconstructing top quarks using events with a single top
in the t-channel is introduced to measure the mass. For this purpose, machine learning tech-
niques, such as Boosted Decision Trees with gradient boosting, are employed to accurately
estimate the neutrino’s longitudinal momentum and the transverse momenta of b-tagged
jets, both observed in the final state of the relevant process. In addition, a kinematic fit is
applied to constrain the mass of the W boson in the W—1v decay. Finally, since the t-channel
is a sub-dominant process, the effect of this method on background processes is studied to
set the framework for the mass measurement in the next chapter.

4.1 Motivation

The mass of the top quark, my,p, is a significant free parameter of the Standard Model. As the
heaviest known particle, the top quark is related to other parameters of the SM through its
large contributions to quantum corrections, such as the mass of the Higgs boson. Therefore,
precise measurements of my,, are essential for testing the validity of the SM and potentially
probing new physics beyond it. There is a wealth of experimental results for the measurement
of myp, at the LHC, as shown in Figure 4.1, which presents a summary of ATLAS and CMS
measurements from top quark decays. For each measurement, the statistical uncertainty and
the sum of the remaining uncertainties are reported separately.

The majority of these measurements are based on the kinematic reconstruction of semilep-
tonic final states of top quark-antiquark pair production, as it constitutes the dominant pro-
duction mode. However, decay channels other than tt and different observables sensitive to
My,p, are subject to different systematic uncertainties. Consistent measurements from differ-
ent channels can lead to higher precision when combining the results and provide a better
understanding of the systematic effects. As a result, measurements on complementary event
topologies are necessary. Specifically, the t-channel in single top production can offer such
partially independent event samples for measurements, as it occurs at lower energy scales.

A recent measurement at CMS in the t-channel using single top events, based on pp
collision data corresponding to an integrated luminosity of 35.9 fb~! at 13 TeV [32], reported

32
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ATLAS+CMS Preliminary Myep SUMMary, Vs =1.96-13 TeV April 2024
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Figure 4.1: Summary of the ATLAS and CMS measurements of the top quark mass [0].

a top quark mass of:

me = 172.13 £ 0.32 (stat+prof) 19 (ext) GeV = 172.137078 GeV  (4.1)

Although this measurement, performed by reconstructing the top quark directly from its
final products, serves as a solid first approximation with reduced errors, there is still room
for improvement. Therefore, the primary goal of this analysis is to explore alternative recon-
struction techniques and propose novel methods to achieve a more accurate measurement.

4.2 Event Topology

Due to its extremely short lifetime, the top quark can only be studied through the decay
products in its final state. As a result, measuring the mass of the top quark using single
top events at the t-channel requires a good understanding of the event topology. A de-
tailed knowledge of the physical processes that share the same final states allows defining
a kinematic phase-space region enriched with signal and suppressed background. A precise
definition of the signal and background processes is provided below.

4.2.1 Signal Process

The signal process in this analysis is the t-channel production of single top quarks. The
LO Feynman diagram for the t-channel final state is shown in Figure 4.2. The t-channel
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signature includes an isolated, high-momentum charged lepton, a neutrino which leads to an
overall transverse momentum imbalance, a light-quark jet produced in the forward direction
and a jet from the hadronization of a b quark from the top quark decay. The second b jet,
arising from gluon splitting, typically escapes detection due to its softer pr spectrum and
broader pseudorapidity n distribution compared to the b jet originating from the top quark.
Consequently, the expected final state requires the identification of one electron or muon and
exactly two jets, on of which is b-tagged.

q

g

Figure 4.2: Feynman diagram of single top quark production in the t-channel final state.

4.2.2 Background Processes
Additional Single Top Quark Channels

There are two additional subdominant production modes of single top quarks: associated
production with a W boson and the s-channel. The tW-channel, shown in Figure 4.3a, has
a cross section approximately three times smaller than that of the t-channel, but it can
contribute to the background if one of the two W bosons decays hadronically and the other
leptonically. In this case, the final state becomes identical to that of the signal process.
However, since the preferred tW final state includes three jets, the requirement of exactly
two jets in the event selection significantly reduces this background. On the other hand, the
s-channel has a much smaller cross section, and its contributions are typically negligible in
analyses.

Top Quark-Antiquark Pairs

Top quark-antiquark pair production consists the primary source of background in this anal-
ysis. As the dominant mode of top quark production, tt events often resemble the signal
event topology. In particular, as shown in Figure 4.3b, one of the two top quarks produced
must decay leptonically, resulting in a final state with a charged lepton, missing transverse
momentum, two b-tagged jets and (likely) two additional jets. If one of these additional jets
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Figure 4.3: Feynman diagrams in the final states for various background processes.

escapes detection, the final state of semileptonic tt decay becomes indistinguishable from sin-
gle top t-channel production. Nevertheless, by considering the number of jets in the event,
this background is effectively reduced.

W and Z Bosons in Association with Jets

This background involves the production of a W or Z boson from a purely QCD process,
along with an arbitrary number of jets from gluon splitting, as shown in Figure 4.3c. It has a
cross section approximately an order of magnitude larger than that of single top production.
In W+jets events the W boson may decay leptonically and if one of the produced jets is
identified as a b-jet, the final state can resemble the signal. However, since these events do
not involve a top quark, the resulting kinematic characteristics differ from those of single top
events, leading to broader mass distributions in the reconstruction. In Z+jets events, there is
no missing transverse momentum because the Z boson decays into a lepton-antilepton pair.
While it is possible for one lepton to escape detection, mimicking the signal’s final state, this
process contributes negligibly to the background.
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Diboson

The diboson background involves the production of two bosons (WW, WZ, or ZZ), often
accompanied by additional jets. If one boson decays hadronically and the other leptonically,
the final state can resemble that of single top production in the t-channel. However, because
of the small cross section in comparison with the other backgrounds, diboson contributions
are typically negligible.

QCD Multijet

The event topology of QCD multijet production, as shown in Figure 4.3d, is significantly
different from that of the signal process. However, the large total cross section for QCD
interactions makes it a considerable source of background. The final state consists of many
jets originating from initial or final state radiation. Misidentification of jets can result in the
production of ”"fake” leptons which may mimic the final state of single top t-channel events.

4.3 Event Selection

4.3.1 Monte Carlo Samples

Theoretical modeling of the distributions of various variables for signal and background
processes is necessary for a comparison to the measured quantities at the detector and
for extracting parameter estimations from the data. For this purpose, Monte Carlo (MC)
generators are employed to simulate events from high-energy collisions. Table 4.1 presents
the MC samples used in this analysis, along with their corresponding generators and cross
sections. Each sample contains a number of generated events, which is subject to statistical
fluctuations. As a result, an accurate description of the kinematic distributions requires a
sufficiently large number of generated events within the relevant phase space.

4.3.2 Baseline Cuts

The events analyzed in this study are those that meet the baseline criteria applied to target
the final state of the signal process. The selected events can be categorized based on the num-
ber of jets n and the number of b-tagged jets m (nJmT). The specific event category examined
in this thesis is the 2J1T category, which contains exactly two well-reconstructed jets, with
one of them being b-tagged, retaining only events that include isolated muons in the final
state that fire the HL triggers for tight isolation (HLT _IsoMu27_v and HLT IsoTkMu24 _v).
Overall, the baseline selection cuts encompass:

e muons with pr > 35 GeV and |n| < 2.1
e light jets with py > 40 GeV and |n| < 4.7

e b-tagged jets with pr > 40 GeV and |n| < 2.4
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Process Generator o [pb]
. top t-ch PowhegV2 136.02
Single Top anti-top t-ch Powheg 80.95
Top-Antitop pair  tt K 832
0 jets Madgraph@NLO 49670
W+Jets (NLO) 1 jet K 8264
2 jets ” 2628
Hr € [70,100] GeV Madgraph 1353
Hy € [100,200] GeV ” 1346
Hy € [200,400] GeV ” 359.7
Hy € [400,600] GeV K 48.91
Wilets (LO) - ¢ {600,800} GeV ” 12.05
Hy € [800,1200] GeV ” 5.501
Hy € [1200,2500] GeV ” 1.329
Hr € [2500, +00] GeV ” 0.03216

Table 4.1: List of MC samples used in this analysis with their corresponding generators and
cross sections.

In addition, events were required to have zero non-isolated leptons and zero veto leptons.
The b-tag score of the b-jet needed to exceed the tight working point (b-tag score > 0.9535,
while the b-tag score for light jets had to be below the loose working point (b-tag score <
0.5426) to boost b-jet identification efficiency. Finally, a cut on the transverse mass of the
W boson m¥ > 50 GeV was also applied to eliminate contributions from QCD multijet
production.

The parameter of interest from the MC samples is the the expected number of events Ney,
in the selected phase space. Therefore, the number of events that pass the selection criteria,
Npass, needs to be adjusted by rescaling the integral of the distributions to match the expected
yields using the integrated luminosity, Ly, and the number of generated events, Ngey, in the
specific sample. By multiplying with the cross section of each process, the expected yields
can be calculated as follows:

, N!
Ng:cp = Z g Lint % (42)
icj gen
where Liy at 36.3 fb~! is the integrated luminosity at the time the data sample was recorded.
The index j runs over the signal and background processes, while the index i corresponds to
the different samples used for a specific process.
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4.4 Top Quark Reconstruction

The four-momentum of the top quark can be calculated from the kinematic information
available in the event. The decay products of the top quark are a b-tagged jet and a W
boson which decays further into a charged lepton and a neutrino. Nevertheless, the neutrino
interacts solely via the weak interaction and therefore cannot be observed in the detector.
The transverse momentum of the neutrino p, r can be estimated from the event’s missing
transverse energy pss, which is usually fully attributed to the neutrino. However, the lon-
gitudinal component of the neutrino momentum p, . remains completely unknown. For this
reason, the constraint that the W boson is on-shell is imposed, with its mass fixed at the
pole value of 80.4 GeV [3], to enable the derivation of an equation for determining the z-
component of the neutrino’s momentum. Assuming energy-momentum conservation at the

W — lv vertex, the constraint can be expressed as:

myy = ply = (i +p,)° =} + 02+ 20y (4.3)
and by neglecting the invariant masses of the lepton and of the neutrino:

miy = 2pip, = 2- (BB, — pip,) (4.4)

=2 (EZEV - ﬁ,Tﬁy,T — Dl pu,z)
=2 (EZEV — PiLT Pu,T COSAgb — D,z pu,z)

where A¢ is the azimuthal angle difference between the charged lepton and the neutrino. By
expressing the energy of the massless neutrino in terms of its momentum components and
by introducing the abbreviation as following:

2
m
B, =\ +0}. and A= =% & prprcosAg

a quadratic equation in p,, can be obtained by squaring 4.6 and rearranging the terms:

El \/ p12/7T + p,%,z = A + P,z DPv,z = E?(pZ,T + p?/,z) = (A + Di,z pz/,z)2 = (47)

Apl,z E'l2 pz%,T - A2 o

2
= —2—""_.p,, =0 4.8

By substituting E} — p;, to pjp, the two solutions of equation 4.8 can be written as:

+ Apl,z Agplz,z Elzng/,T — A2
V,2 - 2 + A - S (49)
Prr bir Pir

The solutions are either real or complex depending on the sign of the radicand (A):
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e If the radicand is positive, there are two real solutions for p, .. Typically, the solution
with the smaller absolute value |p, .| is preferred because it provides a better description
of the steeply falling distribution of p,, .. This choice is correct approximately 65% of
the time.

e If the radicand is negative, the solutions for p, , are complex. Although not physically
acceptable, this case occurs approximately 35% of the time and therefore the imaginary
solutions cannot be simply disregarded. The standard treatment is to modify the values
of p, v minimally to nullify the radicand, thus leading to a unique solution for p, .. This
case is explained in detail below.

The negative case

Typically, assuming the leptons are accurately measured, the negative value of the radicand
is attributed to poor reconstruction of p, , and p,, due to imperfect resolution of the miss-
ing transverse energy. As a result, the transverse momentum of the neutrino should not be
directly linked to p#'. To avoid the complications of complex solutions for p, ., the compo-
nents of p, r are modified accordingly to ensure A = 0. This requirement leads to a quadratic
relation of the two transverse components of neutrino momentum:

My + 2P1e Diy Dos L Mw LT

\/m2 +4P1 2 Do o (4.10
2pZm 2])?@ W e )

piy(pl/,x) =

miss

The measured pi'®*, however, can still be considered a reasonably good estimate. Conse-
quently, the modified values p,, and p,, should be as close as possible to the respective

miss miss

measured values pp3® and pp®. For this reason, quantity ¢ is defined:

5 = 0 - )+ o -, (4.11)

In practice, since p,, can be expressed as a function of p, ., one iteratively scans over a range
of p,, values that keep the radicand equal to zero, searching for the value that minimizes
the quantity J. As there are two possible solutions pljjy, that satisfy this condition, two
corresponding distance functions 6 are minimized. The solution with the smaller absolute
value of ¢ is preferred, as it results in the smallest deviation from the measured ps. The
effects of this treatment are clearly illustrated in Figure 4.4. A comparison between the
distributions obtained directly from p** and those after modification shows the latter better
describes the generated neutrino momentum distributions. The tendency to retrieve smaller
values for p, . and p,,, after the modification suggests that only a portion of p is attributed
to the neutrino’s transverse momentum.

Thus, by construction, the longitudinal component p, , becomes equal to Ap; ./ pZT from
equation 4.9, thereby fully defining the complete neutrino momentum that satisfies this
equation. With all the essential elements in place, namely the four-vectors of the b-tagged
jet, the charged lepton, and the neutrino, the four-vector of the top quark, and hence its mass,
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can be determined. This analytic method of reconstructing the top quark will be referred to
as "Traditional” throughout this thesis and will serve as a baseline for comparison with the
new method introduced next.
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Figure 4.4: Comparison of the transverse momentum components of the neutrino, (a) p, .
and (b) p,,, between generated and reconstructed values, for the case of a negative radicand.

4.5 Regressed Kinematic Fit Method

While standard analytical techniques provide reasonable estimates, they introduce inconsis-
tencies due to the fixed constraint imposed on the W boson mass. Consequently, there is
potential for further refinement and improvement. In this analysis, a novel method, referred
to as Regressed Kinematic Fit (KinFitReg), is proposed to enhance the reconstruction of
the top quark. The method involves two steps: first, a regression is used to predict the lon-
gitudinal component of the neutrino momentum, followed by a chi-square minimization to
estimate all components of the neutrino momentum.

4.5.1 Neutrino Longitudinal Momentum Regression

The longitudinal component of the neutrino momentum p, , is initially estimated using a
Boosted Decision Tree (BDT) for regression. The input variables for the BDT include the
kinematic properties of the b-jet, the light jet, the lepton, and their combinations. These
variables are selected based on their high correlation with the target value, which is the true
Py generated from simulations. A list of the 22 variables is provided in Table 4.2. The large
number of variables does not affect the performance of the regression, as decision trees are
insensitive to the inclusion of input variables with low discriminative power.

The regression is implemented through the TMVA package [33] with gradient boosting,

combining in total 100 decision trees with a depth of 4 layers into a forest. The shrinkage
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Variable Description
piniss Missing transverse energy (MET)
A¢(lep,met) Azimuthal angle difference between lepton and MET
M, My, N7 Pseudorapidity of the lepton, b-tagged and light jet
P, pjT/ Transverse momentum of the lepton and light jet
ARy Angular separation in (1,¢) space between lepton and light jet
Anj, Ay, Ay, Pseudorapidity difference between lepton,b-tagged and light jet
my;, M, My,  Invariant mass of systems comprising the lepton, b-tagged and light jet
P2, pl%, p%? Scalar sum of the pr of the system of lepton, b-tagged and light jet
Ew, Eij, Ey Ratios of lepton, b-tagged and light jet energies
E; Energy of the lepton
mjs Mass of the light jet

Table 4.2: List of BDT input variables

parameter was set to 0.1. The outcome of the regression is illustrated in Figure 4.5a by
comparing the two approaches, the traditional and the regression. It is evident that the
BDT can provide an estimate for p,, describing more accurately the generated distribution.
The effectiveness of the BDT regression is also indicated in Figure 4.5b , which shows a
positive correlation between the true and the regressed p, , .
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Figure 4.5: (a) Comparison of traditional and regression approaches for estimating the lon-
gitudinal neutrino momentum and (b) correlation between true and regressed neutrino p, .
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4.5.2 Chi-Square Minimization

The next step is to estimate all components of the neutrino momentum simultaneously
through kinematic fitting. The separate estimates for the transverse momentum are already
obtained from p# measurements, and the longitudinal momentum is estimated from the
regression. These are then provided as inputs for the minimization of a chi-square, which

applies the W boson mass constraint as follows:

2
~(v) =(v) =(v mgeco_mgue ? ﬁi”)_pl(l’)
(Y, 50, ) = (T) + > <— (4.12)

. g;
ie{z,y,z}

The o values essentially indicate the allowable deviation from the measured values. The value
of I'y, is 1.99 GeV, determined by fitting a Breit-Wigner distribution to the W boson at parton
level, while the parameters o, = 22.38, 0, = 22.48 and 0, = 72.62 (GeV) were obtained
by fitting a Gaussian distribution to the differences between the true and reconstructed
momentum components, pi™® — pi* as shown in blue in Figure 4.6 for each momentum
component. By penalizing significant discrepancies, this approach reduces the differences,
leading to more consistent predictions for each momentum component after the chi-square

minimization.
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Figure 4.6: (a)-(c) Comparison of the differences between the generated and reconstructed
values of each component of the neutrino momentum, before and after the minimization of
the chi-square.

The improvement in neutrino reconstruction impacts the mass distribution of the top
quark. In Figure 4.7, this effect is visible by comparing different methods. Overall, the kine-
matic fit combined with the regression substantially improves resolution, resulting in a higher
peak while reducing the high tails caused by improper top quark reconstruction, although a
remaining bias towards lower my,, values is still evident, as indicated by the vertical dashed
line. The superiority of KinFitReg lies in the fact that the solution for the neutrino momen-
tum is not imposed but inferred from initial estimates, thus providing a more natural shape
for the W boson mass compared to existing standard techniques.
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Figure 4.7: Top quark mass distributions using the Traditional method and KinFitReg.

4.5.3 B-jet Energy Scale Regression

The top quark decay results in a W boson and a b quark, with each receiving roughly half
of the top quark’s initial energy. In this way, the showering and hadronization initiated by
the b quark typically consist of the most energetic product in an event, thereby contributing
significantly to the top quark mass distribution. Generally, jet-energy calibration in CMS is
done on average in terms of pr, without taking into account the difference of flavour [34].
For instance, jets with high charged-hadron fraction are expected to have a higher response
than those with low charged-hadron fraction. In addition, a significant fraction of b-tagged
jets lose energy to neutrinos from B meson leptonic decays, and since the corrections target
only the visible energy, this leads to energy loss and a lower response. B-tagged jets are
sytematically under-calibrated up to 10%.

To account for the missing energy, a separate regression is employed similar to the one for
the neutrino but this time targeted to the b-jet pr at parton level. This regression analyzes
the energy distribution of particles within the b-tagged jets to improve the estimation for the
transverse momentum of the original b quark. The regression is implemented again through
the TMVA package and the method is BDT with gradient boosting, combining in total 100
decision trees with a depth of 3 layers into a forest and shrinkage parameter equal to 0.1. The
training process was conducted using a sample of single top events, where the reconstructed
b-tagged jet is matched to the generated b-jet using a A R(reco,gen)<0.4 criterion. The input
variables for the regression are listed at Table 4.3 below.

The outcome of the regression is visualised in Figure 4.8a, which shows a linear corre-
lation between the regressed transverse momentum of the b-tagged jet and the generated
momentum at the parton level. Moreover, Figure 4.8b illustrates the response of the re-
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Variable Description
P Missing transverse momentum of the b-jet
M Pseudorapidity of the b-jet
O Azimuthal angle of the b-jet
my, Invariant mass of the b-jet
b-tag B-tagging score of the b-jet
. Charged hadron pr fraction
b Neutral hadron py fraction
;l;h Photon pr fraction

b
mu
b
e

Muon pr fraction
Electron pr fraction

Table 4.3: List of BDT input variables
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Figure 4.8: (a) Correlation between the generated and regressed b-jet pr and (b) the response
of the reconstructed pr before and after the regression.

constructed py before and after the regression. After the regression, the response forms a
Gaussian distribution with a mean of 1 and standard deviation of 0.12, thus successfully
regaining the missing energy from the initial under-calibration.

The corrected values of the b-jet pr have an impact on the final top quark mass dis-
tribution. In Figure 4.9, the mass distributions of the top quark are compared using the
method KinFitReg, with and without the regression applied to the b-tagged jet, in nJmT
and 2J1T event categories. While preserving the improved resolution, the regression aids in
recovering any existing residual biases in distributions, thus enhancing the overall accuracy
of the reconstruction in both cases.
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Figure 4.9: The mass distributions of the top quark using the Traditional method and the
KinFitReg method, with and without applying regression to the b-jet pr in (a) nJmT and
(b) 2J1T event categories.

4.6 Background Suppression

The single top t-channel process is a subdominant mechanism for top quark production.
To enhance signal and background separation, BDTs are employed as multivariate analysis
(MVA) discriminators for classification. Since single top antiquarks can also be produced in
collisions, they are included as part of the signal as well. For the background processes, only
top quark pair tt production and W+jets events are considered. Other background processes,
such as single top tW and s-channels, Z+jets, dibosons, and QCD multijets, are effectively
suppressed by the baseline selection criteria and are thus safely neglected. However, these
assumptions should be reevaluated if discrepancies arise between data and Monte Carlo
predictions.

The classification was implemented with gradient boosting, combining a total of 400 trees
into a forest and shrinkage parameter equal to 0.2. For the W+jets process, leading-order
MC samples were used for BDT training to avoid the use of negative event weights in the
training process. However, the modeling of this background in the analysis is based on NLO
samples because of their considerable contributions. To account for the difference in cross
sections between the LO and NLO samples, a scale factor of k=1.78 was applied, as explained
in detail in Appendix A. A list with the selected input variables for the BDT is presented in
Table 4.4. These variables offer strong discrimination power for different processes. Two key
variables unique to the single top t-channel are:

1. The absolute pseudorapidity of the light jet (|n;|). The spectator quark originating from
one of the interacting protons has its direction subtly altered during the scattering pro-
cess. This leads to very forward jets with large pseudorapidity, which is characteristic
of single top t-channel events.
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2. The cosine of the angle between the light jet and the lepton in the top quark rest
frame (cos 0*). This variable takes advantage of the fact that in single top production,
top quarks are highly polarized due to the weak interaction involved. This polarization
translates into specific spin configurations in the final state particles, affecting their
angular distributions. In contrast, this effect is absent in top quark-antiquark pair
production, which is primarily driven by QCD.

Variable Description
dRy; Angular separation between the b-jet and the light jet
mi Transverse mass of the W boson
;] Absolute pseudorapidity of the light jet
|| Absolute pseudorapidity of the lepton
M Invariant mass of the b-jet and the light jet
| Anp| Absolute pseudorapidity difference between the lepton and the b-jet
péf’ Scalar sum of the transverse momenta of the b-jet and the light jet

cosf*  Cosine of the angle between the light jet and the lepton in the top quark RF

Table 4.4: List of BDT input variables

An important consideration when selecting variables is their correlation with the top
quark mass. High correlations can shape the mass distribution after applying the BDT cut
in the reconstructed mass. This is not desired, since the goal is to discriminate signal from
background, which becomes challenging if the mass distributions are too similar. Therefore,
it is crucial to select an orthogonal set of variables to avoid this issue. As a result, top mass
ingredients, such as the pr of the b-jet, which greatly influences the mass reconstruction,
will be dismissed.

The discriminator assigns a BDT score on a event-by-event basis to classify signal and
background events. The BDT response is illustrated in Figure 4.10a as a stacked histogram,
where the number of expected events is normalized according to the cross-section of each
process. Signal events receive higher BDT scores compared to background events. By apply-
ing a threshold on the BDT score, the classifier is able to separate the signal (shown in red,
on the right) from the background (shown in green and yellow, on the left). The selection
of the exact value of the BDT cut will be based on its impact on the error in the fitting
procedure used to measure the mass of the top quark in the subsequent chapter.

In Figure 4.10b, the top mass distribution is shown before applying the BDT cut. As
expected, the tt process is the dominant source of background and forms a peak in the
region of interest, as this process includes the production of a top quark and is reducible to
a single top. In contrast, the W+jets background exhibits a broad distribution since no top
quark is involved. After applying the BDT threshold, Figure 4.10c shows that the background
processes are effectively suppressed while preserving their shape. In this case, the larger tails
dominated by background will be useful for the measurement, as they help anchor the fit and
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accurately define the background. Overall, the application of the BDT significantly enhances
the signal purity.
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Figure 4.10: (a) The response of the BDT as a stacked histogram and top mass distributions
(b) before and (c) after the BDT cut.



Chapter 5

Top Quark Mass Measurement

5.1 Toy Monte Carlo Study

The estimation of the contributions that different processes have in an observed dataset D is
achieved by exploiting the shape differences in the mass distributions. These distributions,
referred to as templates, are obtained from the MC simulations. The number of expected
events of each template are interpreted as model parameters and are adjusted to optimize
the agreement between the data and the sum of the templates. Denoting the reconstructed
top quark mass as x, the fit model is given by:

D(z) = NStFSt($;mE£'“I‘)e) + thth(x;mEZ;e) + NyiFyi(x) (5.1)

where Iy, Fi and Fy,; represent the probability density functions for the mass distribution of
the corresponding process. Since the associated production of a W boson with jets does not
involve a top quark, Fy; does not depend on the assumed true top mass in the simulation.

To validate the fit model and ensure it produces meaningful results, a large number of
pseudo-data sets were generated from the model, and, then, a ML fit was performed on each
toy dataset to evaluate the stability of the parameter estimates. Specifically, by allowing
nuisance parameters to vary from 0.2 to 2 times their initial values and following a Poisson
distribution, 1000 toys were generated. Since the pseudodata sample is large, the data are
binned to increase computational efficiency when calculating the likelihood function in the
fitting process, commonly referred to as (Extended) Binned Maximum Likelihood. The fit
range is chosen to include both the mass-peak region and the sidebands, allowing both signal
and background contributions to be well determined. Additionally, the bin size is chosen at 10
Gev so that no relevant information regarding the signal is lost; it is large enough to minimize
statistical fluctuations without obscuring the discrimination of the different processes.

The most prominent tool to evaluate the performance of the toys is the analysis of pull
distribution, namely the difference between the estimated parameters and their initial values
divided by the estimated uncertainty, as shown in Figure 5.1. For estimators with Gaussian
uncertainties, the distributions of the pulls are Gaussian distributions themselves, centered
at zero with a standard deviation of one. In this way, it is confirmed that no significant biases

48
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Figure 5.1: Pull distributions of the estimated parameters for 1000 simulated toy experiments.

are introduced and the initial parameters are retrieved successfully. A visual inspection of
the estimated distribution of the top quark mass alongside the pseudodata points generated
for a specific toy, as illustrated in Figure 5.2, can support this conclusion. As expected, the
values of the estimated parameters are equal to the initial parameters within uncertainties
demonstrating the desired behavior of the toy model.
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Figure 5.2: Estimated top quark mass distribution with pseudodata for a specific toy.

To account for the dependence of the simulated samples on the mass of the top quark,
which is the observable being measured, multiple samples were used, each assuming a dif-
ferent top mass. In particular, the generated masses for the five additional samples were
my,, = {166.5, 169.5, 171.5, 173.5, 178.5} GeV. By repeating the procedure of generating
1000 pseudodatasets for each sample, the same ML fitting is performed on each toy, and the
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pull distributions of the fitted parameters and their errors are obtained to evaluate possible
biases.
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Figure 5.3: Linearity check: (a) The ratio of the fitted parameter Ny to the initial value for
different top-mass samples, and (b) the fitted N; as a function of the initial values.
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Figure 5.4: Mean of (a) the pull and (b) standard deviation of the fitted parameter Ny; as a
function of my,,, for different top-mass scenarios.

For the linearity check, Figure 5.3a shows the ratio of the average fitted parameter N
to the initial value for each mass sample, with results close to unity with precision at the
thousandth decimal place. Furthermore, in Figure 5.3b, the expectation values of the fitted
parameter N are also plotted as a function of the initial parameters, using the standard
deviation of the averages as the uncertainty. It is evident that the estimators are unbiased,
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since they exhibit a linear trend, with a slope of one and no offset from zero. Additionally,
Figure 5.4 shows the average pull distribution on the left with its standard deviation on the
right for the Ny; parameter. Once again, the average pull is close to zero within errors and
the standard deviation is close to one. Overall, this extensive study ensures the robustness
of the fit model and the reliability of the top mass estimation across different top mass
scenarios.

5.2 Top Quark Mass Extraction

With a set of six fit models available covering a mass range of 12 GeV, it is feasible to
estimate the mass of the top quark by performing a likelihood scan. Specifically, a given
dataset can be fitted to each model, and then a search through the calculated likelihoods
can be conducted to identify the model with the minimum value. Afterward, a third-order
polynomial is fitted to the likelihood distribution, and, next, a parabolic approximation is
made around this minimum. The estimated mass value corresponds to the minimum of the
parabola, while the statistical error is determined by the width of the parabola. It is worth
noting that the mass samples cover a wide range to achieve a parabolic shape and hence
achieve sub-GeV measurement accuracy. Typically, more mass samples would be needed;
however, in their absence, the mass templates are interpolated with a step of 0.25 GeV by
assuming a linear relation between two neighboring samples to cover the area around the
minimum.
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Figure 5.5: Toy experiment of measuring the mass of the top quark.

As a closure test, a sample with an assumed mass of 172.5 GeV is used to generate a
pseudodata set. In this toy experiment, the same algorithm used to extract the mass from



CHAPTER 5. TOP QUARK MASS MEASUREMENT 52

real data is employed to verify that the model most compatible with the pseudodata is indeed
the one used to generate it. The result is presented above in Figure 5.5, where the metric
used is the negative log-likelihood multiplied by two, with the smallest value set to zero for
reference. The value of the minimum is found at 174.49 GeV, and the width of the parabola,
which is determined in this case by going one unit above the minimum, is by construction
symmetrical and found to be £0.16 GeV. This toy experiment favors the desired mass sample
and accurately estimates the value within the statistical uncertainties, thus confirming the
validity of this methodology for extracting the mass.

5.3 BDT Cut Selection

As mentioned in the previous chapter, the BDT classifier separates signal from background
by applying a specific cut to the assigned BDT score on an event-by-event basis. In this
analysis, the exact selection of the cut is based on its impact on the error in the measurement
procedure. In other words, the BDT cut that yields the narrowest parabolic shape of the
likelihood distribution, and thus the smallest width, is chosen. To avoid personal biases,
a blind analysis method is applied, meaning the BDT threshold is determined in advance,
before being applied to the data.

The optimization process involves generating 1000 toy datasets using the fit model of
the nominal mass sample at 172.5 GeV for a specific BDT cut, followed by performing a
likelihood scan to calculate the width of the parabola o,. This procedure is then repeated
for a range of different BDT cuts, and the one yielding the smallest average o, is selected.
As Figure 5.6a suggests, the BDT cut should be set to 0.1 to maximize accuracy, with an
average <o,>=0.113. In any case, as shown in Figure 5.6b, the generated mass is, on average,
accurately retrieved regardless of the BDT cut selection.
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Figure 5.6: (a) The average mass measurement error and (b) the ratio of the measured mass
to the generated my,, for 1000 toys across various BDT cuts.
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5.4 Results

In this analysis, the CMS Run 2 dataset from 2016, recorded at a center-of-mass energy of
13 TeV, is used. The dataset corresponds to an integrated luminosity of 36.3 fb~1, with a
2.5% uncertainty. The developed algorithm has been tested and shown to function correctly
with MC samples in extracting the mass of the top quark. The next step is its application
to real data.

The measured value of top quark mass, my., using events from the t-channel single top
quark process, inclusive of the lepton charge in the final state, is:

miat = 171.25 £ 0.24 (stat+prof) GeV (5.2)

The result is consistent with previous measurements by the ATLAS and CMS within given
uncertainties. No systematic uncertainties were studied in this analysis. It is noteworthy, nev-
ertheless, that the statistical uncertainties, when compared to the CMS measurement using
the same data sample presented in 4.1, are reduced by 25%. This is a significant advance-
ment toward the initial goal, which is minimizing uncertainties. Improving the resolution
in the reconstructed mass distribution through the KinFitReg method introduced in this
analysis results in reduced statistical errors, which will unambiguously lead to a decrease in
systematic uncertainties as well. Consequently, this method is very promising for achieving
a more accurate measurement of the top quark mass.
Fit Model: m}'® = 171.25 GeV
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Figure 5.7: (a) Estimation of the top quark mass through a likelihood scan. The parabolic
approximation indicates a minimum at 171.25 GeV, with a symmetric uncertainty of +0.24
GeV. (b) Fitting the data to the model with an assumed top quark mass of 171.25 GeV.

A visual inspection of the fitted data to the model with an assumed top quark mass
of 171.25 GeV is provided in Figure 5.7b, along with the various subprocesses. Despite the
accurate description of the data by the fit model in the region of the peak, it can be observed
that in the lower mass region, the pull distributions are higher, reaching up to 3o. Specifically,



CHAPTER 5. TOP QUARK MASS MEASUREMENT 54

the total number of expected events is considerably smaller than the number observed in the
data. This suggests that at lower energies, processes such as the QCD background, which
were ignored in the Toy Monte Carlo studies, may be present. Significant contributions from
these neglected backgrounds could also explain the apparent increase in the tt background,
as the fitting procedure mistakenly attributes the excess events to top quark-antiquark pair
production.

This is rigorously demonstrated in the Table 5.1 showing the initial values of the free pa-
rameters along with their post-fit values, their errors, and the respective pull values. Remark-
ably, significant discrepancies are observed by the pull values of 4.06 for the tt background
and -2.35 for the single top process. Consequently, further investigation into the remaining
backgrounds should be conducted to determine their impact on the final result.

Initial Fitted FError Pull

Ng 7342 6522 350 -2.35
N 3978 6142 533  4.06
Ny 2884 2981 270 0.36

Table 5.1: Pre-fit and post-fit values of the free parameters, their errors and pull values.

Pre-Fit and Post-Fit Comparison

In what follows, several key kinematic variables are presented pre-fit and post-fit for com-
parison, as shown in Figures 5.8, 5.9 and 5.10. Since no sample is available at the measured
mass value, the nominal sample with an assumed top quark mass of 171.5 GeV is used to
compare the data with Monte Carlo predictions. The ratio of MC to data at lower energies
is consistently below unity, strongly suggesting the presence of a low pr background not
accounted for in the analysis. Nevertheless, it is evident that the post-fit MC expectations
agree with the observed distributions from the data.
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Figure 5.8: Distributions of my,, (upper row), b-jet py (middle row) and missing py (lower
row) compared to data before and after the fit.
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5.5 Conclusions and Outlook

The top quark mass was successfully measured using events with a single reconstructed top
quark, and the precision of the measurement was improved by introducing the KinFitReg
method, as opposed to traditional approaches. However, in the context of a master’s thesis,
several limitations were imposed, meaning this analysis is not yet a complete measurement.
Notably, the next steps that would contribute to a more rigorous study include:

e Analyzing electron decay channels as well, since only muons were studied. In particular,
the combination of data from both electron and muon decay channels will lead to a
more accurate estimate of the mass.

e Considering additional background sources, such as single top tW and s-channels,
QCD, Z+Jets, and VV backgrounds. As previously mentioned, the most prominent
background, QCD multijet production, requires a dedicated data-driven treatment to
account for the large discrepancies in the fitted parameters.

e Using more mass samples. The interpolation approach followed in this analysis was
based on the assumption of a linear relation of the mass distributions, which can be a
source of uncertainty.

e Adjusting BDTs (input variables and hyperparameters) for optimal response. Although
adequate outputs were obtained from the regressions and classification processes, the
overall performance can be characterized as sub-optimal. In-depth optimization was
not attempted due to time restrictions.

e Estimating the systematic uncertainties (experimental and modeling).

In spite of the aforementioned limitations the results obtained in this analysis align well
with previous results. The apparent reduction in statistical uncertainties, attributed to the
improved resolution of top mass distributions, strongly suggests that an overall accurate
measurement, with systematic errors also reduced, is feasible. Therefore, this method is
highly promising for measuring the top quark mass with unprecedented precision.



Appendix A
W4JETS; Comparing LO/NLO

To account for the W+Jets background, NLO order contributions should be considered.
However, due to limited statistics, the training of the BDT for signal and background clas-
sification was performed using LO, based on the assumption that the kinematic differences
between LO and NLO distributions are negligible. This assumption is justified by observing
the differences of the input variable distributions presented in the plots below. In this way,
the need for TMVA to handle the negative weights present in NLO samples is also removed.

This hybrid method, which involves training on LO samples and applying the results to
NLO samples, suffers from the reduced cross section in LO. To account for this, a scale factor
of k = 1.78 is applied during training. This factor was obtained by dividing the integral of
the NLO distributions by that of the LO distributions.
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Figure A.1: Comparison of the LO and NLO distributions for the input variables.
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