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Arnoayopedeton 1 avTiypapr, amovhxeuon xou Swovouy| Tng moapoloog epyactiog, €€ oAoxApou
1) TWAUATOS QUTAG, Yia EUToEX6 oxomd. Emrtpénetan 1 avatinwor, anodrixeuon xal dloavour
Yot OXOTO U1 XEEOOOKOTUNOG, EXTUDEUTIXAC 1) EQELVITIXAC PUONE, LUTO TNV TpolnodeoT va
AVOPERETOL 1) TNYT) TEOEAEUOTC o VoL BlaTneeitan To mopdy urvupa. EpwtAuata tou apopodv
TN XeMoT TNS EPYUCLAS VLo XEPOOOKOTIXO OXOTO TEETEL VoL ameVHiVOVTAL TEOC TOV GUYYRPEX.
Ou amdeic xan Tor CUUTERPACUATA TOU TEQLEYOVTOL OE AUTO TO €YYEUPO eXPEAlOUV TOV GLY-
Yeapéa xon dev mEETEL Vo eppunvevdel 6Tl avTtimpoownedouy Ti¢ enlonueg Véoeig Tou Edvixol
Metod6fiou Hohuteyvelou.



Abstract

The investigation of the decay properties of the Higgs boson is an important part of
the LHC physics programme. An accurate determination of the decay branching ratios
to the hadronic states bb, c¢, gg is necessary for studying the Higgs couplings and thus
clarifying the understanding of the particle mass generation mechanism and validating
the predictions of the Standard Model. At the same time, possible deviations from these
values could indicate the existence of new physics. Identifying hadronic states is based
on flavour tagging jets and as current methods are able to mostly identify well b-jets, the
branching ratio of the Higgs boson to charm quarks has not been measured.

This work studies the feasibility of doing an inclusive measurement of the Higgs
hadronic branching ratios. The attempt at determining all three of them simultaneously
is based on di-jet discriminants created using the response of a flavour tagging algorithm.
For this to be possible, it’s necessary to first extract the contribution from background
processes attributed to the strong interaction. Thus, the flavour composition of the back-
ground is studied and a methodology for estimating it in the signal region is developed.
This thesis shows that with the present flavour tagging accuracy, the branching ratios can-
not be determined. Therefore, modifications to the output of the flavour tagging algorithm
are examined. The study demonstrates the required level of efficiency and mistagging rate
of flavour tagging for enabling the analysis with the goal to motivate further enhancements
in the discrimination between b-, c- and light-flavour jets.

Keywords: Higgs boson, Flavour tagging, Hadronic decays, Branching ratios, Inclusive
measurement, QCD background, MV2c10 algorithm






ITepiindn

H Siepetivion tov wbiothtev didonaong tou unoloviou Higgs amotelel onuovtind xoppdtt
Tou mpoypduuatog guoixiic Tou LHC. Evoc axp31c mpocdlopionds v Aoywmy Slaxhddwong
oTic adpovinéc xatauctdoelc bb, cc, gg etvon amapaitnToc Yiot TNV UeAéTn Twv otadepdv oOleu-
&nc tou medlouv Higgs xan tnv Bleuxpivion Tou unyavionol anoxtnong Yaloc Twy cwUaTLolwy
oAAG xan yia Ty emBefaiwon twv Teofrédewy tou Kabdiepwuévou Ipotimou. Toautdypova,
mdavég anoxhioelg and auvtég Tig Tuég Yo umopoloay Vo UTodEXXVOOLY TNV UTtapdn Véag Qu-
owfc. H avoryvoeion tov adpovixwy xatactdocny Bociletoa oto flavour tagging xou xodog
oL Tpéyouceg YEY0BO0L UmopolY VoL vy Vip{couy xahd xupiwe Ta b-jets, o Adyog BlaxAddmong
o€ ¢ xoudpx dev €yel uetenUel.

H epyaoia autr ueAetd tn duvatodtnTo eniteudng plag GUVOAXNG HETENONG TWYV OBEOVIXGDY
AOYwV Blaxhddwone. H amdnepa yior tov tautdypovo mpocdlopiond toug Pactleton oc di-jet
discriminants oynuatiopévwy and v andxplon evog ahyoplduou flavour tagging. I va
elvon e@ixto autéd Vo meénel mpta va eCoydel 1 cuvelsopd Swadixaciwy background mou o-
pelhovTon xuplwg otV IoyLer aAANAETdpaoT. Yuvenwe yehetdrar 1 obvdeon tou background
xan avomtOooeTan Piot u€odog yiol TNV EXTIUNOT TNS CUVEIGPORAS TOU OTNV TERLOYY| TOU CTiUd-
toc. H Simhwpatixn epyaoio delyver 6TL pe tnv teéyouca axpifeia tou flavour tagging, ot
AoyOoL SLaxAddwang 8 Unopolv Vo Teocdloplo ToUY. 211 GUVEYELX, EEETAlOVToL TPOTOTOINCELS
ony andxplon Tou akyopituou flavour tagging wote vo mpocdlopiotel To amoapaltnTo eninedo
am6doomng Yo vor efvan ety plar TETo avdALGT). Xx0omog elvor var xvnTomolniody TEQUTERL
BehTidoE oTNY BLdxpLom HETOED TwV jets BlapopeTIX®Y YEUCEWY.

AgZeic xAewdid: Mnolovio Higgs, Flavour tagging, Adpovixéc Swondoelg, Adyol Suo-
xhddwong, QCD background, Alydprduoc MV2c10
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Extetauevn eAAnvixr, neplindn

H napotoa Simhwuatind epyacia e€TdoeL To xaTd TOGO elvor EPLXTO Var YIVEL Uiol GUVOALXT
UETENOT OAWY TWV AOY®V SLoxhddwone Tewv dlordoewy tou uroloviou Higgs oe adpovixég
xataotdoeic. H mpotewvouevn uédodog yenowonotel to anotéieoua evog ahyoptiuou flavour
tagging yowpic vo UETEL XATOLO XATOPAL OTNV TWT TOU EX TWV TEOTEQMY. MUVETKOS AoBAVEL
umody Oheg Tic iavég YeUoe Twy jets. X1n cuvéyela ypnowonotet di-jet discriminants yio
va peteniel n ouufolr xdde tpdTou Bidoraong divoviag €tol uio extiunon yia Toug Adyoug
dtaxAddwong. H duoxohio tng pedddou yxeirtoan oto peydho background nou ogelietar otnv
Topousta (ELYOV XOUBEX-AVTIXOUGEX GTOV AVLYVEUTYH X0t TapdyovTon amd Olodixaciec mou
eumAéxouy TV toyuet| S0voun (QCD background) xou eivor dUox0ho Vo Bl weloTovY amd Tic
dlaomdoelg Tou Higgs. I't autd 1o Adyo mpénet va povieromoindoly Eeywelotd.

OewpenTixo unoBadeo

H otadepd o0leuing tou nedlou Higgs ye éva gepuidvio divetan and tnv Ellowon 2.72 7
omola Setyver 611 1 Woyc g ouleuing etvon avdhoyn tng waloc. Auth ebvan pio onuavtix
TedPredm tou Kaepwuévou Ilpotinou (K.II) mou ebvon yprowo vo entodndeutel neipopatind.
Tuyoloeg anoxiioe and Ti¢ TEoPBAendpevee TWES TV otadepnv ouleuing Va urnopolooy
vor Yewpniolv evdetlelc yioo v otheiln Yewpldv extég tou KUII 6meg umepouUpeTeinmy
uovtéhwy. Mio melpapotiny pétenon umopel vo yivel eupécws PETPWVTAS TOUG AGYOoug Bla-
xhddwong oL omolot opllovtar clugwva pe Ty E&lowon 3.2 omou I'; elvon o pududg Sidonaong
xot Diorar T0 0UVOAIXG TAGTOC Sudonaong. O pudude dSidonoaong expedler Ty mdovdTnTor ove
Hovdda yedvou 6Tt éva cwuatidlo Yo dlaonactel Ye éva ouyxexpyévo teono. To cuvoixd
Thdtog Bidomaong opiletar wg o ddpoloua Twv pUIUGY BldoTaong Yo Ghoug Toug Tavoig
TEOTOUC BldoTaoNS Xou Efval AvVTICTEOPWS avdAoYoc Ue TnV didpxeta Lwhg evog cwuatidiou.
Yuyxexpwéva yio to urolovio Higgs, n didomaor oe éva (edyog @epuloviou-avTipepuloviou
EYEL UEPXO TATOC oL diveTon amd v E&icwon 3.3, oyetileton dnhadn dueco ye tnv pdla
Tou QepUtoviou. AUTO OUCLIGTIXG OVTOVOXAS TTOGO 1oYUEE AAANAETOEA TO PEQULOVIO UE TO
nedlo Higgs. Ou Aoyor dnhddwong divovtar otov Ilivaxa 3.1, Ou Swaomdoeic o adpovixég
AATAC TACELS OVOPEQOVTOL OTIC TMEQLTTWOELS OTou To unolévio Higgs Swoondton o b-xoudpx,
c-xoudipx xou Yxhouovia. To umolovio Z €yel eniong adpovixéc SLaoTdoelg dpat 1) WEYodog uTo-
AOYLOPOU TV AOYWV BLOXAGOWONG UTOREL VoL EQUEROGTEL X0 OTNV TERITTWOT TOu. e SLdpopa
UTEQOUUUETEIXA LOVTEAD OL AOYOL BLOXAEBWONE AoBAVOUY BLUPORETINES TWES Amd AUTEC TOU
K.II 6nwe gotvetar oto Xy fua 3.8a. To teheutolor TELAUoTind AmOTEAECUATO VL0 TOUS AGYOUS
Sonhddwong éyouv oxpifela mou axdua emitpénel oevdpta extog Tou KT (ByhAue 3.80).



EKTETAMENH EAAHNIKH ITEPIAHUVH

ITelpopoatind vnoBadpo

To xdpo puoixd avtxelpyevo tng epyaciag autrg ebvar Ta jets. O dpog autdg avapépeTon
og eLIVYPUUULOUEVO COUATIOL TOU TOEAYOVTOL XUTA TOV OYNUATIOUNO adpoViwY amd xoudpx
xou yxhoudvio o€ melpdpata emitoyLvTY. H Omopén twv jets ogelletar oto yopoxtneioTind
NG Loy VPN AAANAETIBEAONC VoL UNV ETUTEENEL TNV UTHEE T XATAC TACEWY UE Y1) UNOEVIXO PopTio
yewuatog. To adpdvior Tou ToEdyovTon €Y0UY TUEOUOL EVERYELXL X OPUT| UE AUTY| TWV dEYL-
AWV XOULEX, G0l UTOpoLY Vo AEtTovpYioouy cav ‘avTitpdowtol’ Toug. Kodng ol adpovixég
dlaomdoeic tou pnoloviou Higgs odnyolv otny dnuoupyia jets, elvon onuavtixd vo unopolv
vor ovty veutolv. ‘Eva {ebyog x0udpx-avTinoudpx avaxataoxeudletal we €vo HEYSANS oxtivag
jet To omolo amoteheltan and 600 jets yetafAntic axtivag. Ta jets peyding axtivac avaxorto-
o%eLALOVTOL GTO XANOPIUETEO TOU QVIYVEUTY VW Tol PETOBANTAS axTivorg avaxatoloxeLdlovTon
OUUPOVA PE TIC TPOYLES TIOU XATHYPAPOVTOL GTOV ECWOTEPLXO OVLYVEUTH).

H avayvoplon tng yebong evog xoudpx yiveton eqopudloviog Ty teyvixy) tou flavour
tagging ota yetoAnTAc oxtivag jets. Agopd xuplwg TV Sudxplon jets mou mEpEyouy Eva
b-x0udipx xS AUTO EYEL OPIOUEVIL YAUPAXTNELOTIXG TIOU TO BLUPOLOTOLOVY UTO To UTOAOLT.
H didpxeiar Coric Tou elvon Té€Tota Tou TaIOEVEL XATOL ATOCTAGT, TEOTO BLACTACTEL Ywplc Vo
elvo opXETA PEYIAT WOTE Vo Slaplyel amd Tov aviyveutr. Autd odnyel oe pla cuyxeEXELUEVN
Tonoloylot Adyw Tng UToEENG Wag BEUTERELOUGAS XOPUPTE TTOU AVTITPOCWTEVEL TO ONUELD TOU
dlaomdotnxe to b-xoudpex. Eniong, Adyw tng peyding tou pdloc, o jets mou €youv mpoéiiel
a6 €vor b-xoudpx amoTEAOLYVTOL ATd TEQIGCOTEQN CWUATIOWL ot €Y0UV UEYUADTERO AvOLyUa.
Avutd tar yopoxTNEloTiXd expeTahhebovTal amd tov ahyoprduo MV2cl0 o onolog mopdyel uio
BLoupopeTxt| xartavour| avdhoyo Ue Ty yevon tou jet (LyAua 4.6a). H anédoon tou b-tagging
optleton olugwva pe v E€iowon 4.1 evey o cuvteheotiic amdppudne toovTon Ue To avTioTeopo
¢ anédoone. To yeyedn autd avtoavoxhody TNy ixavoTnTa Tou ahyoplduou va avoryvwploe
To 0WOTY jets wg Exovia Pl CUYXEXPIEVT YEOOT xou Vo amoppldel Tor utdAoLTaL.

Teyvixn @it

H pédodog mou avantdydnxe yio tnv Simhwpatxr) factletoan otnv dnulovpyio templates
amd v €£000 Tou ahyopidpou MV2c10 yir xdde mdavéd tpémo didonaonc (gg, cc, bb). Xen-
OLIOTIOLOUVTAL Yot TO QLT Wlag oUVORLXY) xatavopnc Tou tepthauBdver ohar Tar mdovd yeyovoTa
aveapThTwS YeOoNE and To omolo OUCLICTIXG TEOXUTTEL £Val XAJCUO TOU AVTIGTOLYEl OTOV
Aoyo Braxhddwong. To @it facileton oTnv eAayic Tonoinon plog cuVdETNoNg EAXYIc TV TETEA-
Yovey tou oplleton and v E&lowon 5.1 xou nepiéyel w¢ ehediepeg UeTaBANTES ToL xAdOUATY
TV 0Vo amd Ta Tplo templates xau Evav Tapdyovta xavovixonoinong. To Tpito xhdoua uropet
vo Beedel uéow e E&lowong 5.2 xadde oL adpovixol Adyol Sloxhddworng Yo Teénel var €youv
dpotopa €va.

Koo 1o @it ehaylotov tetpaydveny yenowlonoteitar oe OA1 TNV gpyaoia, TEENEL VA ETL-
BePouwiel n opdTnTa TOU YECL BLapdEwY GTATIOTIXWY TEOTWY. [t va yivel autd, 1 cuvohiny
AATAVOWUY| TORAYETOL WOC YROUULXOSC CUVOLOCUOS TwV TELwY templates dote vor elvon Yvwo T
e& apyng n ouvdeon tng. Apywd, e€etdleton 1 yeouuuxoTnTa Tou QT xadoe Yo mpénel va
umopel va e&dryet axpBee To xhdouato mou ewodyovtal. H ypopuixdnta medyuoatt emBefou-
OVETOL OTIC YRUPWES TUPACTACELS Tou Lyuatog 5.3. XN cuvéyela, Yo mpénet vo eheyydel
6tL M xoatavouy) tou pull mou oplleton and v Ellowon 5.7 eivon xavovixr|.  Tlpdypott xou
yio ta Tplar xAdopotor efvon yxoouotov e PEoT T UNdEY xou TR amdxAlon évor (Xyfua
5.4). Téhog, 10 oToTloTXd AEDoC TwV amoTeEREoUdTwY Tou Grt Vo TENEL Var efvat avdhoYo [e



70 TA00g TV PETEHoEWY. UyedldlovTag To XAaouoTixd Adog we cuvdptnon tou TAdoug
TWY LOTOYROUUETOY, TEoxUTTEL 6Tl axohoudeitar pio oyéon piloag 6mwe xou avouéveton (Lyrfua

5.5).

Background

[Mo voe xatavonel xadbtepa to background twv adpovixcv dlaondoewy, eivon yerioo
va Beedel n obvleon Tou. Autd umopel va yivel yeietovtog yeyovota Monte Carlo xou e€e-
talovtag jets yeyding oxtivag. Emiéyovton jets ye pala 40 — 600 GeV xan eyxdpotio oput
250 — 1000 GeV. X1n cuvéyelo avaALETAL 1) UTOBOUT| TOUS TOEIVOUMVTAS To jets ueTaBANTAC
oxTivog omo Ta omolol AmOTEAOUVTOL CUUGMVA UE TNV EYXJEOLO OpUT XU omaTelTan var efvon
ueyolUtepn twv 10 GeV. To urnd e&étaon yeydhng oxtivag jet emiéyetan av anoteAeiton and
TouAdytoTov 800 jets petaBAnTic axtivag mou xavonoloLy Ty mpoavagpepdeico tpolnddeon.
‘Eneita e€etdletan 1 yebon twy 800 uetoBAnthc oxtivag jets xat yio xdde miovd cuvduaoud
T T palog xan TG EYXAEOLaG OpUhC Tou jet ueydAng axtivac mpootivevton ota avticTol-
xo wotoypduuato. H xatnyoplomoinon yiveton avdhoya av 1o {euydpt jets mpoépyetan and b,
¢ N ehoppld xovdpx (u, d, s) mou cuvuBoiilovto pe q. Mnogel étol va Peedel to xAdoua
yia x&de yebon xoudpx-aviixoudpx mou anoteiel To background. Ou dwoddotateg ypapL-
%€¢ ToPAC TAGEL Tou LyAuatog 6.1 anewovilouy Ttwe HeTUBIAAETL TO XAICUA TWV BLUPORLY
CLVBUUCUWY YEUGEWY avdhoyo ue TNy wdla xon TNy eyxdpota opur). To hagpeld xoudpex u-
TEPLoYVOLY GE OAO TO PAGUOL OXOUOL XL YIoL UEYUAES TWES TNG OpUNC. MTNV TEPIMTWON TwV
b-xoudipx, TO AAJCUO TOUC PELOVETAL Xad®S 1) EYXAEOLL 0pUT) aLEAVETOL XATL TO omolo dlou-
oOnuxd dev avayevotay. H opohn e€dptnon mou nopatneeitar xat otoug 800 dZoveg ebvon pla
ONUOVTIXY TopaTienon xadwe SIXaloAoYel TNV ToEEUSOAT] AVAUECH OE YVOOTEC TEQLOYES YLoL
Vv ebpeon tne cuVdeong oe xdmola dyvewo Tt teployn. EZetdleton enlong mwe petofdiietan 1
ouv¥eon tou background avdhoyo e to av o ueTABANTHC axtivag jets €youv avaryvewpeto Tel wg
b-jets (b-tagged) A oyt. To Srorypdppora Tou Lyfuatog 6.3 vrnodeixviouy pia Swpoponoinon
oTny am6doon Tou b-tagging avdloyo e TNV eYxdECLoL OpUT).

H yédodoc @it pumopet vo epopuoctel oto background yia vo e€etactel néc0 xohd unopet
va Beedel n oOvieon tou. Avahbovton ol meployéc pdlag ot onoleg emxpatel 6 oyéom Ue
GAec puoéc dodxaoieg (40 - 70 GeV, 200 - 300 GeV xou 300 - 400 GeV). H dnuouvpyia
Twv templates xat TV GUVOAXWY xATAVOUGY YivETow PE TNV (Blor Bradixacior Tou TEpLypdpnXEe
Topamdve. H Sopopd €yxerton oto 6Tt apol €youy emhey Vel o 600 jets petaBintrc oxtivag
ot Twég tou aryoplduov MV2cl0 yio xdde éva ouvbudlovtar oe pla cuvohixr mdovotnta
obugpwva pe v Elowon 6.1. EZetdlovtog €ncita Ty yedon twv 600 xoudex umopolv vo
xataoxevacToly templates yio xdde cuvduaoud xoudpx-avtixoudex. Kadng o cuvduaoudg
cb €yel TNy wixpotepn cuuBoly, @Tdyvovto uovo Tévte templates yio o qq, cc, bb, gb, qc
avtioTtorya. Aev mopouctdlouv onuoavTix dlapoponolnoyn oTig dlapopeTixéc meployés udlog
ouvende unogel va yenowonodel o yéooc Gpoc touc (LyAuata 6.50-6.5¢). O Bértiotog
opriude templates yio To @ur umopel va mtpocdiloptotel AouPdvovtag uTdgy TGO TNV Xovo-
ToinTuxt| teptypapt) Tou background dco xa Tov Teploplopd Twv eAet¥cpwy peToBAnToy. Tela
templates dev elvon apxeTd xoig UTEEYEL OTUAVTIXT) CUVELG(POREE A6 TOUG AVIUEXTOUS OROUS
gc xou gb. Qotéco mévte templates SuoyepalvouY CNUAVTIXG TO YLT UE ATOTEAECUN XATOLO
XAGOUOL VoL EYEL TTAVTOL UNOEVIXT T, LUVETWCS, To 800 templates twv gc xaw gb cuvdudlovton
oe éva utohoyilovtog v péon tun toug (Eyfua 6.5¢9). Ta anoteréoyata autd cuvoilovton
otoug Iivaxeg 6.2 - 6.9. Koddg umdpyouv TERLTTWOELS TOLU TO QLT BEV OVTOUVOXAL CWCTE To
TpofAenOuEVa anoTEAESHATY Elvor amopafTnTO O EAEUVEPES HETUBANTES VoL TEQLOPLO TOUY TEQOUL-
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T€pw. To Mynua 6.6 avamoptod T TEOBAETOUEVES THIESC XL TO ATOTEAEGUATO TOU QLT YLol T
Téooepa xhdopata oTig TeEl teployéc udlac. H obyxpion autrh unodniover pio avticuoyétion
METOED TV TMY YL To ¢ Xt gcgb Tou EMITEETEL TNV AVTIXATAC TAOY) TOUC GTNY CUVAETNOT
ehayloTonolnong Tou It and Ui GUVOAXY| TUPAUETEO TOU avTovoxhd To dipoloua toug. o
vo. vhomotnlel 6RO T QUTH 1) AAAXYY| ELOAYETOL O OYETIXOS TOUG AGYO¢ Tou opiletar alupwva
pe v E&lowaon 6.3 xou péver otodepde otny mpofienduevn Tiuy.

Medooohoyio

Ye autd To onuelo pmopel va avantuyVel TANpwe 1 uedodohoyla yio TNV eCoYWYN TV
AoYwV Blaxhddwone. Booileton oty teyviny| agaipeong tou background. Apyuxd mpénel va
umohoyloTel uio xaA extiunorn tou background otnv meployy| Toug orjuatoc. ‘Eneita xado-
etleton n abvieon tou adpolopatoc Twv dladixacldy background xa cuatog oTnv teployn
TOU OHHATOS XD OE aUTH TNV TEELOY Y| UTERY 0LV GUUBOAESC xou amd Tig 600 TOU OE UToEOVY
vo avadutoly Eeywplotd. Egopudloviag otn ouvéyeia tnyv Ellowon 7.1 unopodv vo umoho-
Yo TOLY oL adpovixol Adyol dloxhddwonc. Ou Adyol Ry xo Rgig yeNOWOTOO0VTOL VLol Vol
OVOTPOCUPUOCTOUY To XAdopato xdde YEUONC OVIAOYA UE TO OYETIXO TOCOCTO YEYOVOTWY
ofuatog xan background otny meployh Tou oruatog xan opilovton clugwva ye v Elowon
7.3. Ebvau eniong onuovtind vo oxohouidniel oo td 1) 8146001 GQIAIATOY GTo O1dpopa UEYEDT
xadwg etvon autd mou xadopilouy v axp{Belo Tne uedddou. Luvdudlovtag Tic E€lohoeig 7.5
xa 7.7 Ye Tal GQANIATO TTOLU TEOXVTTOUY A6 TO YLT BLadidovTon 0p¥S Tal GOAIAUNTA GTAL TEAXA
XAACUOTAL.

H extiunomn tou background ctnyv neptoy| Tou GHUATOC UTOREL VoL TROCEYYLIOTEL UE Bldpo-
poug tpoémouc. O amholotepog elvan amAd va petendel to background oe pio meployr) mou
uneptoy Vet (side-band subtraction). I va efvon éyxupog autdc o tpdmoc Va mpémel vo uny
oMA&LeL 1 oOvieoT Tou oe oyéon ue TNV Yalo, dNAadY) vor ETLOEVUEL Ta (Bl YaEaxX TNELC TIXG.
X0l OTNV TEPLOY T} TOU oNuaTog. 26TOC0, OTWS PAVNXE TNV TEOTYOVUEVT EVOTNTA, AUTO OEV
oyVet yio to QCD background. Kadtepa Aoimdv Yo fitay va yenodorotniody 800 teployéc
udloc omou undpyet uoévo background yia Ty mapepBoly oty meployy| Tou orjpatog. H ma-
eeufBoAt| umopel vor vhorowniel elte e moAudvuuo Tp@tou Boduol eite ye deutépou. To Tnv
TN tepinTwon yenowlonotolvion ol E&iomaeic 7.8 xa 7.9 eved yia v devtepn ol EElowoeic
7.13 xou 7.14. Ta anoteréopata tou Iivaxa 7.1 delyvouv 6Tl 1 meproyt waloc 40 - 70 GeV
oc umopel vau yiver 1060 xahd @it 660 1 200 - 300 GeV xodg €xel yeyohbTepn GUVELGPOR
cc. Auto duoyepaivel To QLT agol To avtictolyo template €yel onuovTixr emxdiudn pe Ta
UTOAOLTTOL  LUVETAOC, 1) Tt Wédodog extiunone tou background 6 ymopel vo epapuooctel
oty TedEn. Xougpwva pe tov Hivoxa 7.2 1 topepfBoln ye tolucdvuuo deutépou Boduol Sadidet
HEYAUADTERA GPIAUATO dEOL TEOTUOTERY EVOL 1) YEOUUIXY| TUEEUSOA.

Yroug Ilivaxeg 7.3 - 7.6 cuvodiCovton ta anoteAéopota TNS eQoapuoyhic e pedodou oe
ATAOTIOUNUEVES TEQLTTWOELS €TOL OOTE var doel pio euxxova g axpelfBetag tne. Hpoxdntel 611 oL
AGYOL BLOXAADWOTNG TOU OHUATOS UTopoLY Vo Beedoly apxeTd XoAd eVE XATOIEG ULXPES aTO-
xhioeig e€nyolvton and TNy UTaEdn Tou TéTapTou template yio Tov avdueixto dpo. dotdco, T
o@dhuarto TNg uedodou etvan apxeTtd peydho xou oyetiCovtal e TNV apolpeaT) Tou YENOULOTOLE-
ftan yioe TV €€ay YN TV AoYwv Slochddwone. Kadwg o apriudc twv yeyovotwy background
elvol TOAD PEYAAUTEPOC amd AUTOV TOU OHUATOC, elvar Quotxd 1 uéBodog va SLadideL onuavTIXd
CQPANUOTA GTAL TEMXE. ATOTEAECUATAL.

H pedodoroyio unoroyiopod twv Aoywy Slaxhddwone eQopuoleTol TEKOTOL 0TV TEELOY
ofuatog twv ZW. Ou Adyor Slohddwaong agopolv xon to 800 prolovia xadde 1 avdAuvon
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yiveton otny meptoy udlag 70 - 105 GeV xan unoloyiCovton péow tne E€lowone 7.15. Em-
AéyeTow Yoo TapeUBoln yia Ty extiunor tou background wote va daboVolv uixpdtepa
o@dhyarto. T'iveton egapuoy tng uedddou t6c0 ot detypota MC 600 xon e dedopéva Yern-
OLOTIOLWVTOE TOUG OYETIX0UC AOYoug Tou bivovtar and tny E&icwon 7.16. Ta aroteAéopota
yia Tic 6o epnTwoele topovatdlovton otoug Iivaxeg 7.7 xou 7.8. Kodode tor xhdopato mou
TEOXVUTTOUV BEV €YOLV TWES OVIUESH GTO UNBEV xau To €val, axoroudeiton plo Braduocio e€a-
YoYNC Quoxey Twov. Ta anotedéopata yio TiC Teployéc tou background xou tou orjuotog
YENOWOTOOLYTOL Yiot TNV ONULIoVEYId XATAVOUWY TOU GTY GUVEYELL detypatoinmrodvtan. H
apalpeoT) EMaVOhUUBAVETAL UE AUTESC TIC TWES XL XPATOUVTOL UOVO Ol TWESC TOU €YOLV (QUOL-
%6 vonua. Bploxovtag tnv péon T xou v Tuminy| amdxhior Toug TeoxOnTEL plo xahlTepn
eXTIUNON Yot TOUC AOYOUS BLOXAEDWOTNC OV THPOUCLALETOL GTNY TEAEUTALOL GTHAT TWV TPOU-
vopepdévtmy mvixwy. 20T6c0 Ta anoteréopoto auTtd v elvan a€lomoTa xadne Lovo Eval
wxpo e0pog Twv xatavoudy ovixet oto (0,1). Avtiotowyo yiveton 1 epappoyy e uedédou
oTny Teployr) orpatog tou uroloviou Higgs. O dlo neployéc tou background mopeuBdiiovton
Yoo wote va Beedel pio extiunon tng cuuBolrc Tou otnv teploy ) udlog 105 - 145 GeV.
Xenowonowvtog toug Aoyoug e E&lowone 7.17 mpoxintouy tar anoteréopato tou Ilivaxa
7.10. Ioapdho mou €xouv QUOES TWES BeV elvol OE CUUPOVIN YE TIC TEOPBAETOUEVES O TO
MC Tiéc.

Me Bdon dho to mopamdves ebvar TAEOV eppavég OTL Ui GUVOAXY| UETENOT TWV AORPOVIXGY
AOYWV SLoxhddwong dev etvan e@uxth) e v Teéyouca axplBela Tou flavour tagging. H Suo-
HELUT avoTNToL HETOEY TV Slapopwy YEUCEWY BeV elvol dEXETE UEYIAT X0 ETLOEIVVETAL
amé TNV Eloaywyt) Tou TéTopTou template 1o onolo mopouctdlel YA emXdALYY UE TOL U-
mohoina. Téhog, T yeydha opdhuata Tne HEVOO0U OPEAOVTOL GTO PXPO TOGOGTO YEYOVOTWY
ofuatog To omoio Yo uropoloe va auEniel yeNoOTOLOVTIC TNV GUOYETWLOUEVT] TOEAYWYT
Tou pnoloviou Higgs ue éva umolovio Z 4 W.

Teoronowroelg

Koade 1 uédodog mou avantiydnxe dev elvon ety e tnv tpé€youca axp{Bela Tou oh-
yoptiuou MV2cl10 eivor evdlagépov var e£ETAGTOOV TROTOTIOLACELS OTNV OLOXELTIXY IXOVOTNTA
avdpeca oTig dlapopeTinéc yeboele. H é€odog tou ahyopliuou umopel va yetaBindel avdroya
UE TNV mpaypaTxr) Yevor xde jet. Idovixd 1 €€odog Yo oy wlar xatovour| e uio dedouévn
XEVTEXT T xou €0p0g TOU Bot YELWOVOTOY xad®E 1) SLOXELTIXT LXavOTNTaL ToU ahyoplduou au-
Eaveton. ITpactind autd NOM woylel yioo ta b xon o ehapetd jets. O Tpelg xEVTPIXEC TUWEG
uropolv va eivon o 0, 0.5, 1. Mia tpomonomuévn miavotnta prnopel hotndv vo opiotel olu-
powva ue Tic E&ionoeic 8.1 xa 8.2 6mou 1o a naipver Tyéc and to 0 péypet to 1 xou avtavorhd
Tov Badud tpormonoinone. o a = 1 n mdavotnta pyéver auetdBintn. Egapudlovtag autég Tic
oyéoelg yioo TV T Tou alyopiduou v 6Aa tar petoBAnTAC axtivag jets, umopolv vo Tpo-
noroinvoly t6c0 ta templates 660 xou oL cuvohixéc xatavopéc. To Eyhua 8.1 nopouctdlet
TS YPAUPLXES TORUC TACELS TNG amddoone Tou b-tagging ce oyéon ye Toug cUVTEAEGTEG ambp-
euhng yior To ¢ xan T eAapeLd jets yo udpopeg THée Tou a. Ioapatnpeiton dti o1 cuvtEREc TEC
amopetdng augdvovtar onuavTIXd uéyel To onueio Tou UTdEYEL X0PECUOS XK 1 amddoon
uetovetar. Kodode 1o a uixpaivel o xopeouds mapatneeiton Yiot OAOEV X UEYOANDITEQES TWIES
e am6doong Y T b-jets. Avtiotouya, ol ypapixéc Tapac TdoEls Tou Lyuatog 8.2 delyvouv
Twe 1 emxdhudn uetadl Twv templates yetdveton onpovTind yia uxpedtepeg Tuée Tou a. o
a = 0.7 urmopolv va Yewpnioldy TAHewS SLoywELOUEVL, Aol AopBAvouy TNV UEYLO TN T TOUS
o€ OLPOPETIXG omuela.



EKTETAMENH EAAHNIKH ITEPIAHUVH

H pédodoc umopel va enavarngiel pe tic tpomonomueves teg tou MV2c10. Ou Iivoxeg
8.3 xou 8.4 delyvouv ta anoteAéopata yio To QLT Tou background yia SlaopeTIXES TIES TOU
a. T a = 0.9 dev nopatneeiton Beitivwon odrd yia a = 0.7 1o xhdoua Tou cc dev elvon
Théov undevixd otny meptoyh) youniic walag. T tic dhkeg 800 Twée N mporypotixr) obvie-
or avTovoxhdton Ye YeydAn oxplBeo. ‘Etol, epapudlovtog ypouuixy| mtopeuBoAy, divetar pio
ToA) xolUTepn extiunon tou background otny meploy) tou ofuartog (Ilivoxog 8.5). To o-
roteréoparta Tou Ilivoxa 8.7 yia toug Adyoug Sloxhddwone twv ZW cupgwvody ce ueydio
Bardud ye tic mpofAenduevee Tiwée. Ilapduola BeATOVOVTAL ToL ATOTEAECUATA TNG EQUPUOYTHC
e puevdoou oto urolovio Higgs. 201600, to amoteréopata tou Ilivaxa 8.11 yio Ty teploym
ofjdatog detyvouy 6Tt amanteiton onuavTixy adENcT OTNV BLaXELTIXY LXAVOTNTO TOL ahyopliuou
yioo vou e€aryel un aueAntéa Ty Tou xAdopatoc Tou ce. Emlong, oc Oheg TIC MEQITTWOELS
TOU @, oL TEAXOL AOYOL BLOXAGOWONG BEV £Y0UV PUOIKES TYES, XATL TTOU OQELAETOL GTOV UXEd
aprdud yeyovotwy orpatog. Egoapudloviag tny Swadixacia mou Teplyedpnxe oTNY TRONYo-
OpEVN EVOTNTAL YLl 0y WYY PUOKAOY TGV, AduBdvovtal TOAD XahéC EXTWACELS TV AOYWY
Ol Addwong Wiwg vy a = 0.3. Efvor Aowmdv gavepd 6Tl 1) anoTteAeopatixotnTa TN Hedooou
oyetiCetan dueoa ye tnv oxp{Belo Tou flavour tagging. Mio cuvolixy| u€tenom twv Adywy dla-
XAABwoMG elvat QT oV 1) BlaxELTie] txavoTnTo PETaE) TwV c-jets xon Twv uToiolnwy avgniel
ONUOVTIXG.



Chapter 1

Introduction

Throughout the 20*" century, the Standard Model (SM) of the elementary particles was
developed, to explain the properties observed at the subatomic scale. Its basis is formed
by a unified description of the electromagnetic force and the weak force and the associated
force-carrying particles, the photon, and the W and Z bosons. However, although the
latter have mass, this property is not intrinsic to the SM and its introduction would
violate a fundamental invariance of the theory. This problem was solved by the Brout-
Englert-Higgs mechanism which predicts the existence of a neutral particle known as the
Higgs boson. The search for it motivated the construction of particle accelerators, the
LHC being the latest, but for many years there was no experimental observation. Finally,
its discovery in 2012 by the ATLAS and CMS experiments marked a key moment in the
history of particle physics and paved the way for a detailed exploration of its properties.
The last few years there have been multiple findings about its spin, parity and decay
channels. Nevertheless, there are still unanswered questions related to the Higgs boson
nature. It is not determined if the observed particle is the one predicted by the SM as
there are other types of Higgs bosons predicted by theories beyond the Standard Model
(BSM). The experimental uncertainties leave room for alternative explanations.

One important property of the Higgs boson is its coupling to the mass of the particles it
interacts with. The SM predicts that the strength of the interaction is proportional to the
mass. The way to test this experimentally is through measuring the partial decay widths,
which can be expressed through the branching ratios. Therefore, the measurement of the
Higgs boson branching ratios in all possible decay modes constitutes an important part
of the Higgs sector and its interest is twofold. First, it is essential for giving a precision
test of the SM predictions. At the same time, a possible deviance from these predictions
could be interpreted in terms of BSM physics and provide supporting evidence for theo-
ries such as the Minimally Supersymmetric Standard Model (MSSM). Non-standard Higgs
couplings are allowed within the present uncertainties in various Higgs coupling measure-
ments. Hence, it is essential to be able to measure all the branching ratios. However,
currently at the LHC, it is difficult to determine the total and partial decay widths. More
specifically, the H — ¢¢ decay which has a non-negligible branching ratio, has not been
observed experimentally yet as the c-quark cannot be tagged efficiently. For this reason,
its important to test if the branching ratios and specifically the hadronic ones, could be
measured inclusively.

The aim of the thesis is to propose a method for measuring the Higgs boson branching
ratios to bb, c¢, gg using the response of a flavour tagging algorithm and study if it’s possible

7
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with the present accuracy. While usually the output of this algorithm is used by imposing
a cut on its value which determines the flavour of a given jet, this study uses it inclusively.
The selected events for the analysis consist of all the quark flavours. Therefore, it has
the advantage of increased statistics. The goal is to then extract the contribution of each
component using di-jet discriminants. These are formed by combining the output of the
MV2c10 algorithm while also knowing the true flavour of each jet and represent a pair of
quarks. A technique is developed to fit the discriminants to the sample and extract its
composition. However, the difficulty of the method lies on the overwhelming number of
hadronic jets present in the detector. There are quark-antiquark pairs produced by other
processes involving the strong interaction which must be modelled separately. Hence, the
present thesis studies this background and its flavour composition. Other discriminants
must be introduced except for those corresponding to the three main decay channels. The
study tries to find the exact contribution of the background processes so as to remove it
and be left with only the flavour composition of the decays of a given boson. This will
essentially give the branching ratios. The method is tested for both the Higgs boson and
the ZW bosons as they also decay hadronically. At the course of this study, it is shown
that is not possible to inclusively measure the branching ratios with the current response
of the flavour tagging algorithm. Therefore, the study considers modified outputs of the
algorithm which progressively increase the discrimination between the different flavours.
The method is repeated for these cases so as to determine the required rejection rates for
it to be feasible.

The thesis has the following structure. Chapter 2 gives a theoretical overview of the
Standard Model and the Higgs mechanism and presents some relevant aspects of the Min-
imally Supersymmetric Standard Model. Chapter 3 focuses on the phenomenology of the
Higgs boson, explaining its production and decay modes, while also mentioning relevant
experimental results. Chapter 4 discusses experimental methods and physics objects in-
tegral to the present analysis. In chapter 5, the developed fitting method is analysed and
validated. Chapter 6 is dedicated to the study of the background of the hadronic processes.
Its flavour composition is studied and the fit method is applied to extract its composition.
Chapter 7 develops the complete methodology of finding the branching ratios and then
implements it in various cases. Chapter 8 examines modifications to the output of the
flavour tagging algorithm and repeats the method using them. Finally, the conclusions of
the thesis are summed up in chapter 9.



Chapter 2

Theoretical Framework

This chapter provides the theoretical basis for explaining physics concepts relevant to
the topic of this thesis. The main features of the Standard Model are briefly discussed in
the first section while the following section presents the Higgs mechanism. The final section
mentions some basic ideas of the Minimally Supersymmetric Standard Model concerning
the Higgs boson.

2.1 The Standard Model

The Standard Model of elementary particles is the theory describing three of the four
known fundamental forces: the electromagnetic, weak, and strong interactions. It also
classifies the known elementary particles (Figure 2.1) based on their interaction properties
and physical quantities like mass, charge and spin. It includes twelve elementary particles
of spin-1/2 called fermions, which are further classified into quarks and leptons based
on their interactions. Fermions carry both electric charge (except for neutrinos) and
weak isospin, so they interact with other fermions via electromagnetism and the weak
interaction. However, quarks also carry colour charge which permits them to interact
via the strong interaction, as well. Each fermion has a corresponding antiparticle. The
SM also includes gauge bosons of spin-1 which are the force carriers that mediate the
fundamental interactions: the photon mediates the electromagnetic force between charged
particles, the W¥ and Z bosons mediate the weak interactions and the gluons mediating
the strong interactions. The final piece of the SM is the Higgs boson, which is a spin-0
particle and explains why the other elementary particles are massive.

The mathematical formulation of the SM is based on combining the principles of
special relativity and quantum mechanics in a quantum field theory. Elementary particles
are treated as excitations of quantum fields which can be described by a Lagrangian
L = Liree + Lint- The first term represents each participating field and determines the
propagator, while the latter consists of interaction terms. The SM is a gauge theory
which means that its Lagrangian is invariant under local transformations from certain
Lie groups. The transformations between possible gauges form the symmetry group of the
theory. Specifically, the local SU(3) x SU(2) xU(1) gauge symmetry essentially defines the
SM, as all fundamental interactions are generated by demanding that a global invariance
holds locally.
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
| 1 11l
mass  =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge % % % 0 0
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electron muon tau Z boson
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% (Ve » Vi w (Vo 1 W
electr:on muon tau. W boson
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Figure 2.1: Elementary particles of the SM

2.1.1 Free particles

The dynamics of the quantum mechanical fields describing spin-0, spin-1/2 and spin-1
particles are determined by the appropriate Lagrangian [1]. The equations of motion can
then be derived by the Euler-Lagrange equations:

oL

5 oL
: (8(@@0) B 87@

A scalar (spin-0) particle is described as an excitation of a scalar field ¢(z) with the
Lagrangian:

=0 (2.1)

L= (0,0 (0"9) — ym*6? (22)
Applying the Euler-Lagrange equation gives:
9,0"p +m?¢p =0 (2.3)
which is the Klein-Gordon equation for a free scalar field ¢(x).
A spin-1/2 particle corresponds to a field ¥ (x) for which the Lagrangian is:
L = ipy" 9 — myp) (2.4)

The field 1(z) is a four-component complex spinor which satisfies the Dirac equation:
iyt O —map =0 (2.5)

10
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Finally, a vector field A* has the Lagrangian:

1 . 1
E = *ZF'M Fuy + szA'uAM (26)
where:
P =gt AY — g% AH (2.7)

and the Euler-Lagrange equation yields:
OuF" +m*AY =0 (2.8)

which is the Proca equation.

2.1.2 Local gauge invariance and electromagnetism

Interactions can be introduced by demanding a local gauge symmetry. While for
example, the Dirac Lagrangian of 2.4 is invariant under a global phase transformation:

¥ — 1) = ey (2.9)
it is not invariant under a local one:
P(z) = P (2) = e X Pap(x) (2.10)

For the Lagrangian to be invariant under local phase transformations, the derivative 0,,u
is replaced with the covariant derivative D,:

Oy — D,y = 0, +iqA, (2.11)
and the new field Au must transform as:
A, — AL = A, —0ux (2.12)

The new Lagrangian:
L = ipy" Ot — maptp — qiyH Ay (2.13)

is invariant under local phase transformations. The field A, can be identified as the
electromagnetic vector potential (photon) and thus satisfies the Proca Lagrangian 2.6 for
m = 0. This term can be added to the Lagrangian, so the complete expression:

= - - 1
L=y 0 —myp — gy At — TP Fy (2.14)
now describes one massive spinor field interacting with a massless vector field. Essentially,

the principle of a U(1) local gauge invariance has produced the field theory of electromag-
netism known as quantum electrodynamics (QED).

11
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2.1.3 Yang-Mills theory

The weak interaction is based on the SU(2) symmetry group so the Lagrangian must be
invariant under transformations of 2 x 2 unitary matrices. Only the left chiral components
of the spinors carry weak isospin charge. Taking a two-component column vector such as:

b = (”e) (2.15)

with each component being a Dirac spinor, the total Lagrangian will also be a Dirac
Lagrangian:

£ = iy, — iy (2.16)
The transformation that will be applied is:
Y — ' = (I +iga(z) Ty (2.17)

where T are the generators of SU(2) and can be expressed in terms of the Pauli matrices
as T = 0/2. The covariant derivative is:

8y — Dy =0, +igWH - T (2.18)

where W = {W;, Wy, W3} are the three new gauge fields. After finding the transforma-
tion rule for these fields (which is not trivial) and also including their free Lagrangians,
Equation 2.16 can be expressed as:

. o, .
L =iy 0up — mapyp — ZFu Fu — gy, WH - Ty (2.19)

where

FH = 0FWY — 9"WH — gWH x WY (2.20)

However, although the resulting Lagrangian is invariant under local SU(2) transformation,
it describes two Dirac fields interacting with three massless vector gauge fields. This does
not correspond to the weak interaction as its vector bosons are massive. As will be
explained in 2.2.3, the Higgs mechanism can resolve this problem and the electromagnetic
and weak interaction can be described in a unified description of SU(2) x U(1) symmetry.

2.1.4 Strong interaction

The SM also explains the strong interaction. The corresponding field theory, Quantum
Chromodynamics (QCD) can be similarly obtained by extending the local gauge principle
so that the Lagrangian is invariant under non-abelian SU(3) local phase transformations.
The transformations correspond to 3 X 3 unitary matrices. The fermion fields that carry
colour charge (quarks) are represented as:

Py
=194 (2.21)
(o

with each component corresponding to a particular colour. The derivative is replaced
with:
Oy — Dy = 0, +ia XA (2.22)

12
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where A, introduces eight gluon fields and A are the eight 3 x 3 Gell-Mann matrices. The
Lagrangian can be derived as [1]:

£ = i 0tb — s — A A — LG O (2.23)

where G, is the gluon field strength tensor and is related to the gluon fields. This tensor
introduces several terms corresponding to self-interactions of the gluon field.

The strong coupling constant o, depends on the transferred four-momentum Q2 and
at large Q?, a first-order perturbative calculation can be used to yield:

127

2\ _
OZS(Q ) - (22 _ 2nf) . hl(QZ/Az)CD)

(2.24)

where ny = 6 is the number of quark flavours and AQQC p = 218 MeV is the characteristic
scale of the theory. All of the above result in QCD exhibiting two main properties:

o Colour confinement: Color charged objects cannot be isolated. This stems from
gluon-gluon self-interactions, which are possible because gluons carry colour charge.
When two quarks are separated, the extraction of a new quark—antiquark pair from
the vacuum is energetically preferable over a further increase in distance. It ex-
plains the hadronization process which leads to the presence of jets in a detector
(Section 4.2). This characteristic is also reflected in ay, which increases rapidly as
Q? decreases.

o Asymptotic freedom: The coupling constant «s decreases as the energy scale of the
interactions increase, which practically means that the interaction between quarks
and gluons becomes asymptotically weaker. At very large Q?, quarks can be con-
sidered to be free.

2.2 The Higgs mechanism

The Higgs mechanism can solve the problem of introducing the massive gauge fields
by combining local gauge invariance with spontaneous symmetry breaking, as shown by
Brout, Englert and Higgs [2, 3, 4]. It is described in this section by first displaying it in two
simplified cases and then outlining its introduction in the SM, following the methodology
found in [5].

2.2.1 Symmetry breaking for a real scalar field

First, it is shown how mass terms can arise and be identified in a Lagrangian. Assuming
a scalar field ¢ with potential:

1 1
V(6) = 526 + 6! (2.25)
the corresponding Lagrangian is:

1A¢4 (2.26)

L= 3 (0,0 (0"6) ~ 21’6 —

13
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The first term represents the kinetic energy of the scalar particle, the second its mass and
the third can be thought as self-interactions of the scalar field. The ground state (vacuum)
corresponds to the minimum of the above potential. The parameter A\ must be positive
for a finite minimum to exist but there are two cases for ;2. If it is also positive, then the
field configuration of the minimum energy is the trivial one: ¢ = 0 and p is indeed the
mass. However, if 42 is negative, it can no longer represent the mass and the minimum

occurs at:
/_Iu2

In this case, the field is said to have a non-zero vacuum expectation value v. The choice
between ¢ = +v and ¢ = —wv breaks the symmetry of the Lagrangian (spontaneous
symmetry breaking). This selection of an asymmetrical ground state conceals the true
symmetry of the system. If the minimum ¢ = 4uv is chosen, the Lagrangian can then be
expressed as excitations about it by introducing a new variable ¢(x) = v + n(x). Using
Equation 2.27 the Lagrangian is:

1

1 1
L(n) = 5 @un) (9"n) — Ao?n? = xon® — 1)\774 + Z)\U4 (2.28)

The second term is proportional to % and can thus be interpreted as a mass:

my = V202 = y/—2u2 (2.29)

The third and fourth terms represent self-couplings and because the last term is constant,
the Lagrangian can finally be written as:

L) = 5 Oun) (") — sl + V(1) (230)

with 1
V(n) = o’ + Lt (2.31)
The two Lagrangians (2.26 and 2.31) represent the same physical system but the second

one is necessary for applying perturbation theory.

2.2.2 Higgs mechanism for a complex scalar field
The above can be applied to a complex scalar field:

S

¢ = \/i(qbl + i¢2) (2.32)
with the potential:
V(9) = 1*(¢*¢) + A¢"9)? (2.33)
and the corresponding Lagrangian:
L= (9,9)"(0"¢) = V(¢) (2.34)

The Lagrangian is invariant under global U (1) phase transformations of the form:

6o = (235)

14
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as ¢*¢' = ¢*¢. For u? > 0 the potential has a zero vacuum expectation value, while for
1% < 0 the minima are determined by:
2
G+ ¢y =—— =0’ (2.36)

Therefore, there is an infinite number of equivalent minima lying on a circle of radius
/—p?/X. Choosing one breaks the rotational symmetry spontaneously (Figure 2.2). A

Reld)

Figure 2.2: Higgs potential for p> < 0 which illustrates how the rotational symmetry is
broken by choosing a non-zero vacuum expectation value [6].

specific ground state is chosen as:

Plypin = U5 92, =0 (2.37)

and the excitations of the vacuum can be considered by introducing new fields n and &
with ¢1(x) = n(x) + v and ¢2(x) = £(x). The Lagrangian can be written in terms of n
and £ as:

1 1 1
L= 5 @un) (9"n) = Sman® + 5 (9u€) (0"8) = Vinu (0, €) (2.38)
where m, = V2 v? and Vi, is:
1 1 1
Vint(1,€) = Aom® + 20" + 2288 + dong? + San’e? (2.39)

The terms with three or four powers of the fields correspond to interactions. The
second term corresponds to a scalar massive particle, while the third to a massless one. The
latter is known as a Goldstone boson and as it was proven in [7], spontaneous breaking of
a continuous global symmetry is accompanied by the appearance of such a scalar massless
particle. This is not compatible with the known elementary particles but can be remedied
by applying spontaneous symmetry breaking to the case of local gauge invariance, which
forms the Higgs mechanism.

To construct a theory that is invariant under local U(1) transformations:

$(z) = ¢'(z) = X (x) (2.40)
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the derivatives must be replaced with the covariant derivatives:
Oy — D,y =0, +1igB, (2.41)
and the introduced gauge field B,, should transform as:
B, — B, = B, — d,x(x) (2.42)

In this case, the resulting Lagrangian:
1 *
L=~ F"Fy + (Do) (Do) — i — 6" (2.43)

where F* = 0¥ BY — 0¥ B*, exhibits local gauge invariance. As before, the potential is
minimized and the Lagrangian is expressed as perturbations around the ground state:
1 2.0, 1 1 v, Lo
L= ) (8u77) (0'n) — Avn” + ) (aug) (0"¢) — ZF;WF“ + 59 v BuB# — Vint + gUBu(aMf)
(2.44)
The first three terms describe a massive scalar particle and a massless Goldstone boson.
The fourth term is the U(1) gauge field and while B was previously massless, it has now
acquired mass, as shown by the fifth term. Vj,,; contains interaction terms. Although the
original problem of the mass has been resolved, the massive gauge boson has introduced
an extra degree of freedom due to the additional longitudinal polarization state. There is
also a direct coupling of the Goldstone field ¢ to the gauge field B. The Goldstone field
can be eliminated by making the transformation:

1
B, — B), =B, + oot (@) (2.45)

and choosing x(z) = —¢(z)/gv, which in turn makes the transformation of ¢(z) as:

$(x) = & (z) = 9 p(z) = E@ V() — vt};(ar)

The complex scalar field ¢(z) has become entirely real and the Goldstone field £(z) has
been eliminated (unitary gauge). The Lagrangian can finally be written as:

(2.46)

1 1 1
L= 5(8,/))(8“77) — \in? - ZF’WFW + §g2U2BuB“

1 1
+ g*vB, By + §QQBMB“n2 — o — Z)\n‘* (2.47)
It now describes a massive scalar field n (first two terms) and a massive gauge boson B
(third and fourth term) which has absorbed the Goldstone boson. It also contains Higgs
and gauge boson interaction terms (fifth and sixth) and Higgs self-interactions (seventh
and eighth term). The mass of the gauge boson is identified as mp = gv, while the Higgs

mass is:

mp = V2 (2.48)

This means that the masses of the two bosons are directly related to the vacuum expec-
tation value v.
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2.2.3 Generalization to the electroweak case

The previous methodology can be generalized to the electroweak case and create mas-
sive vector bosons for the electroweak interaction, as was proposed by Glashow, Salam
and Weinberg [8, 9, 10]. In this case, the Higgs mechanism is needed to generate mass for
a SU(2) x U(1) symmetry. To account for the W+ W~ and Z bosons, three longitudinal
degrees of freedom are needed, which are provided by three Goldstone bosons. There will
also be a massive scalar particle corresponding to the excitations of the vacuum state.
Therefore, the simplest Higgs model consists of two complex scalar fields:

¢+> 1 <¢1 + i¢2>

= = i 2.49
i (qbo V2 \6s + io (2.49)
where ¢p and ¢* are used to provide mass for the neutral and charged vector bosons,
respectively. The corresponding Higgs potential is:

V(g) = 1*9To+ \¢'0)? (2.50)
and the Lagrangian:
L= (0:0)"(0"9) = V(¢) (2.51)
The minima satisfy the equation:
2 2
(P
Plo=—5 =-53 (2.52)

To break both the SU(2) and U(1) symmetries but preserve invariance under U(1) sym-

metry so that the photon remains massless, the minimum is chosen as: ‘Z’:;m = 0 and
0 v

min = /3" The field is written in the unitary gauge to eliminate the Goldstone bosons:
1 0

= 2.53

"= (v + h<w>> (2:33)

The masses of the gauge bosons can be identified by using the covariant derivative:
. Y
Oy — D,y =0, +1igT - W, +ig §Bu (2.54)

where Y is the weak hypercharge, which is related to the third component of the weak
isospin T3 and the electric charge @ by:

1
Q="Ts+ Yw (2.55)

This derivative mixes the fields Wy, Wo, W3, B, producing the physically observable fields
W+, 29 A as:

1

w* Wy F iW- 2.56
\@( 1 FiWa) (2.56)

A = cos Oy B sin Oy W3 (2.57)
Z% = — sin Oy Beosbyy Wi (2.58)
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where Oy is related to the ratio of the the couplings of U(1) and SU(2) as:

/

tan Oy = L (2.59)
g
The mass terms that appear yield:
1 1
mw = 5gv, Mg = 0, myz= 51}\/92 + g2 (2.60)

and the masses of the W and Z bosons satisfy:

W J = cos Oy (2.61)

These two couplings along with p and A are the four parameters of the Salam-Weinberg
model. From the measured values of my, g, the vacuum expectation value of the Higgs
field is found to be v = 246 GeV.

2.2.4 Fermion masses

The final step is to consider the masses of the fermions, as they can also be generated
by the Higgs mechanism. The fermion mass term in the Dirac Lagrangian:

—mipp = —m(YrLpr + YRrL) (2.62)

is not invariant under SU(2) x U(1) transformations, so it must be replaced with another
one. As the weak interaction acts only on left-handed particles and right-handed antipar-
ticles, a chiral representation is used. Left-handed states are placed in weak isospin SU(2)
doublets with T3 = 1/2 for the upper component and T3 = —1/2 for the lower, while
right-handed states are placed in singlets with T' = T3 = 0. The doublets and singlets are
the following:

e K T
LL = <VL> y (VL> ) <1/L> ) LR = €R, MR, TR (263)
€L mr TL

t
QL = <Zi> s <CL> R <bi> ) UR = UR,CR,tR, DR = dR75R7bR (264)

SL

The two complex scalar fields of the Higgs mechanism are also placed in an SU(2) doublet,
so by introducing the Higgs field as:

Ly=—g;(brdvr + Yro'r) (2.65)

the Lagrangian is invariant due to the presence of two SU(2) doublets. The constant g
is known as the Yukawa coupling. For the electron doublet, using Equation 2.53, the term
becomes:

=9\ & 0 €] v T Ve
Bl 0 et ()]
= —%v(e’LeR + erer) — %h(e’yﬁ}g + erer) (2.67)
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The Yukawa coupling is not predicted by the Higgs mechanism, but in order to be consis-
tent with the observed mass, can be chosen as:

ge = V2~ (2.68)

s0 2.66 becomes: m
L. = —meée — —éeh (2.69)
v

The first term gives the mass of the lepton and represents the coupling to the Higgs field,
while the second shows a coupling between the lepton and the Higgs boson.

Equation 2.65 can be used only for the lower components of the doublets due to the
zero vacuum expectation value of the Higgs field in the upper component. Therefore,
another mechanism is needed for up-type quarks, which can be achieved by using the
conjugate doublet ¢. instead of ¢:

e = —ioad* = (_;_O*) (2.70)

with the term in the Lagrangian being:

L =—gf(Yroctr + YroML) (2.71)

This way, all fermions can acquire mass and the Yukawa couplings to the Higgs field are
given by:
m
g5 = \/§Tf (2.72)

2.3 Minimal Supersymmetric Standard Model

Although the SM has been proven successful by having many of its predictions ex-
perimentally confirmed, it is not a complete theory of the fundamental interactions and
cannot explain various phenomena. The main motivations which call for BSM theories
are the naturalness and hierarchy problem, the gauge coupling unification problem and a
candidate particle for dark matter. All of these can be resolved by assuming that there is
a symmetry relating fermions and bosons, called a supersymmetry (SUSY) [11]. Super-
symmetry predicts the existence of a partner to every known particle which differs in spin
by 1/2 and has various phenomenological advantages. A low energy model of SUSY real-
ization is the Minimal Supersymmetric Standard Model (MSSM), which is characterised
as minimal because it considers only the minimum number of new particle states and new
interactions consistent with phenomenology [12].

Supesymmetric models involve chiral multiplets whose complex conjugates belong to
multiplets of the opposite chirality, thus they cannot couple together in the Lagrangian.
This, along with the fact that scalar fields belong in the same chiral multiplets together
with spin-1/2 fields, lead to the need for an even number of Higgs multiplets consisting
of pairs of Higgs doublets with opposite hypercharge. Therefore, the MSSM contains
two scalar Higgs doublets, Hy and Hp, with hypercharges +1 and -1, respectively. The
neutral components of Hy and Hp have vacuum expectations values vp and vy, which
are normalised so that:

v? = v} + 0¥ ~ (246 GeV)? (2.73)
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Their ratio is defined as: v

tan 8 = — (2.74)

UD

The two scalar Higgs doublets correspond to eight degrees of freedom, three of which give
mass to the vector bosons, while the remaining five create physical scalar states: the CP-
even neutral Higgs bosons h (light) and H (heavy), one of which must be the SM higgs
boson, the CP-odd neutral Higgs A and two charged Higgs states H*. The Higgs sector
at tree level is fully described by the Z boson mass mz and two free parameters, tan 8 and
one Higgs boson mass, conventionally chosen to be the CP-odd Higgs boson mass, m 4.
The other tree-level Higgs boson masses are then given in terms of these parameters. The
couplings of the supersymmetric Higgs bosons are different for up-type and down-type
fermions and can be expressed relatively to the SM couplings. Their normalised values
are shown in Table 2.1. The angle « is the mixing angle that diagonalises the CP-even

Higgs squared-mass matrix.

Higgs field | Up-type fermions | Down-type fermion | Gauge bosons
h cos av/ sin 3 —sina/ cos sin(f8 — «a)
H sin o/ sin 3 —cosa/ cos cos(ff — )
A 1/tan tan 3 0

Table 2.1: MSSM Higgs couplings to fermions and gauge bosons mnormalised to the SM
values [12].

The MSSM has multiples regimes based on values of the parameters tan 8 and my,
with very different Higgs bosons couplings properties [13]. However, most can be ruled out
by phenomenological constraints and the main two that are of interest are the decoupling
regime and the SUSY regime. In the decoupling regime, the A boson has SM-like prop-
erties, while the heavier Higgs states decouple from the gauge bosons. This happens for
ma > my (several hundred GeV) or at lower values of m 4 for large tan 5. In the SUSY
regime, the impact of light SUSY particles is big. In particular, one-loop corrections from
strongly-interacting SUSY particles result in a Ab correction in the bb coupling [14]. The
resulting coupling can then be expressed as:

Inbh & gapy ~ tan S(1 — Ab) (2.75)
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Chapter 3

Phenomenological Aspects

This chapter introduces some aspects of the phenomenology of the Higgs boson, which
are useful for understanding the goals of the present study. It demonstrates the experimen-
tal profile of the Higgs boson, mentioning the most important developments and briefly
presenting some results related to BSM physics.

3.1 Production modes

The Standard Model predicts that Higgs boson could be produced in a number of
ways, as it couples to all massive particles, the most common of which are described in the
following part. The corresponding Feynman diagrams are depicted in Figure 3.1, while
their cross section is shown in Figure 3.2.

(a) Gluon fusion

(¢) Higgs Strahlung (d) Top fusion

Figure 8.1: Main Leading Order Feynman diagrams contributing to the Higgs production

Gluon fusion: This is the dominant process at the LHC, being about ten times more
likely than any of the other processes, as it involves the collision of two gluons binding a
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hadron together, such as the proton. The two gluons combine to form a loop of virtual
quarks, because the Higgs boson does not couple to the massless gluons. Since the coupling
to the Higgs boson is proportional to the mass, this process is more likely for bottom and
top quarks. When the Higgs boson is produced though this mechanism, there are no
additional particles expected in the event, except for the Higgs boson decay products, so
the identification of its final states is made more difficult due to QCD radiation from the
colour field.

Vector boson fusion: The VBF production mode is the second leading one and
occurs when two fermions (not necessarily of the same type) exchange a virtual W or Z
boson, which in turn couples to the Higgs boson. This process is also important, because
it results in easily identifiable final states, consisting of just the decay products of the
Higgs boson and two forward jets from the break-up of the colliding protons.

Higgs Strahlung: During the collision of a fermion with an antifermion, they can
merge to form a virtual W or Z boson, which if it carries enough energy, can radiate a
Higgs boson. Since a proton is made of quarks and gluons, the LHC has a much lower
probability of creating a Higgs boson through this channel.

Top fusion: A small contribution to the total Higgs production cross-section comes
from two colliding gluons, each of which decay into a heavy quark-antiquark pair. A quark
and antiquark from each pair can then combine to form a Higgs particle. This mode is
a unique way to understand the direct coupling to the top quark, but it is challenging to
tackle experimentally due to the high ¢t QCD production at the LHC.
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Figure 3.2: (a) Higgs boson production cross sections at Eep, = 13 TeV as a function of
Higgs boson mass (b) Higgs boson production cross sections as a function of the centre of
mass energies [15].

For the present study, gluon fusion and Higgs Strahlung are of interest, since the
method for determining the Higgs branching ratios could be applied to both production
modes in order to draw a comparison between the two. On the one side, the hadronic
Higgs production has the advantage of increased statistics, but at the same time there
is an overwhelming source of background from the QCD direct production of jets (QCD
background). On the other side, the production in association with a Z or W boson is the
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most sensitive production mode, as it provides a clean experimental signature due to the
presence of leptons from the decay of the vector boson.

3.2 Decay modes

The Higgs boson can theoretically decay to most Standard Model particles, however
the likelihood of each decay depends on the mass of the particle due to the proportionality
of the coupling to the mass. A Higgs boson with a mass of 125 GeV/c? has a lifetime
of approximately 1.6 - 10722 s, so the products of its decay are crucial in order to infer
its presence in a particle physics experiment. The main quantity used for studying the
decays of a particle is the decay rate I', which is essentially the probability per unit time
that a particle will decay. If multiple decay modes are available, a decay rate I'; can be
associated with each mode and the total rate is the sum of the individual ones:

Tiotat = » L (3.1)
=1

When the mass of an elementary particle is measured, the total rate shows up as the
irreducible width of the shape of the distribution, which is why the decay rate is also
referred to as decay width. The particle’s lifetime is related to Iy as: 7 = Ftlt - The

probability of the decay by a specific mode is expressed with the branching ratio. It is
defined as:

L
I\total
For the Higgs boson, the values of the branching ratios for the different decay modes are
shown in Figure 3.3 and in Table 3.1. The branching ratios to hadronic products (bb, cc,
gg) studied in this thesis, represent almost the 70% of the total Higgs decays.

BR; =

(3.2)
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Figure 8.3: Branching ratios for various decay modes of a SM Higgs boson as a function
of the Higgs mass [15].

Applying the Feynman rules for the decay of a Higgs boson to a pair of fermion-
antifermion, the partial decay width can be computed as:
2
memipg
T (H — q7) = No—L

¢ 8mu?

(3.3)
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Decay Mode | Branching ratio
H — bb 57.9%
H—WW* 21.7%
H — gg 8.2%
H— 71771~ 6.2%
H — cc 2.9%
H— Z7* 2.7%
H — vy 0.2%
H — Z~ 0.2%

Table 3.1: Branching ratios of the Higgs boson for mg = 125 GeV [15].

where the factor IV, accounts for the number of colours; it’s value is 1 for leptons and 3 for
quarks [5]. From the above formula, it is evident that the decay rate is proportional to the
fermion mass, that is why the Higgs boson couples strongly to b-quarks. The term %,
as can be seen from Equation 2.72, is related to the coupling to the Higgs field and is the
fundamental physical quantity to measure. Therefore, a measurement of the branching
ratios is directly related to the determination of the fermion couplings.

The method for determining the branching ratios to hadronic final states presented
in this study, is also applied to the Z signal region, so its decay is mentioned here for
completeness. Z bosons decay into a fermion and an antifermion: approximately 20% for
neutrinos, 10% for leptons and 70% for hadrons. The hadronic branching ratios are shown

in the following table.

Decay Mode | Hadronic branching ratio (69.91%)
(vt + ce)/2 11.6%
(dd + s5 + bb) /3 15.6%
cc 12.03%
bb 15.12%

Table 3.2: Hadronic branching ratios of Z boson [16].

3.3 Higgs experimental profile

Following the observation of the Higgs boson [17, 18], a detailed exploration of its
properties has taken place at the LHC at the different runs at /s = 7, 8 and 13 TeV. The
Run 2 dataset at /s = 13 TeV corresponds to an integrated luminosity of approximately
156 fb~1. A thorough description of the status of the Higgs boson physics can be found
in [19], while this section presents only the results relevant to the topic of the study.

The most important decay channels at the LHC are: H — vy, ZZ*, WW*, 77, bb.
For a given myz, there are multiple factors that influence the sensitivity of a channel such as
the production cross section, the decay branching ratio, the reconstructed mass resolution,
the selection efficiency and the background in the final state. The H — ZZ* — 4] and
H — ~~ channels have the best reconstructed mass resolution. Although the former
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decay channel has a small branching ratio (Table 3.1), the final state topology has a
clean experimental signature and the mass peak can be precisely reconstructed. The
H — WW* — lyl'vp has a significant branching ratio but the presence of neutrinos,
which are not reconstructed in the final state, results in a poor mass resolution. Finally,
the H — bb and the H — 77 channels suffer from large backgrounds, which makes the
reconstruction difficult.

The Higgs mass is a free parameter in the SM so its measurement is important. During
Run 1, the ATLAS and CMS experiments independently measured the Higgs boson mass,
using samples of proton-proton collision data collected in 2011 and 2012, which correspond
to 5 fb™! of integrated luminosity at /s = 7 TeV and 20 fb™! at \/s = 8 TeV for each
experiment. Based on the combined samples of the two, the mass was measured to be
125.09 £ 0.24 GeV [20]. ATLAS and CMS have been improving the precision of the mass
measurements during the last years, with the latest results being 124.97 + 0.24 GeV [21]
and 125.38 + 0.14 GeV [22], respectively. ATLAS measurements in the 7y and the 4l
channels with 36.1 fb~! of collision data and their combination are shown in Figure 3.4.
The CMS result has the best precision so far and was achieved by similarly measuring in
the same two channels and combining with Run 1 data.

ATLAS ~-Total | | Stat. only
Runt ¥5=T7-8TeV, 25 1o, Run 2 ¥5= 13 TaV, 36.1 b Total  (Stat. only)
Run 1 H—dl —_— 12451 0.52  + 0.52) GeV
Run 1 H—yy —— 12602 £ 0.51( 2 0.43) GeV
Run 2 H—4d! — 124.79 £ 0.37 ( * 0.36) GeV
Run 2 H—yy '—‘—OI—‘—i 12493 £ 040( £ 0.21) GeV
 Runt1e2 Ho4l == 12471 0.30 (£ 030) GeV
Run 142 H—yy ——— 12532 £ 0.35( £ 0.19) GeV
Run 1 Combined —— 12538 + 0.41 ( £ 0.37) GeV
Run 2 Combined —— 12486 + 0.27 ( £ 0.18) GeV
Run 1+2 Combined '—l—' 12497 + 0.24( £ 0.18) GeV
ATLAS + CMS Run 1 +—| 125.08 £ 0.24 ( £ 0.21) GeV
v o by b e by b sy

123 124 125 126 127 128
m,, [GeV]

Figure 3.4: Summary of the ATLAS Higgs boson mass measurements from individual and
combined analyses. The red vertical line and grey shaded column indicate the central value
and the total uncertainty of the combined ATLAS Run 1 + 2 measurement, respectively

[21].

A significant development is the observation of the H — bb decay, which was only
recently achieved [23]. Although it is the favoured decay of the Higgs boson with the
corresponding branching ratio being almost 58%, it hadn’t been previously observed. A
search for it in the most copious production process for the Higgs boson, the gluon fu-
sion, was very challenging due to the overwhelming QCD background. That is why less
dominant production processes, such as the associated production with a vector boson,
had to be considered, as they have features not present in the QCD background. The
leptonic decays of the vector bosons make possible the reduction of the multi-jet back-
ground. In the analysis, events are selected in 0-, 1- and 2-lepton channels, based on the
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number of charged leptons I (electrons or muons), to explore the ZH — vvbb, W H — lvbb
and ZH — [lbb signatures, respectively. The dominant background processes after the
event selection are V + jets, tf, single top quark production and diboson process. The
Higgs boson candidate is formed by requiring events to have exactly two b-tagged jets
in all channels and the main discriminant variables are the invariant mass myyp, the re-
constructed transverse momentum of the vector boson and the jet cone size which are
combined in a Boosted Decision Tree. The results are shown in the following figures.
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Figure 3.5: (a) Event yields as a function of log(S/B) for data, background and a Higgs
boson signal with mp = 125 GeV, with S being the fitted signal and B the fitted background
yields. The lower panel shows the pull of the data relative to the background. (b) The
distribution of myp in data after subtraction of all backgrounds except for the WZ and ZZ
diboson processes [23].

Finally, it is also relevant to present the latest results for the Higgs boson produc-
tion cross sections and branching ratios, which can be extracted from combined mea-
surements [24]. The combination is based on analyses investigating the decay modes
H — vy, ZZ*, WW*, 77, bb, puu and uses 79.8 fb~1 of collision data collected at /s = 13
TeV with the ATLAS detector. The parameter of interest is the production cross section
times branching ratio (o - BR), ¢ for a specific mode i and a decay with final state f. This
is because the two quantities cannot be treated independently, as each observed process
involves at least two Higgs boson coupling strengths. This parameter is then normalised
to the SM expectation values:

o BRy
Hif = Gsa BRJSZM

(2

(3.4)

and represents a specific signal yield. The results are presented in Figure 3.6. The combi-
nation of the various ;s gives a global signal strength of p = 1.11J_r8:8§. Modifications of
the Higgs boson couplings related to BSM physics can be studied using the « framework.
It describes the Higgs coupling properties in terms of coupling strength modifiers x; which
are defined as:

2 gi

Ri = —g57 O ch:

i

L'y
SM
Iy

(3.5)
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Figure 3.6: Cross sections times branching ratio for the main production processes in each
relevant decay mode, normalised to their SM predictions [2/].

They are related to the product of the cross section and the branching ratio by the equa-
tion:

(o Ry, = Tt LT i (3.6)
T T

where /i%{ adjusts the SM Higgs width to take into account the modifications induced by
the deformed Higgs boson couplings. With all the modifiers set to 1, the SM is reproduced.
A model with universal coupling strength scale factors Ky = kK = Kz and kp = Kt =
Ky = Ky = K, is probed. A fit can be performed either globally for these two parameters or
separately for each of the five major decay channels, yielding ten parameters: n{/ and /@?
with f indicating the decay mode. The best-fit values and uncertainties from a combined
fit are m{, = 1.05 £ 0.04 and HJI; = 1.05 £ 0.09. The results of the fit are shown in Figure
3.7a. In a different model, the scale factors are treated independently and are used for
defining the reduced coupling strength scale factors for the weak bosons and the fermions

as:
my mpg
yv = VRy— = OF YF = Kp— = (3.7)

In Figure 3.7b they are plotted against the particle mass. Taking into account all the
aforementioned results, it can be concluded that no significant deviations from Standard
Model predictions are observed.
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Figure 3.7: (a) Negative log-likelihood contours in the (/@{/,mﬁ) plane for the individual
decay modes and their combination. (b) Reduced coupling strength modifiers for fermions
and for weak gauge bosons as a function of their masses. The lower inset shows the ratios
of the values to their SM predictions [24].

3.4 Branching ratios and BSM physics

As explained in Section 2.3, the MSSM involves different couplings of the Higgs boson
to the elementary particles and particularly important are those concerning the bb decay
(Table 2.1, Equation 2.75). On the one hand, the decay modes H, A — bb, 7,7~ domi-
nate when tan § is large. On the contrary, the correction Ab can obtain significant values
in some scenarios leading to a significant reduction of the h,; coupling [25]. The ratios of
the h branching ratios to their SM values Rxx = BR(h — XX)/BR(Hgy — X X) as a
function of m4 are shown in Figure 3.8a. The modified couplings could evidently manifest
in a measurement of the Higgs branching ratios. Taking into consideration Equations 3.1
and 3.2, the large decay width of H — bb could lead to a propagation of its coupling
deviation to all other branching ratios by affecting the total decay width. Therefore, mea-
suring different branching ratios than the theoretically predicted ones could be attributed
to non-SM couplings and unveil SUSY scenarios.

The analyses of the Higgs decay modes can be used to set exclusion limits on the
parameters of the MSSM. The latest results extracted from [24] show the values of m4
and tan S excluded by fits to the measured rates of Higgs boson production and decays
(Figure 3.8b). The decoupling limit, in which all Higgs boson couplings tend to their SM
value, corresponds to m4 — co. The observed (expected) lower limit at 95% CL on the
CP-odd Higgs boson mass is at least m4 > 480 GeV (my4 > 400 GeV) for 1 < tanf < 25
and increases to m4 > 530 GeV (my > 450 GeV) at tan S = 1. The results of Section
3.3 have measured accuracies that still permit the deviations predicted for many BSM
scenarios.
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Figure 8.8: (a) The h branching ratios normalised to their SM value as a function of ma
for tan 8 = 10 [26].(b) Likelihood contours in the ma-tan 3 plane for both the data and
the expectation of the SM Higgs sector. The regions to the left of the solid contour are

excluded [24].
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Chapter 4

Experimental Framework

In this chapter, the main physics objects used in the study, jets and leptons, are
presented. The chapter aims to review the characteristics of each and explain how they can
be reconstructed. A brief overview of the ATLAS detector is also given, so as to underline
the role of the various systems in the reconstruction process. Finally, the chapter explains
the flavour tagging process which is central for the present thesis.

4.1 The ATLAS detector

The coordinate system used by ATLAS [27] needs to be specified as it is used in the
following parts. The origin of the right-handed coordinate system is at the interaction
point (IP) in the center of the detector and the z-axis along the beam pipe. The x-
axis points from the IP to the centre of the LHC ring and the y-axis points upwards.
Cylindrical coordinates (r, ¢) are used in the transverse plane, with ¢ being the azimuthal
angle around the z-axis. Pseudorapidity 7 is used to describe the angle of a particle relative
to the beam axis and is defined in terms of the polar angle 0 as n = —Intan(6/2), while
the angular separation AR is defined as AR = /An? + A¢2. The transverse momentum
pr is the component of the momentum perpendicular to the beam axis: pp = pcosf .

ATLAS is a general-purpose particle detector covering nearly the entire solid angle
around the collision point. The magnet configuration [28] consists of a thin superconduct-
ing solenoid surrounding the inner detector cavity, providing a 2T axial magnetic field and
three large superconducting toroids (one barrel and two end-caps) around the calorimeters.

The Inner Detector (ID) [29] is the first part of ATLAS to see the decay products
of the collisions, so it is very compact and highly sensitive. It is used to reconstruct the
particle tracks in the region of acceptance |n| < 2.5 and consists of discrete, high-resolution
semiconductor pixel and strip detectors in its inner part and straw-tube tracking detectors
in its outer part. The latter also provide measurements of transition radiation that are
used in electron identification. Several other parameters can be determined, such as the pp
which can be measured from the curvature of the tracks and the sign of the charge of the
particle, which can be inferred from the direction of the curvature. Finally, it is possible
to precisely determine the origin of the vertex from which the particles originate, by
determining the transverse and longitudinal impact parameter of tracks. The transverse
impact parameter dy is defined as the shortest distance between a track and the beam
line in the transverse plane, while the longitudinal impact parameter zy is defined as the
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distance in z between the primary vertex and the point on the track used to evaluate dy.

A calorimeter system surrounds the inner tracking detector, covering the pseudorapid-
ity range |n| < 4.9. Calorimeters are based on the principle of electromagnetic showers,
which occur when a high-energy electron radiates a bremsstrahlung photon as it interacts
in a medium. The photon in turn, produces an eTe™ pair. This process produces a cascade
of photons, electrons and positrons and continues until the average energy of the particles
falls below a critical energy. The produced scintillation light can be collected and is pro-
portional to the total energy of the original electron/photon. They are designed to absorb
most of the particles (except muons and neutrinos) coming from a collision, by forcing
them to deposit all their energy within the detector. They typically consist of layers of a
“passive” high-density material like lead, interleaved with layers of an “active” medium,
such as liquid argon. ATLAS uses two types of calorimeters: a high-granularity liquid ar-
gon (LAr) electromagnetic calorimeter [30] and a scintillator-tile hadronic calorimeter [31].
The latter is based on the strong interaction between both charged and neutral hadrons
with atomic nuclei. Hadronic showers occupy a significant volume in the detector due to
the relatively large distance between nuclear interactions.

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 4.1: Cut-away view of the ATLAS detector showing the various sub-detectors [27].

The calorimeter is surrounded by the muon spectrometer (MS) [32]. Due to their mass
and lack of strong interaction, muons usually pass through the ID and the calorimeters
undetected, so it is necessary to have a dedicated system for measuring their energy and
momentum. The muon spectrometer measures the deflection of muons with |n| < 2.7
using multiple layers of high-precision tracking chambers located in a toroidal field of
approximately 0.5T or 1T in the central and end-cap regions of ATLAS, respectively.
In the barrel region, the chambers are arranged in three cylindrical layers around the
beam axis, while in the transition and end-cap regions, the chambers are installed in
planes perpendicular to the beam, also in three layers. The muon spectrometer defines
the overall dimensions of the ATLAS detector.
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The sub-detectors can be seen in Figure 4.1 and the signatures of each particle type
in Figure 4.2.
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tracking electromagnetic hadronic muon
system calorimeter calorimeter  system

photons
—_—

electrons
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muons
D ——
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Kaons
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—_

neutrons
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Figure 4.2: Signatures of the different particle types in the various detector systems [33].

4.2 Reconstruction

An essential part of the analysis of ATLAS data is the reconstruction of physics ob-
jects in the events, based on their experimental signature in the detector. There are
multiple steps involved in the reconstruction of different objects, which are described in
the following part.

Tracks: The first step in the reconstruction process concerns the tracks of the par-
ticles. Tracks can be reconstructed by measuring localised ionisation signals (hits) in the
ID released by electrically charged particles [34]. By combining the individual hits on
different layers, it is hence possible to identify tracks that correspond to the trajectories of
the particles. The reconstructed tracks can be used to reconstruct interaction vertices, of
which, the one with the highest sum of squared transverse momenta of associated tracks
is selected as the primary vertex.

Jets: In the case of the hadronic Higgs production, the decay products are jets. Jets
refer to collimated hadrons and other particles produced by the hadronization of a quark
or gluon in collider experiments. Due to colour confinement, which allows only for colorless
states, quarks or gluons produced by high-energy collisions cannot exist individually. They
combine with quarks and antiquarks spontaneously created from the vacuum, to form
hadrons. Most of the quark’s initial energy is carried in the motion-energy of the new
hadrons, so the total energy and direction of the jet is quite similar to the energy and
direction of the initial quark. As a result, jets can function as proxies to the high energy
quarks and gluons produced in a collision. Identifying and measuring them allows the
reconstruction of the kinematics of the elementary QCD interactions. It is an essential
step, since jets are involved in many different physics processes. Jets can be identified by
reconstructing the full hadronic ¢g system as a single large-radius (large-R) jet and then
flavour tagged, using variable radius track sub-jets (Section 4.3).

o Large Radius Jets: The hadronic decay products can be clustered within a single
large-R calorimeter jet by reconstructing topological clusters of calorimeter cells [35],
in an attempt to extract the significant signal from a background of electronic noise
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and other sources of fluctuations, such as pile-up. These form the set of constituents
from which large-R calorimeter jets are reconstructed, using the anti-k; algorithm
[36] with a radius parameter of R = 1.0. The algorithm involves forming a collection
of jets through an iterative recombination of the input clusters. The characteristic
shape of the output jets is a cone with angular width driven by the free parameter
R.

e Variable Radius Track Jets: The distribution of the energy inside a jet, which
is referred as jet substructure, contains crucial information for discriminating Higgs
jets from multijet background jets. As the transverse momentum of jets increases,
the decay products become more collimated and the reconstruction of jet substruc-
ture observables becomes more difficult due to the finite angular resolution of the
ATLAS calorimeter. However, this can be overcome by using tracks reconstructed
in the inner detector, which provides a good angular resolution for charged jet com-
ponents. Jets based on tracks (referred to as track jets) are reconstructed using the
variable radius jet algorithm [37], which lets the cone size of a jet vary as AR é.
The variable AR corresponds to a fixed angular size of a jet cone, which correctly
models the shower of hadrons coming from two partons.

Leptons: For the case of the associated production of a Higgs boson and a W or Z
boson, the leptonic decay of the vector boson can be used to disentangle the signal from
the background by reconstructing the leptons involved. Electrons are reconstructed from
topological clusters of energy deposits in the calorimeter, since their characteristic exper-
imental signature is the electromagnetic shower. They can then be matched to a track in
the ID. Muons are feebly interacting in the calorimeters, while having quite a long lifetime.
They appear as charged particle tracks in the ID and MS, with a finite curvature caused
by the magnetic field of the solenoid and toroid systems. Their selection procedure begins
with two independent track fits in the ID and MS, that are then combined using differ-
ent algorithms depending on the signature in each sub-system. Finally, due to their high
mass, the taus have a very short lifetime, which results in them typically decaying before
reaching the ID. The tau is the only lepton that can decay into hadrons, so through the
weak interaction it can decay to either purely leptonic states or hadronic (approximately
65% of the time). In the former case, electrons and muons are reconstructed as described
previously. while in the latter, the reconstruction makes use of the hadronic calorimeter.

An event with only leptonic products recorded by the ATLAS detector, is shown in
Figure 4.3. It corresponds to the Higgs boson production in the four leptons decay channel.
The two leading electrons are represented by green tracks and green EM calorimeter
deposits, while the subleading muons are indicated by two red tracks. Recoiling against
the four lepton candidate in the left hemisphere, is a dimuon pair in the right hemisphere
indicated by the red tracks.

4.3 Flavour tagging

Jets containing b-hadrons (b-jets) and to a much lesser extent c-quarks have some
distinct features, allowing them to be distinguished from other jets. First, hadrons with
b-quarks travel the ideal distance for detection by the LHC detectors. They have sufficient
lifetime that they travel some distance (a few millimetres) before they decay, while at the
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Figure 4.3: Event display of a 2e2u ZH candidate [38].

same time their lifetimes are not as high as those of light quark hadrons, which escape the
detector. This results in a significant number of hadrons in a b-jet coming from a different
point than the collision point, which is called a secondary vertex and is the location where
the bottom hadron decayed (Figure 4.4). Furthermore, due to the large mass of the b-
quark, its decay products have higher transverse momentum, so b-jets are wider and have
more constituents particles (multiplicities). Finally, b-jets can contain low-energy leptons
due to direct and indirect semileptonic decays.

b jet

,,,,,, b hadron \

------ impact
parameter

285 secondary
7 vertex

do_
AN 4 .
___%_- primary vertex

Figure 4.4: Comparison between the characteristic properties of light-flavour jets and b-
jets. The trajectory of the b-hadron, the secondary vertex and the impact parameter dy of
a track from its decay are highlighted.

The identification of b-jets is fundamental for studying a large number of processes,
including the decays of the Higgs boson. In order to measure the Higgs branching ratios to
hadronic final states, it is necessary to distinguish b-jets from c-jets and light-flavour jets.
This can be achieved through flavour tagging, which is based on three distinctive features
used by different b-tagging algorithms: impact-parameter based algorithms, an inclusive
secondary vertex reconstruction algorithm and a decay chain multi-vertex reconstruction
algorithm. The outputs of these algorithms are combined in multivariate discriminants
(MV2) which provide the best separation among the different flavours hypotheses. Tracks
used for b-tagging are reconstructed using the ID and associated to jets.
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4.3. FLAVOUR TAGGING

The IP2D/IP3D algorithms involve the use of the impact parameters of the tracks in
a jet, as the main discriminating variables. The IP2D tagger uses the transverse impact
parameter significance dp/o4,, whereas IP3D uses both the transverse and the longitudi-
nal impact parameter significance 2z sin /o, sng (Figure 4.5). In general, a larger impact
parameter significance indicates a clear secondary vertex signal, which in turns represents
the presence of a heavy jet. The probability distributions of the significances are em-
ployed to define ratios of b-jet and light-flavour jet hypotheses, which are then combined
into a single discriminant. The secondary vertex finding algorithm reconstructs a single
displaced secondary vertex in a jet. It uses as input all pairs of tracks associated to each
jet, forming two-track vertices that are then discarded based on their compatibility with
the decay of long-lived particles (K or A), photon conversions or hadronic interactions
with the detector material. An inclusive secondary vertex is then reconstructed from the
accepted tracks. Finally, the decay chain multi-vertex reconstruction algorithm, JetFitter,
exploits the topological structure of weak b- and c-hadron decays inside the jet and tries
to reconstruct all decay vertices, assuming they lie on the same flight path [39].
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Figure 4.5: Data-MC comparisons of the transverse (a) and longitudinal (b) impact pa-
rameter significance values for IP3D selected tracks in the leading jet of the Z decay to
muons plus jets dominated sample [39].

The three baseline algorithms mentioned above, contribute to b-jet discrimination by
providing a number of weakly correlated variables. Their output is combined using a
Boosted Decision Tree (BDT) and the algorithm is known as MV2c. It is trained using
tt events while controlling the c- and light-flavour jet background. The analysis in this
thesis employ the MV2c10 tagger in a configuration where the training sample contains
7% c-jets and 93% light-flavour jets. The efficiency is defined as:

Number of jets of flavour j passing cut
€ =

4.1
Number of jets of flavour j (4.1)

while the rejection is defined as 1/€;. Regarding c-jets, they can be distinguished by
taking advantage of the fact that charm hadron decays have a single secondary vertex
with intermediate charged decay multiplicity and a decay distance comparable to that of
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CHAPTER 4. EXPERIMENTAL FRAMEWORK

b-hadrons. The charm decay products can be separated from the b-hadron ones because
of their smaller decay multiplicity, which makes the average energy per c-hadron larger
than that of the b-quark decay products. The output of the MV2c10 algorithm and the
light-flavour and c-jet rejection rates as a function of the b-jet efficiency are shown in
Figure 4.6.
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Figure 4.6: (a) The MV2c10 output in simulated tt events. (b) Rejection factors as a
function of the b-jet tagging efficiency of the MV2c10 algorithm [40].

b-jet efficiency

An example of an event including jets recorded by the ATLAS detector is shown in
Figure 4.7. The two central high pr b-tagged jets are shown as green and yellow bars,
corresponding to the energy deposition in the electromagnetic and hadronic calorimeters,
respectively. The missing energy E:]}/I %5 is shown as a white dashed line. The excerpt
shows three vertices and their associated tracks: the primary vertex (yellow) and the two
secondary vertices (blue) compatible with the presence of a decay of a b-hadron.

ATLAS

EXPERIMENT

-10-31 04:17:36 CI

Figure 4.7: Candidate H — bb decay event with two b-tagged jets and no lepton recorded
in 2015 []1].
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Chapter 5

Fitting Technique

This chapter presents the developed fitting technique for an inclusive measurement of
the branching ratios. First, the technique is analysed in detail and then it is validated
with various statistical tests in order to examine its accuracy.

5.1 Definition

The fit method used in this thesis is based on templates created using the output of
the multivariate discriminant MV2 (Section 4.3). For each population of interest (gg, c¢
bb), there is a corresponding template. These are then used to fit a sample which contains
the MV2 outputs for every hadronic event and simultaneously extract the contribution of
each population. This is essentially the branching ratio. The advantage of this method lies
on the fact that it uses a pure sample without discriminating and therefore, has increased
statistics. This wouldn’t be possible if a cut on the flavour was imposed a priori, as is
the case when taking only b-tagged events. The gg and c¢ contributions would be left out
because they are difficult to tag while at the same time correspond to a non-negligible
branching ratio.

The method is based on a least square fit. Specifically, TMinuit [42] is used to find
the minimum value of a multi-parameter function (the “FCN”). The value of the FCN
generally depends on one or more variable parameters, whose meaning is user defined but
whose trial values are determined by MINUIT. By providing the initial parameter values
and uncertainties and a set of instructions, MINUIT finds the values of the parameters
for which the minimisation is achieved, along with their uncertainties. The FCN written
for this analysis calculates the x? between the templates of the three different populations
and the data. It is built as:

= <hd—N(f7“1h1 +f7“2h2+f7”3h3)>2

(2

(5.1)

where hg, hi, ho, hs are the values of the data and the three templates, respectively,
fri, fro, frs are the fitted fractions, IV is a normalisation factor and o is the data error.
The variable parameters of the fit are fri, fro and N. The normalisation factor is a
free parameter, while the fractions are constraint between 0 and 1 as they correspond to
branching ratios. The third fraction is given by the equation:

f’l“lJrf’I“QJrf’l“gz1:>f7"3:1*f7‘1*f7‘2 (52)
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given that the hadronic branching ratios should add up to one. The fit results can be
thought as representing the mean of a Gaussian distribution with standard deviation
equal to the error. Given a functional relationship @ = f(z,y) between several measured
variables (z,y), the uncertainty in ) using error propagation is given as:

oQ\? aQ\? 0Q 0Q
2 2 2
Q= % <3a: > Ty < Dy ) 20y dr dy (5:3)

where o, 0, are the standard deviations of  and y and o, is their covariance. Applying
the above relation to Equation 5.2 yields:

03 = /0% + 03 + 2012 (5.4)

where o1, 09 are the errors of the fitted fractions and o9 is their covariance, which is also
given from TMinuit and is usually different from zero.

5.2 Validation

Before applying the method to the cases of interest, it is necessary to check the goodness
of the fit. The fit method is initially tested in a simplified process. First, three linear
functions which can take only positive values are defined on the interval [0,1] and are
used to randomly fill three histograms (Figure 5.1). These histograms are the templates
used for the fitting and are normalised so as to have a total area equal to one. Then, a
histogram representing the data to be fitted is created by taking the sum of the templates
weighted by a fraction for each component. It is scaled with a constant corresponding
to the total number of events (Figure 5.2). The bin content (bc) can be considered as
counts following a Poisson distribution. Thus, the bin error is set to v/bc as this is a good
estimate for the standard deviation of the distribution. The fit method is used to extract
the fractions of the first and second template from the sum. The input fractions and the
results of the fit for two cases are shown in Table 5.1. The third fraction and its error
can be computed using Equations 5.2 and 5.4. The results show that the input values are
fitted with great accuracy. In order to ensure that the fit is linear and the fitted values
correspond correctly to the injected ones, five fits are performed and the results of the fit
are plotted against the input. Indeed, as shown in Figure 5.3 the relationship is linear for
all three fractions.

case 1 case 2
Input Fit results Input Fit results
N - 10000 + 100 - 10000 £ 100

fri ] 0.5 |0.50000 %+ 0.02477 | 0.12 | 0.120000 £ 0.02610
fro | 0.2 ]0.20000 £ 0.07917 | 0.04 | 0.039998 £ 0.08177
frs | 0.3 | 0.30000 £+ 0.05882 | 0.84 | 0.840002 =£ 0.05943
012 - —0.00171 - —0.00192

Table 5.1: Input and extracted values for two cases

A useful method for testing parameter estimation techniques is checking the pull dis-
tribution. For this reason, a set of pseudo-data is constructed. This can be achieved by
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“smearing” the weighted sum in order to replicate the statistical fluctuations (measure-
ment errors) of the data and performing the fit multiple times. The pull distribution must
be smoothed, that is why the content of every bin of the histogram is modified by adding
a random value from a Gaussian distribution with parameters:

=0, o=+be (5.5)

The bin error is also ensured to be the square root of the bin content. The pull variable

for a parameter p is defined as:
Pestm — Ptrue

- (5.6)

where pestm and pyre are the estimated and the true value of the parameter, respectively
and oy, is the estimated error on the parameter. If the fit is correct, the distribution of the
pull values is a standard normal distribution, i.e. a Gaussian distribution centred around
zero with a standard deviation of one. In this case, for every fraction, the pull value is:

fri = 17,

g

(5.7)

with the superscripts f and ¢ denoting the fitted value and the input. The fit is repeated
1000 times for input fractions 0.5, 0.2, 0.3. In every fit, the pull value is calculated and
filled into a histogram. These histograms are then fitted with a Gaussian function, so
as to extract the relevant parameters and check if they correspond to a standard normal
distribution. The pull histograms along with the fitted functions are shown in Figure 5.4.
As it is shown in Table 5.2, for all three fractions the parameters ensure that the statistical
error of the fit method is correct.

Pull fry Pull fry Pull frs

Constant | 226.799 +8.950 | 226.897 +£8.789 | 224.798 + 8.651
Mean | 0.1423 +0.0337 | —0.0407 + 0.0341 | —0.0016 + 0.0339
Sigma 1.0231 +0.0235 | 1.0411 + 0.0233 1.0496 + 0.0231

Table 5.2: Gaussian parameters corresponding to the fit performed on the pull distributions

Finally, it must be ensured that the error of the fitted fractions scales appropriately
with the number of entries of the data histogram. Specifically, the fractional error, which

is defined as:
(oF}

Iri
should drop according to the square root of the number of entries. In order to check
this, the fit is repeated seven times, for 1000, 5000, 10000, 20000, 30000, 40000 and 50000
entries. The fractional error is plotted against the number of entries in Figure 5.5 and it
indeed decreases according to the expected way.

(5.8)
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Figure 5.1: Templates based on linear functions
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Figure 5.2: Pseudo-data created by taking the weighted sum of the three templates for
fractions (a) 0.5, 0.2, 0.3 (b) 0.12, 0.04, 0.84
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Chapter 6

Background

This chapter focuses on the main background of the present analysis, the QCD back-
ground. First, its flavour composition is determined and then the developed fit method
is applied to it. This is done for both Monte Carlo (MC) and data, coming from official
ATLAS samples.

6.1 Flavour composition of the QCD background

As it was already explained in Sections 3.2 and 4.2, the main background for the
Higgs hadronic decays in the gluon fusion mode, as well as the Z decays is attributed to
hadronic jets created by QCD processes. It is therefore extremely important to have a
better understanding of it, that is why its flavour composition is studied. In practice, the
QCD background is present in the detector in the form of quark-antiquark pairs forming
large-R jets. All the combinations of quarks (except for the top, as it does not form
hadrons) are possible, but it is sufficient to focus on b, ¢ and light quarks (u, d, s) denoted
by q.

The flavour composition of the QCD background is determined by analysing MC gen-
erated events (by Pythia 8) and examining large-R (R = 1.0) jets. The analysis of the
background covers the whole mass spectrum corresponding to a large-R. jet mass of 40—600
GeV. Jet quality cuts are applied to remove spurious jets. Only large-R jets with transverse
momentum between 250 and 1000 GeV are selected. Their substructure is determined by
analysing the variable radius track jets. These sub-jets are sorted according to their pr
and are required to have pr > 10 GeV as jets with a smaller pr value are unlikely to
come from hadrons. The considered large-R jet must contain at least two sub-jets. If it
does, the two leading sub-jets in pp are selected as they correspond to di-jet events. If all
these conditions are met, a histogram is filled with the large-R jet mass and pp. Then, the
flavour of the two sub-jets is found by examining the value of the variable jet flavour. For
every combination of the flavour of the two sub-jets, a corresponding histogram is filled
with the mass and pr values and is then divided by the overall histogram. That way, a
fraction for each component of the background can be computed and thus, the flavour
composition of the background is fully specified. The flavour composition can be depicted
in two dimensional histograms of the large-R jet mass and transverse momentum so as to
see how the composition changes with respect to these two quantities (Figure 6.1). The
binning for the mass was chosen in such a way so as to indicate the dominant physical pro-
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cess and discriminate regions where either the background or the signal is prominent. In
the latter case, it is possible to further separate different signal regions. This information
is summed up in Table 6.1. The momentum is separated in three regions: 250 — 450 GeV,
450 — 650 GeV and 650 — 1000 GeV. The light quarks dominate in the whole spectrum,
even in the high pr regions. It is interesting to note that in the case of b-quarks (Figure
6.1f), the result is counter-intuitive since its fraction in the background decreases as the
pr increases in the low mass regions. Its peak coincides with the Z peak, as it is expected.
Moreover, all components exhibit a smooth dependence on the mass and pp, which can
justify an interpolation between different points. This conclusion is particularly useful for
finding the QCD background composition in the signal region (Section 7.1).

The flavour composition is also studied separately in the three pp regions in the 70—210
GeV mass range, while discriminating the cases where the jets are b-tagged or not. This
is achieved by examining the value of the b-tagging cut for each of the two leading pr
variable radius track jets. The b-tagging in the simulation has an efficiency of 77%. If the
value is one for both jets, the event is considered b-tagged, while if it is zero for both of
them, it is classified as anti-b-tagged. The flavour composition of the QCD background
in the three pr regions as a function of the mass of the large-R. jet is shown in Figure 6.2.
The b-tagged case is shown in Figure 6.3 and the anti-b-tagged case in Figure 6.4. The
three plots of Figure 6.3 show a difference in the performance of the b-tagging in the three
pr regions. The fraction of the true b-jets which are b-tagged is smaller in the 650 — 1000
GeV region.

Mass (GeV) 40-55 55-70 70-87 | 87-105 | 105-145
Dominant physical process | QCD QCD A 7 H

Mass (GeV) 145-200 | 200-300 | 300-400 | 400-600
Dominant physical process t QCD QCD QCD

Mass [GeV]

Table 6.1: Mass binning
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Figure 6.1: Fractions of the different flavour components of the QCD background as a
function of the large-R jet mass and pr.
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Figure 6.2: Fractions of the different flavour components of the QCD background in the
70 — 210 GeV large-R jet mass range in three separate pr regions. The vertical axis starts

at 0.6.
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Figure 6.3: Fractions of the different flavour components of the QCD background in the
70 — 210 GeV large-R jet mass range in three separate pr regions for b-tagged events.
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Figure 6.4: Fractions of the different flavour components of the QCD background in the
70— 210 GeV large-R jet mass range in three separate pr regions for anti-b-tagged events.
The vertical axis starts at 0.8.
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6.2 Fitting the QCD background

6.2.1 Monte Carlo

The fit method must be applied to the background in order to examine how well it
can be fitted and compare the results with the true flavour composition (Figure 6.1). This
can be done in the three mass regions where it is dominant: 40 - 70 GeV, 200 - 300
GeV and 300 - 400 GeV. The templates and the samples to fit are created by selecting
MC events in a similar process as in Section 6.1. The large-R jet should have the mass
and momentum corresponding to each region of interest. There is no need to have pp
dependent templates but it is useful to create different distributions corresponding to the
three pp regions (250 — 450 GeV, 450 — 650 GeV and 650 — 1000 GeV) in order to fit them
separately. The large-R jets should have at least two sub-jets with pr > 10 GeV. Then,
the MV2c10 value for each of the two leading variable radius track jets (denoted by pri,
pro) is used, to create a combined probability for the large-R jet. The MV2cl0 output
(Figure 4.6) ranges from -1 to 1, so by using the formula:

pre = 0.25(pry + 1) (pra + 1)[1 — log (0.25(prq + 1)(pre + 1))] (6.1)

the two outputs are combined into a total probability pr. that ranges from 0 to 1 so as
to reflect its physical meaning. This value is filled in a histogram to create the “data” to
be fitted. The templates are created by examining the flavour of the leading sub-jets and
filling the different flavour histograms with the combined probability.

Five templates for each mass region are formed which correspond to di-jet discriminants
for the qq, cc, bb, gb and gc quark pairs (Figures 6.5a-6.5¢). As shown in Figure 6.1e, cb
has the smallest contribution on the background so it is not taken into consideration. The
templates are normalised so as to have an area of one. They are compatible enough that
it is not necessary to have mass dependent discriminants. Therefore, their average value
is computed to create one template for each flavour component, which can in turn be used
for fitting all three mass regions.

The optimal number of templates for fitting the background is determined by finding
a balance between sufficiently describing the background and limiting the number of free
parameters of the fit. Therefore, the fit is performed in various mass and pr regions for
three different cases (Tables 6.2 - 6.9). Initially, the fit is tested using three templates
(qq, cc, bb). Three templates are not sufficient to describe the background as there is
significant contribution from the gc and gb terms. Therefore, the fit is then tested using
all five templates. However, in this case, the contribution of either qc or ¢b is lost because
the discriminants of cc, gc, gb are too similar, especially in the first bins. That is why gc
and ¢gb are combined into a single template, by computing the average value of the two
histograms. Thus, for all subsequent fits, four templates are used: qq, cc, bb and gcgb
(Figure 6.5f) for representing the mixed terms.

In the different fits, all the fractions are free parameters, except the one corresponding
to bb, which can be found by generalising Equation 5.2 to include the extra fractions. The
errors of the fit in the cases using four and five templates can be propagated to bb, by
modifying Equation 5.4 as:

n n

Oy = 207;4-2 Z Oij (6.2)

i=1 ij=1
i<j
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where n is the number of the free fractions.

3 0'35: — Average
< C —— 40-70 GeV
5 0.3 ol 200-300 GeV
é —— 300-400 GeV
3 025
02—
0.45[—
01—
0.05—
S N B IR i e S w I RN I
0 0.1 0.2 0.3 0.4 05 06 0.7 08 0.9 1
Discriminant
(a) qq
8 °'F — Average
5 oo —— 40-70 GeV
2 C 200-300 GeV
£ o008 —— 300-400 GeV
5 =
= =
0.07 —
0.06 —
0.05 —
0.04 —
0.03—
0.02—
:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ \\\\‘\\\\
0 0.1 0.2 0.3 0.4 05 06 0.7 08 0.9
Discriminant
(b) cc
2 0'7: — Average
< C —— 40-70 GeV -
5 06— 200-300 GeV ]
é C —— 300-400 GeV
2 05—
04—
03—
02—
01—
C ‘ = —
0= P P e e " Y s s e e e e e e S5 5 s e e s e s ST R A S R
0 0.1 0.2 0.3 05 06 0.7 08

Discriminant



CHAPTER 6. BACKGROUND

8 F —— Average
= 16—
£ 018 4070 GeV
S el 200-300 GeV
é C —— 300-400 GeV
2 o012
01—
0.08—
0.06—
0.04 —
0.02f—
O:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\I\\‘\\\\‘\\\\
0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Discriminant
(d) qc
28 0121 — Average
5 r —— 40-70 GeV
5 o4 200-300 GeV
@ - [ =
xg: O 300-400 GeV
2 L l—‘
0.08—
0.06—
0.04|—
0.02/=
v b b b b b b b b by
0 04 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
Discriminant
(e) qb
8 F — Average
£ 012— —— 40-70 GeV
s = 200-300 GeV
g — 300-400 GeV
E L
zZ [
008 —
0.06 —
0.04—
0.02—
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\I\\‘\\\\‘\\\\‘\\\\l\\\\
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Discriminant
(f) qeqb

Figure 6.5: QCD templates based on the MV2c10 output for quark pairs of different flavour
in the three mass regions and their average value
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True Fit
3 templates 4 templates 5 templates
freq | 0.8428 | 0.9206 £ 0.0006 | 0.9100 £ 0.0010 | 0.9188 £ 0.0006
free 10.0256 | 0.0656 = 0.0007 | 0.0495 4+ 0.0013 | 0.0328 £ 0.0015
free | 0.0160 | 0.0137 4+ 0.0002 | 0.0151 + 0.0002 | 0.0161 £ 0.0028
free | 0.0803 - - ~ 0 £ 0.00007
fre | 0.0326 - - 0.0323 + 0.0014
froeq | 0.1129 - 0.0025 = 0.0019 -
Table 6.2: Mass = 40 — 70 GeV, pr = 250 — 450 GeV
True Fit
3 templates 4 templates 5 templates
freq | 0.7938 | 0.9097 £ 0.0046 | 0.8771 £ 0.0068 | 0.9004 & 0.0047
free 1 0.0146 | 0.0810 4+ 0.0052 | 0.0395 4+ 0.0092 | 0.0105 £+ 0.0113
fres | 0.0108 | 0.0093 + 0.0015 | 0.0126 4+ 0.0015 | 0.0141 £ 0.0024
free | 0.1187 - - ~ 0£0.0018
frg | 0.0573 - - 0.0749 + 0.0105
frgeqn | 0.1760 - 0.0708 £ 0.0150 -
Table 6.3: Mass = 200 — 300 GeV, pr = 250 — 450 GeV
True it
3 templates 4 templates 5 templates
freq | 0.8557 | 0.8636 £ 0.0009 | 0.7646 £ 0.0013 | 0.6853 = 0.0016
free 10.0257 | 0.1335 4+ 0.0010 | =~ 0=+ 0.0001 ~ 0 £ 0.0001
Sfres | 0.0127 | 0.0028 4= 0.0003 | 0.0128 4+ 0.0002 | 0.0140 £ 0.0003
free | 0.0754 - - 0.3007 + 0.0017
frg | 0.0274 - - ~ 0 £ 0.00003
froeqn | 0.1028 - 0.2226 + 0.0014 -
Table 6.4: Mass = 40 — 70 GeV, pr = 450 — 650 GeV
True Fit
3 templates 4 templates 5 templates
freq | 0.7999 | 0.8761 £ 0.0021 | 0.8151 £ 0.0035 | 0.8550 %= 0.0099
free 1 0.0177 | 0.1185 4+ 0.0023 | 0.0281 4 0.0049 | 0.0146 £ 0.0036
free | 0.0109 | 0.0054 4+ 0.0006 | 0.0123 + 0.0007 | 0.0125 £ 0.0010
free | 0.1144 - - 0.0262 + 0.0180
fre | 0.0529 - - 0.0917 + 0.0106
froeq | 0.1673 - 0.1445 + 0.0068 -

Table 6.5: Mass = 200 — 300 GeV, pr = 450 — 650 GeV
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True it
3 templates 4 templates 5 templates
freq | 0.7919 | 0.8933 £ 0.0067 | 0.8403 4 0.0123 | 0.8822 £ 0.0071
free 10.0158 | 0.1039 4+ 0.0075 | 0.0371 £ 0.0148 | 0.0228 £ 0.0149
free | 0.0072 | 0.0028 4+ 0.0142 | 0.0075 4+ 0.0014 | 0.0077 £ 0.0550
free | 0.1210 - - ~ 0 £ 0.0550
frg | 0.0596 - - 0.0872 + 0.0142
frgeqy | 0.1806 - 0.1151 + 0.0223 -
Table 6.6: Mass = 300 — 400 GeV, pr = 450 — 650 GeV
True Fit
3 templates 4 templates 5 templates
freq |0.8695 | 0.7639 £ 0.0006 | 0.5882 £ 0.0008 | 0.4545 + 0.0010
free 0.0231 | 0.2455 4+ 0.0007 | ~ 0=£0.00002 | =~ 0=+ 0.00002
fres 10.0099 | ~0+£0.0002 | 0.0080 =+ 0.0001 | 0.0102 + 0.0001
free | 0.0704 - - 0.5353 = 0.0010
frg | 0.0243 - - ~ 0 £ 0.000002
frgeqy | 0.0947 - 0.4038 £+ 0.0009 -
Table 6.7: Mass =40 — 70 GeV, pr = 650 — 1000 GeV
True it
3 templates 4 templates 5 templates
free 10.8086 | 0.7971 £ 0.0014 | 0.6648 £ 0.0021 | 0.5616 + 0.0026
free 10.0187 | 0.2050 +0.0016 | =~ 0+ 0.0003 ~ 0£0.0028
fres 1 0.0122 | ~0+£0.0005 | 0.0144 4 0.0005 | 0.0165 £ 0.0028
free | 0.1088 - - 0.4218 £ 0.0027
fre | 0.0478 - - ~ 0 £ 0.0001
frgeqy | 0.1566 - 0.3208 + 0.0022 -
Table 6.8: Mass = 200 — 300 GeV, pr = 650 — 1000 GeV
True it
3 templates 4 templates 5 templates
freq |0.8002 | 0.8157 £ 0.0026 | 0.6760 4= 0.0038 | 0.5716 £ 0.0051
free 10.0164 | 0.1870 +0.0029 | ~ 0=+ 0.0009 ~ 0=£0.0071
frey | 0.0104 | =~ 0=£0.0009 | 0.0124 +0.0012 | 0.0145 £ 0.0071
free | 0.1163 - - 0.4139 + 0.0052
frg | 0.0516 - - ~ 0 £ 0.0005
frgeq | 0.1679 - 0.3116 = 0.0039 -

Table 6.9: Mass = 300 — 400 GeV, pr = 650 — 1000 GeV
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Even with four templates, there are cases where some fitted fractions are equal to
zero. The fit can generally extract the bb contribution with greater accuracy than all the
others since the b-jet discrimination is better. Figure 6.6 shows the MC predicted flavour
composition along with the fitted values in the three main mass regions for pr = 450 — 650
GeV. The comparison with the true values in the three bins shows that the fit results
for the qq and gcqgb fractions are anti-correlated. Hence, the two individual fractions are
discarded as free parameters in the fit and replaced with an overall parameter. In order
to fit them together, a rate is introduced in the fit, defined as:

qq
r = 7{](] v (6.3)

which is kept constant at its MC predicted value. This change is useful for handling
the overlap between the templates, which is significant and usually results in losing the
contribution of the cc pair.

c =
§ B
8 - W
L ~ Fitco
— —MCbb
4 Fitbb
[ —— MC qcqgb
. ¥ Fitqgegb
b4
107 = i
EY
102 —
_ | Il Il ‘ Il Il ‘ Il Il Il Il ‘ Il 1 1 Il
50 100 150 200 250 300 350 400
Mass[GeV]

Figure 6.6: Comparison between MC predicted and fitted values for the different flavour
fractions in the three QCD mass bins for pr = 450 — 650 GeV

The number of bins of the histograms also affects the fit results, so the optimal se-
lection should be made. A large number of bins gives a more accurate description of the
distributions but also makes the fit more complex. For this reason, multiple fits are per-
formed while the number of bins ranges from 10 to 30. Figure 6.7 shows how the fractional
error of the fit parameters changes with respect to the number of bins in the three mass
regions. This was tested in the pr = 450 — 650 GeV region and using four templates for
the fit. Based on these results the number of bins was chosen as 25.
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Figure 6.7: Fractional error as a function of the number of bins

6.2.2 Data

Using Equation 6.3 the fit method can be applied to data in the QCD dominant regions.
The results are shown in the following table. Comparing with the MC predicted flavour
composition, there are significant discrepancies. Although some contributions from t and
ZW decays are expected, they are negligible. The high mass region reflects better the true
composition but has larger parameter errors as it has less events than the low mass region.

m = 40-70 GeV (r=0.8927) | m = 200-300 GeV (r=0.8270)
T aqracad 0.8512 =+ 0.0008 0.8877 =+ 0.0016
Free 0.1463 =+ 0.0009 0.1003 = 0.0018
Fr 0.0024 £ 0.0002 0.0121 = 0.0005

Table 6.10: Data pr = 450 — 650 GeV
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Chapter 7

Methodology

In this chapter, a complete methodology for finding the hadronic branching ratios
in a specified signal region corresponding to the decays of a boson (either Z, W or h),
is developed. Then, the chapter analyses various methods for handling the background
contribution and compares them. It includes simplified cases for testing and finally, the
methodology is applied to various cases of interest.

7.1 Definition

The hadronic branching ratios can be extracted by applying a background subtraction
method. This consists of three steps. First, a good estimate of the flavour fractions of
the QCD background process in the signal region must be found. This can be approached
in various ways as will be shown in Section 7.1.1. Then, the flavour composition of the
combined background and signal processes can be determined by applying the fit method
to the signal region. The signal region has a contribution from both the background
processes and the relevant signal, so fitting it gives the overall fractions. The signal’s
fractions can then be found by using the following equation:

F' = Fjy Rog + FliyRig = (7.1)
. F' — F}, Rk,
F, = — ‘9 (7.2)
S19

where F, Fyig and Fy;q4 are the overall, background and signal fractions, respectively and i
is used to represent the different decay modes. The rates Ry, and Rg;q are used to rescale
the flavour fractions according to the relative amount of signal and background events in
the signal region and are defined as:

Rppg= —29 _ Ryy=—9 (7.3)
Nbkg T Nsig Npkg + Nsig
where npr, and ngy are the number of expected background and signal events in the
signal region and can be found from the integral of the MC histograms. It is important
to correctly propagate the errors to the extracted fractions, as those reflect the accuracy
of the method. They can be determined by considering the general expression:

a— be

d

xr =

(7.4)
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whose error o, can be expressed as a function of the individual fractional errors as:

2 2 2 2
9 9 9 (a2 ag U?i be o, 0. 0j
0% = 0aja T Oheja = (a) ' <a2 te)tly) \gtatae (7.5)

Equation 7.5 can then be applied to Equation 7.1 with the fractional errors for the fractions
given by the fit, while those of the rates can be computed as:

2 2 2 2 2 2 2 2
URbIcg . O kg O kg + Onsig JRsig Onsig O kg + Onsig (7 6)
3 .

2 2 27 2 2
Rbkg nbkg (nbkg + nsig) Rsig nsig (nbk:g + nsig)

They can be further simplified by using the errors: Tnprg = +/Tibkg and op,,, = \/Msig- This
yields:

2 2

ST U S P S w1)
= , = .

ngg Nbkg Nbkg T Nsig R;g Nsig Npkg T Nsig

7.1.1 Background estimation

Estimating the background contribution in the signal region can be handled in various
ways. The simplest method that can first be attempted, is to measure the flavour frac-
tions in a side-band where only the background process is dominant. For the side-band
subtraction method to be valid, the background process should exhibit the same charac-
teristics both in the background and in the signal region. As far as the QCD background
is concerned, this practically means that the flavour composition should be constant with
respect to the mass. However, as this is not the case for most of the flavour components,
a better way would be to use two mass regions to interpolate the QCD fractions in the
signal region. First, a simple linear interpolation is tried, since the flavour composition
in individual pr bins is approximately linear as a function of the mass (Figure 6.1) for
most flavours. A linear interpolation at an interval (x¢, z1) with known values (z¢, o) and
(z1,y1), gives for the unknown value y at x:

Yr — Yo

= — 7.8
y=yo+( 960)331_330 (7.8)
The propagated error can then be found as:
2 2 (1‘ - xo)z(yl - y0)2 0326 + 09200 051 + 0?30 Uf%l + Uzo 7.9
Oy = Oy T — 2 — 2 — 2 — 2 (7.9)
(z1 — 20) (z—20)?  (y1—w)? (21— 10)

The above equations can be applied to interpolate between the low (40 — 70 GeV) and
high (200 — 300 GeV) mass regions. In this case the x values and their errors are:

xo =55 GeV, o0y, =15 GeV, (7.10)
x1 = 250 GeV, o0, =50 GeV (7.11)

while the y values correspond to the fitted fractions and their errors are given from the
fits. For the case of the ZW bosons, the signal region is 70 — 105 GeV so:

x =875, o0,=175GeV (7.12)
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However, some flavour components, especially the bb pair, deviate from the linear
approximation as their peak is exhibited at the intermediate mass regions. So a higher
order interpolation is needed. It’s possible to use the functional dependence on the mass
of the MC predicted flavour fractions and rescale it to fit the fitted fractions in the two
mass regions, in order to obtain more accurate results. This is implemented by first fitting
the three MC predicted fractions (low mass, high mass and signal region) with a second
order polynomial:

y = pex® + p1x + pox (7.13)

The MC predicted fractions have an error which should also be taken into account when
computing the values and errors for the parameters pg, p1, p2. Then, the two fitted fractions
are fitted with a second order polynomial but pi, po are fixed at the MC predicted values,
while only pg is a free parameter. The propagated error is:

05 = x4a§2 + wzofn + ‘71%0 (7.14)
To obtain the interpolated values, x is replaced with the center mass value of the signal
region. Table 7.1 shows the MC predicted and the fitted values for the low and high mass
regions. For each fit, the MC predicted rate r (Equation 6.3) was used. Table 7.2 shows

the estimation of the background in the ZW signal region with the three aforementioned
methods.

m = 40-70 GeV m = 200-300 GeV
True | Fit (r =0.8927) | True | Fit (r = 0.8270)
Fragrqeqr | 0.9585 | 0.9260 £ 0.0011 | 0.9672 | 0.9716 = 0.0025

free 0.0257 | 0.0662 £ 0.0012 | 0.0177 | 0.0140 + 0.0028
fre 0.0127 | 0.0078 £ 0.0003 | 0.0109 | 0.0144 + 0.0006

Table 7.1: QCD fits, pr = 450 — 650 GeV

True Side-band Linear Quadratic

Fragrqeqr | 0.955 | 0.9260 £ 0.0011 | 0.9336 £ 0.0059 | 0.9281 £ 0.0271
free 0.0263 | 0.0662 + 0.0012 | 0.0575 + 0.0067 | 0.0600 £ 0.0031
frop 0.0155 | 0.0078 4+ 0.0003 | 0.0089 + 0.0009 | 0.0121 £ 0.0018

Table 7.2: QCD background estimation, Mass 70 — 105 GeV, pr = 450 — 650 GeV

The low mass region cannot be fitted as well as the high mass region due to its flavour
composition, which has a bigger cc contribution. This makes the fit more difficult as the
cc template has significant overlap with the others. Therefore, although the side-band
(low mass region) subtraction would be valid for the ¢q + gcge and cc fractions, it cannot
be done in practice. The errors of the high mass region are larger because it has fewer
events. The quadratic interpolation was expected to give the best estimates, but this is
not the case because the high mass region propagates a bigger error than in the linear
interpolation case. Hence, the quadratic interpolation tends to give values closer to the
low mass fractions.
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7.2 Injection tests

The methodology of the previous section is first validated with some simple injection
tests. The aim is to see if it is feasible to extract the flavour composition of a signal, when
the background in the signal region is known exactly. By simplifying the problem this
way, it’s possible to determine the accuracy of the method and get a picture of its errors.
In all of the following cases, the test signal is produced by multiplying the templates used
for the fit with a constant which corresponds to the flavour fraction and scaling it with
the total number of ZW events. The signal region consists of the sum of the signal and
the background process. The latter is considered to be the same as in the background
region. Therefore, applying Equation 7.1 should give exactly the flavour composition of
the signal. The following tables show the fit results in the background and signal region,
denoted by BR and SR, respectively and the subtracted values. The background in every
case is the QCD process in the 70 — 105 GeV mass region with pp = 450 — 650 GeV.

BR(r = 0.8703) | SR (r = 0.8703) Subtracted
Froaracas | 0.9461 £ 0.0013 | 0.9477 £ 0.0013 | 1.0800 = 1.2580
free 0.0404 £+ 0.0015 | 0.0389 £ 0.0015 | —0.0865 £ 0.1842
free 0.0135 4+ 0.0004 | 0.0134 £ 0.0004 | 0.0070 £ 0.0504
Table 7.3: Signal: qq *n,
BR(r = 0.8703) | SR(r = 0.8703) Subtracted
fTaq+qeqp | 0.9461 £ 0.0013 | 0.9346 4+ 0.0013 | —0.0387 £ 1.2507
free 0.0404 + 0.0015 | 0.0521 £0.0015 | 1.0429 £ 0.1900
free 0.0135 £ 0.0004 | 0.0133 £ 0.0004 | —0.0042 4+ 0.0513
Table 7.4: Signal: cc*n,
BR(r = 0.8703) | SR(r = 0.8703) Subtracted
FTaaracas | 0.9461 £ 0.0013 | 0.9342 = 0.0013 | —0.0671 & 1.2501
free 0.0404 £ 0.0015 | 0.0409 £ 0.0015 | 0.00894 + 0.1849
frew 0.0135 £ 0.0004 | 0.0248 £ 0.0005 | 0.9777 £ 0.0588

Table 7.5: Signal: bbxn,

The signal flavour contribution can be found relatively well and the small discrepancies
are attributed to the existence of the template for the mixed term in the fit. However,
the errors of the method are large and this is intrinsic to the subtraction. The number
of background events is much larger than the signal events, making the relative rates of
Equation 7.3 approximately 0.988 for the background and 0.012 for the signal. Hence, it
is expected that the method will propagate significant errors to the final result.
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BR (r = 0.8703) | SR (r = 0.8703) Subtracted

frotqeqr | 0.9461 £0.0013 | 0.9413 £ 0.0013 | 0.5306 £ 1.2548
free 0.0404 £ 0.0015 | 0.0419 + 0.0015 | 0.1680 £ 0.1857
free 0.0135 = 0.0004 | 0.0169 £ 0.0004 | 0.3014 + 0.0518

Table 7.6: Signal: (0.5gq + 0.2cc + 0.3bb) * nzw

7.3 Applications

7.3.1 ZW signal region

The methodology of finding the branching ratios can be applied to the ZW signal
region. The extracted fractions are not branching ratios, but can be thought of as overall
fractions for the two vector bosons, denoted by Fy,. Therefore, Equation 7.1 becomes:

F' — FogepRoep

K, = o

(7.15)

Taking into account both the values and the errors of Table 7.2, the best choice is to use
the linear interpolation results, as the quadratic interpolation has a non-negligible error
for the qq + gcgb fraction. This gives the best estimate for the background in the signal
region and is summed up in the second column of Table 7.7. The method is tested for MC
and data samples in the pr = 450 — 650 GeV region, using for both the MC rates:

Rgocp = 0.9883, Ry = 0.0117 (7.16)

For the MC case, adding the QCD and ZW histograms in the signal region forms the
overall histogram to be fitted. The results are summed up in the following tables.

BR SR (r = 0.8703) Fy Fy (physical)

fTaqtqeqy | 0.9336 £0.0059 | 0.9451 +£0.0013 | 1.9129 +£1.3388 | 0.5068 £ 0.0878

free 0.0575 £ 0.0067 | 0.0412 £ 0.0015 | —1.3270 £ 0.5827 | 0.0790 £ 0.0777

fron 0.0089 £ 0.0009 | 0.0137 £0.0004 | 0.4141 £0.0836 | 0.4142 £ 0.0408

Table 7.7: Results of the method for the ZW signal region, pr = 450 — 650 GeV, MC

BR SR (r = 0.8703) Fy Fy (physical)

fragrqeqy | 0.8573 £0.0047 | 0.8644 +0.0009 | 1.4580 £ 1.2040 | 0.4737 £ 0.1505

free 0.1387 £ 0.0059 | 0.1271 +0.0010 | —0.8483 = 0.5331 | 0.1359 £ 0.1258

frow 0.0040 £ 0.0012 | 0.0086 = 0.0003 | 0.3903 £ 0.1074 | 0.3904 = 0.0827

Table 7.8: Results of the method for the ZW signal region, pr = 450 — 650 GeV, Data

After the subtraction, a physical value between 0 and 1 is obtained only for the bb
fraction. That is why, the method is repeated in a “toy” study. The results in the BR
and SR correspond to distributions with mean equal to their value and width equal to the
error. Sampling them 10000 times and each time repeating the subtraction, produces a
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distribution for the subtracted fractions. These are shown in Figures 7.1 and 7.2. Then,
it’s possible to consider only the part of the distribution in the physical range. Taking
the mean and standard deviation of these parts produces fractions in the desired range.
As this process will give fractions that no longer sum up to one, it is done only for two
of them (cc, bb) and the third one is found by subtracting from one. The physical values
correspond to the fifth column of Tables 7.7 and 7.8. Nevertheless, the qq + gcqb and cc
fractions have too few entries in the (0, 1) range to consider the results reliable. Therefore,
they do not represent good estimates for the Fy .

7.3.2 Higgs signal region

The application of the method to the Higgs signal region follows the same steps as the
ZW region, with the only difference concerning the background estimation. The low and
high mass regions are used to find the composition in the 105 - 145 GeV mass region. A
linear interpolation is used. This is done for the pp = 250 — 450 GeV region. The results
are shown in Table 7.9. Given that there are few Higgs events in the MC samples used
for the analysis, only the large radius jet with the highest pr is selected from the QCD
sample. This way, the number of background events taken into consideration is reduced.
The MC rates are:

Rocp =0.9878, Ry = 0.0122 (7.17)

Using the developed methodology, the Higgs hadronic branching ratios, Fg can be esti-
mated. The results are shown in Table 7.10. Some discrepancies are expected because the
Higgs event selection is based on identifying the decay mode, while the method is based
on the flavour tagging output for the variable radius jets. This mainly affects the decay
to gluons, as the final state does not always contain only light-flavour jets. Although the
branching ratios have physical values, they are not in agreement with the MC predicted
ones. The results have large errors due to the small signal to background ratio.

m = 40-70 GeV m = 105-145 GeV m = 200-300 GeV
True | Fit (r = 0.8720) True True | Fit (r = 0.7999)
Fragtqeqy | 0.9514 | 0.9805 £ 0.0003 0.9578 0.9683 | 0.9865 £ 0.0013
free 0.0265 | ~ 0= 0.00004 0.0209 0.0145 ~ 0=£0.0003
frow 0.0185 | 0.0195 £ 0.0003 0.0168 0.0114 | 0.0135 £ 0.0013

Table 7.9: QCD fits, pr = 250 — 450 GeV

BR SR (r = 0.8289) Fu
FTagracss | 0.9826 £ 0.0011 | 0.9712 % 0.0005 | 0.0405 & 2.3645
free | ~0£00001 | ~0=£0.00004 | ~ 0=0.0108

Frw | 0.0174 £ 0.0011 | 0.0288 =+ 0.0005 | 0.9595 + 0.1154

Table 7.10: Results of the method for the Higgs signal region, pr = 250 — 450 GeV, MC
It is clear that with the current flavour tagging response, it is not possible to have

an inclusive measurement of the different flavour fractions. This is mostly attributed to
the fact that the developed method introduces a fourth template, which has significant
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overlap with the other three. Consequently, the fit no longer works sufficiently. Moreover,
the method has large errors which could be reduced by an increase in statistics. That
is why a selection based on a production mode with less background, such as the Z/W
associated production would be preferable. The topology of the decay would make it easier
to increase the signal to background ratio.
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Figure 7.1: Distributions of Fy after subtraction, MC
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Chapter 8

Modifications

This chapter examines possible modifications of the output of the flavour tagging
algorithm and how they could affect the results of the previous chapters. The attempt at
finding the branching ratios inclusively is repeated with modified templates.

8.1 Modified MV2c10 output

As it was concluded in the previous chapter, the developed method is not feasible with
the present accuracy of the MV2c10 algorithm. It is now interesting to see how the results
will change by modifying the MV2c10 output to increase the discrimination between c-,
b- and light-flavour jets. A simple way to have a systematic modification of the output,
would be to change the probability according to the flavour of the jet. Ideally the output
for each flavour would be a distribution centred around a specific probability value, whose
width would decrease as the discrimination improves. This is presently the case for the
light-flavour jets and b-jets but not for the c-jets. Considering a shifted output of the
algorithm so that the values are between 0 and 1, the three centres can be chosen as 0, 0.5
and 1, respectively. Based on this, the output is changed by modifying the probability as:

pr’ = cent — dist x a (8.1)

with
dist = cent — pr (8.2)

where pr, pr’ are the unmodified and modified probability, respectively, cent is the centre
value for each flavour and a is a number ranging from 0 to 1, which determines how
much the probability is modified. For a = 1, the MV2c10 output remains the same. The
di-jet discriminants can then be found using the same formula as before (Equation 6.1).
This way, the flavour templates can be formed, while also taking all the correlations into
account.

Figure 8.1 shows the light-flavour jet and c-jet rejection factors as a function of the
b-jet tagging efficiency. The dashed lines correspond to the unmodified output, while the
solid ones correspond to modified cases for different values of a. Examining the plot from
left to right, a takes the values: 0.95, 0.9, 0.8, 0.7, 0.6, 0.5. The changes to the output
cause the rejection rate for both the light-flavour jets and the c-jets to increase significantly
and saturate as the b-jet efficiency decreases. As a decreases, the discrimination between
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the flavours is improved, so the saturation continues for even larger b-jet efficiency values.
For a = 0.5, the light-flavour jet rejection rate obtains its peak value regardless of the
b-jet efficiency. This is an ideal but practically unachievable case.
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Figure 8.1: Rejection factors as a function of the b-jet tagging efficiency of the modified
and unmodified MV2c10 output

The four main templates used in the present study are shown in Figure 8.2 for different
values of a. In the unmodified case (a = 1), there is significant overlap between the
templates and that is why the fit method is not reliable. For a = 0.7, the discrimination
becomes clear, as all the templates exhibit their peak value at different points.
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8.2 Applications

8.2.1 ZW signal region

The modified templates can first be used to test the method in the ZW signal region.
This time the sample is in the pr = 250 — 450 GeV region and the rates are:

Roep = 0.9358, Ry = 0.0642 (8.3)

The relative rate of signal to background is larger than in the case of the previous chapter
and this will affect the overall errors of the subtraction. The modifications of Equation
8.1 are also applied to the background and signal distributions. First, the subtraction is
attempted with the original histograms, without the modifications, so as to be able to
compare the results. The true and fitted values for the fractions of the background are
shown in Table 8.1. In this py region, the fit is unable to extract the cc contribution. The
background composition is found using a linear interpolation between the two mass regions.
The results of the subtraction are shown in Table 8.2. The errors are indeed smaller with
this sample and now the fractions have physical values. This can be attributed to the
better flavour tagging performance in the first pp region compared to the others (Figure
6.3). Nevertheless, the cc fraction cannot be estimated.

m = 40-70 GeV m = 70-105 GeV m = 200-300 GeV
True | Fit (r = 0.8720) True True | Fit (r =0.7999)
FTaqrqeqy | 0.9514 | 0.9792 £ 0.0002 0.9529 0.9683 | 0.9868 4 0.0010
free 0.0265 | ~ 0=+ 0.00002 0.0243 0.0145 ~ 0+ 0.0002
fro 0.0185 | 0.0208 £ 0.0003 0.0187 0.0114 | 0.0132 4+ 0.0010
Table 8.1: QCD fits with unmodified MV2c10, pr = 250 — 450 GeV
BR SR (r = 0.8478) Fy
fragtqeqy | 0.9805 £ 0.0010 | 0.9684 4+ 0.0004 | 0.7932 £ 0.1231
free ~ (0 4 0.00004 ~ 0 % 0.00005 ~ 0+ 0.0007
fre 0.0195 4+ 0.0010 | 0.0316 4 0.0004 | 0.2068 £ 0.0159

Table 8.2: Results of the method for the ZW signal region, pr = 250 — 450 GeV

The next step is to see how the QCD fits will be affected by the modified templates.
Tables 8.3 and 8.4 show the results of the fit in the low and high mass regions for different
values of a. For a = 0.9, there is no improvement, so it is not useful to further consider
this case, but for a = 0.7 the cc fraction is no longer zero in the low mass region. The next
two values of a reflect the true flavour composition much better and with greater accuracy.
These results are linearly interpolated to give an estimate of the background in the signal
region (Table 8.5). The fit results for the signal region are shown in Table 8.6. Finally,
the overall fractions for the vector bosons Fy are presented in Table 8.7 along with the
MC predicted values. For a = 0.5 and a = 0.3, they agree rather well with the predicted
results. The two cases have almost the same accuracy. Compared with the pr = 450 — 650
GeV region, the errors have decreased as there are more ZW events.
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Fit (a = 0.9) | Fit (a=0.7) | Fit (a=05) | Fit (a=0.3)
FTagracss | 0.9786 £ 0.0002 | 0.9637 = 0.0005 | 0.9547 = 0.0003 | 0.9535 % 0.0003
free | ~0£0.00003 | 0.0160 £ 0.0005 | 0.0257 = 0.0003 | 0.0275 = 0.0002
Fros | 0.0214 £ 0.0002 | 0.0204 £ 0.0002 | 0.0196 = 0.0002 | 0.0190 = 0.0002

Table 8.3: QCD fits with modified MV2c10, Mass 40-70 GeV, pyr = 250 — 450 GeV

Fit (a = 0.9) | Fit (a=0.7) | Fit (a=05) | Fit (a=0.3)

FTagracss | 0.9861 £ 0.0009 | 0.9852 = 0.0008 | 0.9748 + 0.0014 | 0.9742 % 0.0010
Free ~0+00002 | ~0%0.0011 | 0.0116 =+ 0.0013 | 0.0138 =+ 0.0008
Fros | 0.0139£0.0009 | 0.0148 £ 0.0013 | 0.0135 = 0.0007 | 0.0120 = 0.0006

Table 8.4: QCD fits with modified MV2c10, Mass 200-300 GeV, ppr = 250 — 450 GeV

BR a=0.7

BR a=0.5

BR a=0.3

J T aqrqeqb

0.9673 £ 0.0028

0.9580 = 0.0026

0.9570 £ 0.0026

f Tce

0.0133 = 0.0021

0.0234 £ 0.0018

0.0252 = 0.0018

JTu

0.0194 £ 0.0008

0.0186 = 0.0008

0.0178 £ 0.0009

Table 8.5: QCD background estimation with modified MV2c10, Mass 70 — 105 GeV, pr =

250 — 450 GeV

SRa=0.7

SRa=05

SRa=0.3

ST aqrqeqd

0.9531 £ 0.0005

0.9422 £+ 0.0004

0.9410 £ 0.0003

f Tee

0.0163 £ 0.0005

0.0292 +£ 0.0004

0.0315 £ 0.0003

I

0.0306 £ 0.0003

0.0287 £ 0.0002

0.0274 £ 0.0002

Table 8.6: Signal region fits with modified MV2c10, Mass 70 — 105 GeV, pr = 250 — 450

GeV

Fy True

FV a=0.7

Fya=05

Fya=03

J T aq+qeqb

0.7251 £ 0.0062

0.7463 £ 0.1272

0.7111 £ 0.1251

0.7092 £ 0.1251

free

0.1292 £ 0.0021

0.0606 &= 0.0314

0.1137 £ 0.0272

0.1231 £ 0.0261

f Tbb

0.1427 £ 0.0022

0.1930 = 0.0124

0.1752 £ 0.0126

0.1676 = 0.0139

Table 8.7: Fy with modified MV2c10, pr = 250 — 450 GeV
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8.2.2 Higgs signal region

Similarly to the ZW case, the MV2¢10 output for the variable radius jets of the Higgs
selected events, can be modified according to Equation 8.1. The results of the QCD fits
are shown in Tables 8.8 and 8.9 and differ slightly from Tables 8.3 and 8.4 because there
are fewer background events taken into consideration. Linearly interpolating in the Higgs
signal region, gives the background estimation of Table 8.11. The results agree more
with the MC predicted composition of Table 7.9 as a decreases. There is no significant
improvement between a = 0.5 and a = 0.3. The fit values in the signal region of Table
8.11 indicate that in order to get a non-negligible value for the cc fraction, a considerable
increase in the discrimination between the different flavour jets is needed. This is also
reflected in the values of the branching ratios after subtracting the background (Table
8.12). Contrary to the ZW signal region, the fractions do not have physical values even
in the case of a = 0.3, due to the small signal to background ratio. Nevertheless, physical
branching ratios are obtained by considering only the physical parts of the distributions
(Figures 8.3 - 8.5) for two of the three fractions. The results are shown in Table 8.13. For
a = 0.3, a good estimate of the branching ratios is achieved.

Fit (a = 0.7) Fit (a = 0.5) Fit (a = 0.3)
fragtqeqy | 0.9650 £ 0.0006 | 0.9561 4= 0.0004 | 0.9545 £ 0.0004
free 0.0159 4 0.0006 | 0.0251 4 0.0004 | 0.0273 4+ 0.0003
fro 0.0191 4 0.0003 | 0.0187 4 0.0002 | 0.0182 4= 0.0002
Table 8.8: QCD fits with modified MV2c10, Mass 40-70 GeV, pr = 250 — 450 GeV,
Leading jet
Fit (a = 0.7) Fit (a = 0.5) Fit (a = 0.3)
fragtqeqy | 0.9841 £ 0.0026 | 0.9729 4+ 0.0018 | 0.9725 £ 0.0013
free 0.0009 £ 0.0025 | 0.0130 4 0.0016 | 0.0149 4 0.0011
fro 0.0151 4 0.0010 | 0.0140 4 0.0009 | 0.0125 4= 0.0008
Table 8.9: QCD fits with modified MV2c10, Mass 200-300 GeV, pr = 250 — 450 GeV,
Leading jet
BR a =0.7 BR a=0.5 BR a=0.3
fragtqeqy | 0.9718 £0.0032 | 0.9622 £ 0.0028 | 0.9610 £ 0.0030
free 0.0105 £ 0.0026 | 0.0208 £ 0.0021 | 0.0228 £ 0.0020
fre 0.0177 4 0.0008 | 0.0171 4 0.0009 | 0.0162 4 0.0010

Table 8.10: QCD background estimation with modified MV2c10, Mass 105 — 145 GeV,
pr = 250 — 450 GeV

Based on all the aforementioned observations, it can be concluded that as the over-
lap between the templates decreases, the method developed in this study produces more
accurate results. Therefore, an inclusive measurement of the branching ratios is possible
and directly related to the improvement of the MV2c10 algorithm and especially to the
increase in the discrimination between the c-jets and the other two flavours.
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SR a =0.7 SR a=0.5 SR a=0.3
Fraqtqeqy | 0.9633 £ 0.0008 | 0.9531 £ 0.0006 | 0.9525 = 0.0005
free 0.0078 £ 0.0008 | 0.0198 £+ 0.0005 | 0.0219 + 0.0004
fre 0.0289 4+ 0.0004 | 0.0272 4+ 0.0004 | 0.0256 + 0.0004
Table 8.11: Signal region fits with modified MV2c10, Mass 105 —145 GeV, pr = 250 —450
GeV
Fy True Fya=0.7 Fga=05 Fyga=0.3
fragrqeqy | 0.1442 £0.0084 | 0.2686 &= 2.3557 0.2133 4 2.3275 0.2631 £ 2.3265
free 0.0499 4+ 0.0047 | —0.2147 4+ 0.2261 | —0.0627 + 0.1802 | —0.0518 & 0.1775
free 0.8059 £ 0.0249 | 0.9462 4+ 0.0938 0.8494 + 0.0943 0.7887 £ 0.0999
Table 8.12: Fy with modified MV2c10, pr = 250 — 450 GeV
Fy True Fyga=0.7 Fga=05 Fyga=0.3
frogtqeqy | 0.1442 £0.0084 | ~ 0=£0.0599 | 0.0725+0.0726 | 0.1214 £ 0.0872
free 0.0499 4 0.0047 | 0.0626 £+ 0.0538 | 0.0780 + 0.0627 | 0.0898 + 0.0711
fre 0.8059 4 0.0249 | 0.9444 4+ 0.0264 | 0.8495 4+ 0.0365 | 0.7888 4+ 0.0505

Table 8.13: Physical Frp with modified MV2c10, pr = 250 — 450 GeV

76



8.2. APPLICATIONS

Number of entries

Number of entries

Number of entries

qo-+gcab

350

300

200

150

100

50

L

b,HH‘H\\‘HH‘HH‘HH‘HH‘HH‘\

Lo

1
Fraction

350

300

150

100

50

bo\IH‘HH‘HH‘HH‘HH‘H\I‘HH‘\

.

e

Fraction

350

300

250

200

150

100

50

o \HI‘IH\‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘\

1.1
Fraction

Figure 8.3: Distributions of Fy after subtraction, a = 0.7

77



CHAPTER 8. MODIFICATIONS

ag-+qcab

350

300

Number of entries

250

200

150

100

r
b

pE=)
o

Fraction

350

300

Number of entries

250

200

150

100

50

T b b b b b Ly Ll
-0.5 0.4 -0.3 -0.2 -0.1 0 0.1 02 0.3 0.4
Fraction

o

bb

350

300

Number of entries

200

150

100

50

N HH‘\H\‘HH‘HH‘HH‘I\H‘HH‘H

1
Fraction

Figure 8.4: Distributions of F after subtraction, a = 0.5

78



8.2. APPLICATIONS

Number of entries

Number of entries

Number of entries

350

300

250

150

100

50

350

300

250

200

150

100

50

350

300

200

150

100

50

Lo

e

o[ TTTT

qo-+gcab

b)H\I‘HH‘HH‘HH‘HH‘I\H‘HH‘

1
Fraction

b,HH‘HH‘HH‘I\H‘HH‘HH‘HH‘

0.4 -0.2 0 02 0.4
Fraction

bb

1

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Fraction

Figure 8.5: Distributions of Fr after subtraction, a = 0.3

79



Chapter 9

Conclusions

Considering all the results of the previous chapters, several conclusions can be drawn.
First of all, Chapter 5 showed that it is possible to fit three templates to find the fraction
of each in a given sample. The accuracy of the fit is directly related to the number of
entries of the sample. In practice, this means that the proposed method would benefit
from more statistics. Chapter 6 provided a better understanding of the QCD background
by examining its flavour composition. It is important to know how exactly it changes with
respect to the mass and the pp in order to model it efficiently, as it is a sizeable background
for many other processes of interest and new physics searches. Furthermore, it was shown
that the QCD background has a significant percentage of pairs of light and heavy flavour
quarks, so a fourth template representing them, is necessary for describing it effectively.
Chapter 7 demonstrated that a simple side-band subtraction of the background is not
viable and interpolating between two background regions is a better alternative. The
present study determined that it is not possible to conduct an inclusive measurement
of the hadronic branching ratios with the current flavour tagging output and that such
a method would have limited accuracy. The inability to discriminate well the c-quark
from the others was reflected in the results and was exacerbated by the introduction of
the fourth template. Chapter 8 demonstrated that an inclusive measurement is possible
and directly related to the relation between the rejection rates and the efficiency of the
MV2c10 algorithm. The resulting fractions are in accordance with the MC predicted
values for significantly improved tagging performance. The results of this thesis for the
Higgs branching ratios could be expanded by considering the Z/W associated production.

It is worth mentioning the future prospects for measuring all the branching ratios and
the impact this would have. In recent years, there have been direct searches for the decay
to charm quarks which are a vital step in fully understanding the mass coupling [44]. The
attempt at an inclusive measurement will also benefit from c-tagging techniques which
seem feasible at the High-Luminosity LHC [43]. Finally, finding absolute branching ratios
is an integral part of future linear collider programmes in order to determine the Higgs
boson nature [45, 46].
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