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Abstract

This thesis aims to study the ¢f quark production in proton-proton col-
lisions recorded with the CMS detector at CERN at 13 TeV centre-of-
mass energy. The differential cross sections, as a function of various
observables, are measured and unfolded to the particle and parton levels.
Lastly, this thesis will investigate the impact of the theoretical uncertain-
ties on the final differential cross section results.



ITepiandn

H dimhwpated| epyacta €yel oxomd Ty YeAETn Tne mapaywync (edyoug tt
XOLUEX A6 TNY GUYXEOUCT) TEMTOVIWY TTou avty vebUnxav oto Teipouo CMS
oto CERN, oe 13 TeV evépyewa 610 ®évtpo palagc. 1o ouyxexpuiéva, n
EVEQYOC SlaTont) eExedleTon Blapopd, CUVUPTNOEL BLUPOPMLY XIVIILOTIXOVY
PETABANTOV, OLoPYWHEVN WG TEOG TNV TETEQUCHEVY) BLOXELTIXT IXOVOTNTA
Tou aviyveut|. Ta mewpapotind arotehéopato cuyxpivovtal e T TEOB-
Aéderg YewpnTinwy HoOVIEAWY.
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Kegpdiaro 1

Emioxonnon Puoixng
YITOLYELWOWY LWHATLOIWY

EXOTOC TNG PUOKAC OTOLYELWOWY CLRATIdIWY elvon 1 eppnvelor Tou GOPTAVTOS TTOU
TopaTnEoLlIE pe Poaotxd dopxd otovyeio xou Jepehiddels aAAnAeTdpdoelc PETAL) TWV
OTOLYElWY aUTOY. ZEextvovTag and TNy xBavtopnyavixy nepinouv otnv apyr| Tou 200u
ouwvaL, oL Puoxol €youv avamtiEel pla Yewpla 1 omolo AmAVTA EPWTHRATA YLt TNV
eZéM&n Tou obpmavtog. Méypr xou orpepa, 1 unoxeipevn Yewpla, xuplwe dnAAdT
t0 Kahepwpévo npdtuno (Standard Model), etvon 1 emixpotéotepn xan axpiBéotepn
Yewpla ot Puoinr|.  Xtig emdpeveg oehidec Vo meprypapoly to Poacixd otovyela
e Vewplag authc. Oa yiver opwe pla mo Aemtoncpnc avoapopd 660V agopd To
oTOLYEIOdES owpaTIBO- ToT xouopEx (t quark), xodde autd Toiler xou Tov onpavTxdTe-
-0 PONO OTNV AVAAUGCT AUTH).

1.1 To xadiepwnévo nTpdTUTO

To eMXPATEGTERO %O TANPESTERO JIOVTENO TIOL UTIHPYEL YIOL TNV TEQLYPUPT) XU HEAETT
TWY GTOLYEIWOWY onpoatdiwvelvor To xadicpwpévo mpdtuno (Standard Model, SM)
[1]. Méypet otiypic to mpdtuno autd elvon To POVO TOU TEPLYPAPEL JIE tXAUVOTIONTIXY
oxpBetar Ghar Tor TELpUpATIXG amoTeEAécaTa Tou €youv Tapatnendel. Xopgonva pe
70 SM 1ot oToLYEIOON copaTidia ywellovTtal o€ 2 XaTNYO0RIES OTWE PAULVETOL X0k GTNV
ewova 1.1, Oud0o xatnyopleg etvan To prrolovia xan T geppiovia. To peppiovia elvan
owpatidr and ta omolo amoteAelton 1 VAN xou ywellovton oe dUo xatnyoplec. Ta
Aemtovia (leptons) xou to xoudpxe (quark). H xatnyopla twv Aentoviwy arnotelelton
amb 1O NAEXTEOVIO, TO JOVIO ot To Taw. To cwpatidio autd propoly va Beedolv
ehévldepa 0N @Uor. Emmiéov o xdle Eva amd tor owpatidi autd, avtiotoryel eva
vetpivo. Anlady| umdpyouy ta vetpiva nhexteoviou, poviou o Tav. ‘Ocov apopd ta
xoudpxg, elvar 6 xar 6ev propolv va Beedolv ehedicpa Topd 116v0 68 GLVBUAGROUC



TV 2 1 3 dNoupy®vTag dhAa copotidla, To adEovLAL.

ITépa opwe amd v Umoedn TV CTOLYELWOOY aUT®Y owpaTdlwy,To SM nepl-
YEdpEL X0 TOV TEOTO JIE TOV OTOL0 TA GTOLYELWOT CLPATId OAANAETOPOUY. XTN
@LOT UTAEYOUY 4 CTOLYELWONG DUVALIELS, OL OTOLEC BLETOLY TIC UAANAETLOPAOELS TWV
cwpotdlwy. Ot 4 autéc duvdpelg etvar 1 oyLEY|, 1N AoVEVAC, 1 NAEXTEOIOYYNTIXT
xan 1 Bapdtnta. H Bapltnta wotdoo eivan mohl acevic oe oyéon ne Tig undloineg,
JIE AMOTENEOHA VoL PNV ETNEEGLEL TO OTOLYELOOT OWIATIO X0l CUVETMS VoL UMV TER-
thopPaveton oto xadepwpévo mpotuto. [o xde pla and autég Tig duvdpelg, To
SM npofiéner v Unapén owpatdioy (proloviny) péoo and omola "exppdleton” 1
OLUVOILY).

Drei Generationen
der Materie (Fermionen)

Masse—{2.3 MeV 1,275 Gev il (173,07 Gev 125,9 GeV
Ladung— 25 % 2% t 0 H
Spin—{%2 U Y% C % 0
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Figure 1.1: O mivaxog TV oTOLYEWWOOY owPATOIY GORPOVE IE TO XUIEPWIEVO
TEOTUTO

To povtého autd mpofrénet xan TNy UToEEN EVOC axdiol CewATIdlou, To omolo
evdiveton yia T pdlo Twv utoloitwy. To cwpatidio autd elvon To cwpotitio Higgs
xan mopatneriinxe to 2012 dtav xou avoxotveydnxe amd ta metpdpota tou LHC 7
TORUTARNON Yo avaxXdAur Tou.

Iapd T onpoavTinég WIOTNTEG ToU XUEPWPEVOU TEOTUTOU, avapEPUNXE XL
TEWV 1) [N duvatoTnTa TEptypapric Tne PapdtnToag. I'evind To xadicpwpévo mpdTUTO
¢ PovTéro elvon eAAelmég xodwe Oev TEpLhaPdvel OAeC TIC OAANAETORACELS TOU
oupPatvouv otn @lon. ‘Evag and toug otéyoug tou LHC eivon va mopatnendoiv
oL QuowEg Blepyaoieg mou Bev TEpLypdpovTaL amd To xaicpwpévo TedTuTo. Autd
onpotver dnhadt vo yiver avalrtnon evielewy plag véag Quoixrc, Tépa amd TO Xo-
tepwpévo mpdtuno. Mio and Tic o urooydpeves Hewpiec Tne omolag 1 Umopgn Vu
peretndel xou eheyyVel ond tov LHC ebvon auty) tne unepoupetpiog (Supersymme-
try).



1.2 Kpoavtixh Hiextpoduvapuxr- Quantum Elec-
trodynamics QED

{2¢ mpog NV o Topia Tou xadepwpevou tpotinou, 1 QED elvon o tpcTog pnyavionog
Tou TEPLEYpapE YWVoTéC ahhnhemdpdoeic o plo xPBoavtiny| Yewpla medlov (quan-
tum field theory)[1]. To goptio e QED ovopdleton nhextpopayvntixd goptio
xan ouvAde avdyeton o povddeg Tou Vepehiddoug poptiou Tou nhextpoviou, e.
O pnyoviopodc xataoxevic plog xPoavtinrc Yewplog mediov Cexwvd maipvovtog Ty
Aoryxporv- -Clovy| GUVEETNOT YLoL TOL PEQIILOVLAL, 1) OTIO{0L TEPLY PAPETOL AT TOUG OTHIVOPES
Tou Dirac xau amoutel va ebvon avadrolwtn xdte omd petacynpuoaticpole Badnidag. H
xPBorvtinr) nhexteoduvapixy| anantel 6TL 1 Aayxpoavliovy| etvan avaAholwTn xdte ond
petooynpotiopols Badpidac plag U(1) opddac ouppetplac. H Aoyxpovlavh tng
elowone Dirac diveton mopodte:

L =90, — mypyp
OTIOU 0 TEMTOC 6POC EfvaL 0 AVNPATIXOS OEOC XAl O BELTEPOG GPOG Elval O PO
¢ ndlag. To ¢ ebvan o omivopag Dirac xow m n péla mou avtiotoryel 6Tov onivopa
owt6. Eva Sidvuona v amd mivaxeg ypnotpomoteiton yia vo yeaptel ) Aoyxpavliav
OTOV YMPEO TOV TETEUOLVUCHATOY. O 6p0¢ I AVUPEQETUL OTIC CUVIGTWOES TWYV
tetpavucpdtwy. Evae petaoynpotiopde U(1) opileton we:

b - = expi® )
omou 1 mopdpeTeog g avtioToly{Ceton ot plo SOvopn oOLEVENS XL TO o VATURLE TA
pio @dion mou e€apTdTan amd TIG Y WEOYEOVIXES CUVTETAYREVES. Eve o dpog tng pdlag
elvar ovahholwTog dTe amd TOV TUEATAVE NETACYNIATIONS, 0 6pog J,1) Bev lval.
Mo v xataoxevdooupe pia Aoyxpovllavr) avoAAolwTn XETw omd HETUCY NIATIOROUS
U(1), ewodyoupe éva véo dloavuopatind nedlo A, (x) xadode xar opilovpe 0 cuvol-
holwTn mopdywyo D,

D, =0, +1qA,(x)

Me v eloayonyn Twv tapamdve, 1 véa Aoyxpovliovy yedpeTtar we eEhc:

L =iy 0,0 — mpp — qpy*p A,(x)

OTOU 0 TEWTOS 6POC Elval O XIVNPATIXOS 6p0g, 0 BeTEPOC 6po¢ Elval 0 OPOC
ndlog xou o Teitog bpog elvan o dpog alinienidpaong. ‘Etol pe tnv amaitnon va
etvon 1 AoryxpoavCiovi avodhoietn xdtw omd petacynuatiopols U(1), npofiéneton 1)
Umoegn evog Slavuopatixol Tedlou A, Autd To BlavucpoTind TEGio GUVBEETOL JIE TO
puTOVIO. Aol dev uTdpyEL Opo¢ 1Alag Yo TO TEBLO TOU PWTOVIOL, TOTE TO PKOTOVIO
oev €yel pada.



1.3 KpRavtixn Xewpoduvonixr| - Quantum Chro-
modynamics QCD

H dewpla mlow andé v QCD eleMooetar 6w xaw oty QED. To goptio otnv
QCD elvon To ypopa xan UTdEYEL OE TEELG NOPPES: TEACLYO, ITAE Xt x0xxwvo. Kdle
YEOIL EYEL XAl TO AVTI-YEMI0 TOU XaL UTHpYEL oto avtioTolya aviionpotid [1].
Luvenog meEnel xovelg vor Adfel unt b TEQLGTEOYES OTOV TELOOIAGTATO YWEO TWYV
Yewpdtov, tou neptypdpetor and tny SU(3) ouppetplo. Ot yevwhtopeg Ty, 6m0L o0 =
1 €w¢ 8, eNnouloToLoVVTAL YL Vol EXPEACOLY TIG TERLOTRPOWPES auTES. ‘OTmg xou oty
QED,0piCeton plor cuVVOAOIWTN TOEEYWYOS Yol VO XATUAOXEVACTEL J1lol CUPPETEWXY
Aoryxpoaviovy). H ouvadolwtn topdywyog otnv QCD elvo:

D, =8, +ig,T°G"

omou g, €lvar 0 6poc Tou TEPLYpdel TN oULEVEN TWV XOLUEXS JIE TNV LOoYUET
oUvomn.  To davuopotind medla G ouvdeovio e v Oapdn TV YXhouoviwy.
Enedr) ov yevvrtopec tne SU(3) Sev petatifovton petald toug, emTpénovion ot
oA nAemdpdoelg PETAEY B0 yxhovoviwy. H tehixd Aayxpovliavr iveton we e€ng:

L= 00, — ) — gub (TG — 1C, G

OTOL 0 TEWTOC 6POC Elval O XIVNIATIXOS Xt 6pog dLac, o BelTEQOC GpOoC eival 1)
oaANAETBEoT PETAEY XOLUEX X YXAOUOVIWY Xt 0 TEiTOC 6p0C 0 XIVNHUTIXOS 6POC
xaL 0 6po¢ ahAnAenidpaone yxhouviov-yxhouoviov.

Ov alknhemdpdoelg yxAouviov-yxhovoviou 0dnyoly oe pla onpoavTixyg enidpuon
otnv QCD. H muxvotnta evépyetag petall 600 yewRatxoy goptiny, auédvetal 660
QUEAVETAL O 1) ATOCTAGY| TOUC. MUVETWC, 1) EVERYELN UEAVETAL XL 1) EVERYELXL TOU
amo¥nxevetan oTo tedio Tou Ta 800 opTtio oynpatilouy. e xdnolo onpelo N evépyeLa
elvon apxetd LPNAY €tol Hote va dnpovpyrioel véa coloured charged cwpotidia.
I'V autd t0 AdYO, Ta XOUNEX BEV PTOPOLY Vo Bploxoviar ehediepa aAAd povo oe
OUBETEPES (YpwHATIXE) BECPEVPEVES XOTAUO TEOELS Tt oTtolar ovopdlovTat adpdvLL.

1.4 AocVevrc ANANAERiOpaOT

H pltn ddvopn mou meprypdgeton and to xadiepmpévo mpdTuno eivon 1 acVevric
Btﬁvcxpn[l]. To goptio tng woyuprc dUVaNG xohelton LOOOTEY X TO GUVAVTE XAVElS
ota prolovie W=, Z. Ereidr) ha to prolovia tng actevoig adAnienidpaong €youv
péla, n acVevic alknienidpoon €yel mohd pxed ebpoc. H opdda cuppetploc mou
neptypdpet TNy acdev) alknhenidpoon eivon  SU(2)L 6mou L Betyver tnv npotipnon
Celéng pe aploTepdTTEOGI CLPATOI xan 6edlocTpoa avTtiowpatidi. To prolovia



W= xdvouv c0leuin névo pie apto Tepdo Tpoga cwpatidw ot avtideor pe to prolovio
Z mou xdvel oLleudn xou pe de€locTpoga. Méow twv prnoloviov W, ta geppiovia
propolv va ahhdCouy yelor. Ta aplotepdotpoga xoudpx xal Aettovia efvon dlote-
Torypéva oe dimiétec (doublets) eved tor Be€ldéo PO GLpATIBIL AVATIPLO TOVTOL 0Td
singlets. Eneidr 6ev undpyouv 6e€166 10000 VETRIVO, TO TEQLEYOPEVO TOV CWRATIOIMV
TEPLYPAPETAUL WG:

u c I Ve Vi Ve
g . , ; b . ; ; Lug.dg.cr, sg. fJR. IR, €r, UR, Tr.
L . L L ¢ L B L * L

H Yewpla emitpenel pévo adhoryr| yedong povo peca 6Tig BIMAETEG auTeg. 20Tdo0
€youv mapatneniel Sluondoelg amd pio yevwid oe pio dAAn. H ahhory?) yebong petald
TWV xovdpx TEpLYpdpeTon and Tov mivoxa piEne twv Cabibbo-Kobayash-Maskawa
(CKM) »ou eivan o e€ric:

d’ Vud Vm Va ib d
s/ - Vr: d Vr.'.\' V( b s
b v}d v}.\' "'{' b b

H mdoavétnto 61 €var xouapx tOTou 1 Yo petatpancl o Eva xovapx TOTOU j 6Tay
exhel éva W pimolovio ebvon avdhoyn tne nocdttac |Vij|. Adyw twv xotaotdoeny
ni&ng, mapatneeiton 6yt pévo topaioon tng opotuioug ahid xan TapuBiacT Tou goptiou
(CP-violation).

1.5 HAiextpaocUevric AANANAenidopaon

[ot Ty xoAOTEEn XoTaveEol Tmv BUVIPE®OY Tou xoicpwpévou TpoTiTou, Va HToy
TOAD YENOLIO VO JITOPEGOUNE VO EVOTIOLACOUPE OAEG TIG OLVpELS og Evay eviaio
unyaviopo6[l]. To mpdto BrAno yior v evomorion auth pnopel Vo YIVEL EVOVOVTOC
v QED pe v acdevy| adinienidpaon. To goptio Q xau to acdevéc woooniv T
cLVOLALovToL JIE TETOLO TEOTO £TCL WOTE Vo oY NpATIoTel To UTEPPopTio Y:

Y = Q(Q_IS)

H AayxpavQiav mpénel var elvar mdht avolholewTn x84t amd HETACY NHATIOROVC
Ty opddwv SU(2), x U(1)y. Ta napamdve éyouv we anotéheopa téooepa dpola
nrolovia Wy, Wo, W3 xou B.



1.6 O pnyoviopog Higgs xo np avdopnntn prén
ocuppeteiog

To prolovia Wi, Wa, W3 xan B, pe Bdon o napamdve, etvar dpala. Avtideta, ol
palec twv W xan Z proloviewy petpwvtar vo eivon oto 80 GeV xou 91 GeV avtio-
Totya. Emopévee, avortiydnxe pla Jewpla 1 omola Adver o mpdinpa autd, péow
avdoppnTou ondotpou cuppetpiog [1].

Eiwodyeton évar véo medlo 6mou 1 muxvotnta Lagrange yia tomxéc petaBoréc dev
elvar ouppetpwr, eved 1 Lagrange tou mediou elvan. Autéd cuvemdyeton dpoug pdlac
yioo nhextpaciev) proloviar xadwg xon éva véo pmolovio, to prolovio Higgs, ot
muxvoTnTa Lagrange tou xohicpwpévou tpotumou. Metd and to audoppnto ondoijio
ouppetploc, tao Wi xou Wy cuvdudlovton e T€T0l0 TpOTO €Tl MOTE VO TYPOVIE To
W=+ prnolovia tng aotevoic ahhnhenidpaone péow

1 .
W* = E(W1 T iWs)

To ddho 800 medio W3 o B cuvoudlovto xou divouy we anotéheopa 1o pnoldvio
Z am6 Ty aoVeEVY| Xal TO QWTOVIO Y antd TNV NAEXTEOPNXYVNTXT| dAANAETDpaoN:

¥\ _ [ cos By sin By B
Al —sin By cos By Wa

E8¢ etofydnxe xou 1 ywvio aodevoic pi€ne (weak mixing angle) Oy, n onola
eniong ovoyetiCel Tic pélec My xou Mz toov W xou Z prnolovieoy péow tng:

M,
My, =—"%
cos Oy

Y€ auT6 TO PNy AVIoO PToEoLY Va Tepthop3dvovton xou paleg gepploviky. Enopé-
v, elodyeton pio o0leuln Yukawa pie to nedlo Higgs avdroyn pe tic pdlec. Metd
To ondopo g ouppetplag, To Kabepwpevo Ilpdtuno propel va yeaptel pe nplo
AoryxpavCiovy| avamapdotaon. I'Vautd, n nuxvotnta Lagrange QCD mpénel v ouv-
dvaotel pe TNy ocuvolut| Huxvétnta Lagrange tng nhextpacievoic adlknhenidpouong
peTd To ondoo g ouppetpiag. H ouvohixd muxvétnta Lagrange nepiéyel enfong
ONOUC TOUC XWVNTIXOUS OpOUC TV PEQILOVILY, 6pouc NAluc TwV NAEXTEUGVEVMY
proloviov xar tou pmoloviou Higgs, dpoug cUleuing twv @eppioviwy oe nhex-
tpoolevh Badpwtd prolédvia (gauge bosons), 6pouc odknhenidpaonc PeTallh nhex-
Tpacvevmy proloviwy ot Tou Higgs proloviou xadde xon 6pouc mou expedlouy tnv
o0leuén Yukawa twv @epploviov oto tedio Higgs [2].



Kegdhouwo 2
Top Quark

2.1 Eiwcoaywyn

To tom xouvapx elvar péhog g dimAétog weak-isospin mou nepléyel To bottom xouopex
e goptio Q = 2/3 xau T3 = +1/2 [3]. Eneidr) to ton xovopx eivor mo Papd ond to
W nnolévio, eivar To pévo xoudpx mou dlaordton Nui-aovevog o éva W prnolévio
xou €va b xovapx. Enopévee, €yet o mohd mxet| Sudpxeta {omg xon dtaomdtal
Tty pmopéoel vo oupfel 1 adpovoroinor. Eivor to povadixd xoudpx tng onolag 1
Té4&n e oLleuing tou Yukawa pe to pmolovio Higgs elvon tdnc povddac. To
top xoudpx moilet évay edixd pého oto xadiepwiévo tpdTuno(SM) xa otic Yewpieg
mepa and To xadepwpévo tpdtuno. H gouvopevoroyia tou Kadepwpevou npotinou
TOREYEL EVOL LOVIDLXO EPYAUOTHAELO OTOU PTOREL Var EEETAOTEL 1) XATAVONOT) TNG LOYUETC
oM NAeTBPUONG, TOCO BLITAUPUY DY OGO XAl 11N BLATUQUXTIXWY XaTaoTdoewy.  Mia
oxEIB31C YVOOT TWV x0pLPUWY WLOTATWY ToL top xoudpx, omwe 1 pdla, 1 oOleuVin,
1 evepYO¢ dtatopn, To branching ratio tng didomaong x.AT., pTOEOUY Vo GUVAY Y OLY
NeYdAng onpaotag Pacixég TAnpogopleg oyeTd I Tig VepemdELS aAANAETLOPAOELC.

2.2 Tlapaywyr Torn Kovapx

YTIC adpoVIXEC GUYXPOUCELS, TA TOT X0UdpX TupdywyovTo xuplwe o (ebyn péow
e Odwactac gg — tt xou gg — tt oc leading order otnv QCD. Ytig evépyeleg
touv LHC, nepinou 90% NG TaPAYWY TS elvan amd TAsUEIXES dLadixacieg ota at N
14TeV [4].

Y10 LHC vunodétovtac 6t 1 xopugota pdla xoudox etvor 173.2GeV/c2 oL Ot-
ATONEC EVOL: Oy pary = 173.6%2 9pb 670 /5 = TTeV xou o = 815.9673337pb o710
Vs = 13TeV. Trnodétovtag 6T |Vip| Ou Sratopée yio o eviodar AOPLPALOL TUEAYWYT
elvor avéhoyee pe to |Vii|, mpdypa mou onpaiver 6t dev ypetdletan xoqi{a emtthéov
umo¥eoT yior TV dELII6 TV OXOYEVELWY X0UdEX 1} TNV HOVUOLXOTNTA TOU Ttivaxa



CKM oty eZayoy! [Vip|. Xwplotée petphioetc tomv Slodixaotdv oo xovdho s xot t
TOEEYOLY CNHAVTIXES TANPOPORIES YiaL T QUOLXY| TEEX UTd TO TEOTUTIO OVTENO.

Me pa pélo néve and to 6pto Wb xan |V || >> |Vigl, [Vis|, To TAdToc Sidonaong
TOU TOT XOLGEX AVOPEVETOL VoL XUPLOEYE(TOL 0md TO Xovaht Tewv 800 cwpdtwy (2 body
channel): t — Wb. To m\dtog tou mpoPAéneTon oto SM ebvou:

Gprm? M?2 M?2 2a, 21 5
1" — t 1_ w 21 2 W 1__3 an Y
! 87r\/§( mf)( + mf)[ 33 )

TORUAE(TOVTAC TOUC 6pOUC TAENS mg/mf, a?, OTOU M AVUPERETAL GTNV pole mass
Tou ToT xoudpx. To mhdToc yia o tph my = 173.3GeV/c? elvan 1.35GeV /c? o
au&dveton 600 auidveton 1 pdlo. Me ma Sidpxeia (whg mepimou 0.572* s, 10 tom
XOLGEX avopEvETOL Vo SloTaoTel Ty amd TNV epgdvion avotepwy top-flavoured
adpoviwy twv tt -quarkonium-bound xatactdoec propolv va oynpatiotodv. Ot
oLopvnoELg ag QCD yi to T'y ebvon enfong dlodéoipeg BeAtiddvvovTag T cUVORLXN
Vewpntxt| axpifela teptocdtepo and 1 %.

q Vi
t W t i _
q [
b b
(a) (b)

Figure 2.1: Feynman diagrams of a fully hadronic (a) and lepton + jet (b) decay
of the top quark. Decays of anti top quarks are constructed similarly

2.3 Tlapoywyr tt

O tehixée xataotdoeic yio v Poocixny| Sdwocio topaywyne (euymy nmopel vo
ywelotel o 3 xotnyopies [4]
A.
tt — WTbW b — qd'bq"q"b
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Figure 2.2: Top quark mass with relation to the masses of the other quarks

(45.7%)
B. ) _
t— WHOW b — q@'bl" b + 1T 1bq"q'q
(43.8%)
C. B )
tt — WHoW b — [T ubl~ b
(10.5%)

To xoudpx oTIC TEAXEC XATUCTACEIS XATUATYOUV O jets amd adpovia. Ot Tpelg
TOEATAVE XUTYOPIES DLABACLOY TopaywY TG (e0YOUS TOT XOUPX OVIPECOVTOL ()G
xavaho tomou "all-jets” (A), lepton + jets (B) xou dilepton (II) (C). Ov oyetixéc
GUVEIGPORES TOUG, CURTERLAISBOVOIEVWY TV aBRoVIX®Y dloplmoewy, divovial oTig
napeviéoec. To 1l otic mapandve dladacieg avagepetar ota e, i 1 T. Extodg and ta
XOLJEX TTOL TEOXUTITOLY AT TNV ATocUVIEST) TOL TOT XOUBEX, 1) ETLTAEOY axTvOBoAld
QCD ané ta coloured ocwpatidi ota yeyovoTta imopel vo 0dnyrioet oe emmhéoy jets.
O apuipog Twv jets mou avaxatooxeudlovial GTOUG vty VEUTEG eCapTATUL amd TNV
XVNPATIXT TG OIoTAoNG, XS xaL amd ToV oAYORII0 aVaXUTACXEUNC TV jets
ToL yenotpomololvTol amd TNy avdiuor. IIinpogopieg oyeTnd e TNV eyxdpota oppn
TV VeTpivewy AapfdveTal amd TNy avicoppoTia 6TNV EYXECLO OpPT| TOU HETEATOL OE
%x&de yeyovoc.

Eivou euxohdtepo va avoryvopioet xaveic ton xouopx oto QCD ¢ xavdh o avti-
Veom pe To nhextpaoieveg single Tom xovoEx xavdAL Adyw Jlag ALy OTEQO YapaxTnplo-
g emidpaong xordodg xou peYaALTEROL LTORBATEOL XxUElKE AOYW® TNG TAUPAY WY NS TKV
tt and W+jets.

To mAfpwe adpovind xou lepton—+jets xoavdiia xuptapyolv xou cupfBaivouv To
45,7% nou 43.8 % tou ypbdvou avtiototya. 10,5 % Ghwv TV YeEYovOTwY Tt xortohh-
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Figure 2.3: Feynman diagrams showing the production of top quark pairs. Dis-
played are quark anti-quark annihilation (a), and gluon-gluon fusion in the s-
channel (b), t-channel (c¢) and u-channel (d)

Youv o€ 2 AemToOViaL 6TV TEAXY Toug xatdotaot. H avdhuon auth Yo emxevtpmiel
OTNV TAYPWS adEoVIXY| BldoTaoT).

Jet JEt. Jet
/‘O'
b 'ﬁ,f-".
N\ O
r
® ® ® ® O O O Om
/ P
c - -OFf
—o T\
Jet ¢’
b
Jet
Jet

Figure 2.4: Fully Hadronic ¢t decay
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Pile Up

Tnhoc putnoc obyxpouvone anateiton otov LHC vy ) culhoyt| peydiou dyxou
OEDOPEVMY XL TN BLYATOTNTOL VoL TapaTnEN o0V axdpn xot TOAD GTAVIES BladLXaslES.
AN o uPnhog puinog éyel eniong pelovextrpota. Aedopévou OTL oL CAANAETLORE-
ol TPWTOVIKV-TowToViwy Teaypatonololvton avd bunch crossing, dev elvon povo
EVOL EVOLUPEPOV AAAGL Xl TOAS GANOL EVOLAPEPOVTA YEYOVOTA TTOL TEOXUTTOUY, xUPIKC
soft Sadixaciec QCD, xou mopatnpolvion Tautdypove GTov aviyveuth.  Auth 1
enidpaon ovopdleton pile up. Av dev doplwiel, ou petprioeic g evépyelag dev
TEPLAOBAVOLY TAVTOTE Tal CWHATIOIL ToU TpoépyovTan and Tr dadixacio Tou hard
scattering mou pog evdwgépet. o vo pewoovpe T anoteAcopata pile up, etvon
onpavTixd va ebvan o Yo xavelg va tpoodlopioel emimpooietn evépyeta xodmg xal
var Slaxpivel PETOEY TNg " oxhnefic” oxEBUOTC XoL XOPUPKOY aTd TEOCVETEC OAATN-
AETOPAOELC.

Underlying Event

Egbcov Ta mpwtévia ebvor oOvieta cwpatida, propoly va meoxdhouv mohhamhéc
aAnhemidpdoelg topToviwy og pla ohyxpouon mpwTtoviny. H moapoamdve dadixactio
ovopdleton underlying Event xon agopd yeyovéta pe mopTtovior mou oAANAemdponv
PETOEY TOUC X0l TROXVUTTOUY Amd To TRGTOVIO TToU GUYXpovovTol HETal Toug. Agol
xaL ot 800 ahAnhemdpdoels €youv xowd onpelo olyxpouong, OEV PTOPOLY Vo OL-
aywetotolv. {2¢ ex ToUTou, To underlying event mpénet vo propel vo yivel xatavontd
xa Vo TEQLAAPPBAvVETOL OTO OTIC TPOCOROWWOELS TWY YEYOVOTWV.
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Kegdhawo 3

O Aviyveutric Compact Muon
Solenoid

210 xe@dhono autd Vo YIveEL fiot GOVTORT) ovaPopd GTOV JIEYSAO ETULTOYLVTT BP0 VWY
(Large Hadron Collider, LHC) xad¢ ot otov aviyveutsy Compact Muon Solenoid
(CMS).

3.1 The Large Hadron Collider

O peydhoc emtayuvthc adpoviwy (Large Hadron Collider, LHC) eivou o peyahitepoc
EMUTUYLVTAC CwPUTOlWY Tou €yel xataoxevactel moté. O LHC Peloxeton xou Act-
TOVPYEL OTIC EYXATACTAOELS TOU EUPMTAXOU XEVTPOU EQEUVIC GTNV TURTVIXY| QUOLXN
(CERN). O emtayuvtic téinxe yio mpcdtn @opd oe Aettovpyio to 2008. Eivon xux-
Axo0 oyfpotoc pe meplpetpo 27 ywhdpetpa xou Peloxeton 100 pétpa xdtey omd
™ yn ota Fahho-EXBetind olvopa. H Aertoupyia tou emitayuvty| Pactileton otnv
ETMLTAYLYVON 2 BECPWY TEWTOVIWY o xwvolvton o€ avtidetee xatevdivoelg. Ot déopeg
auTég, ouyxpovovial o 4 mpoxadopiopéva onpuelor ota onola £youv Tomovetniel
VLY VEUTEC GwPaTdlwy. O emtoyuvtrc autdg ebvar gTioypévog, €Tol HoTe vo propet
VoL ETULTUY Y AVEL GUYXEOUCELS JIE VERYELa (on pe 14 TeV oto clotnpa xévtpou pdloc.
Auth 1 XVOTNTA TOU ETUTUYLVTY TOV XAVEL TOV LOYUREOTERO ETUTAYUVTY| TOU E€YEL
XAUTAOUEVAOTEL TOTE. MTOYOC TNG XATAOXEUNS TOU Ebval 1) PEAET TNG OOPNG Xou TN
CUHTERLPORES TWYV O TOLYEWWOMY CWRAUTOIWY xohG %ot TV AAANAETOPACEDY TOUG

[5]-

3.1.1 To emtayvviixd cbotnua tou LHC

To emtayuvtind cbotnpa tou LHC Peloxeton, dmwe avagepinxe ot tponyoupevec,
100 pétpa xdtw amd 1N yn. Koataoxeudotnxe 6to ToOvel oTo onolo Asttoupyoloe

14



Figure 3.1: Aepogwtoypapior Tou eLpGTOUXOU XEVIPOU EPEUVIC OTT| QUOLXT) OTOLYEL-
000V copatdioy (CERN). Xtn gotoypagia anexoviloviar oynpotixd tor Todvek
oto onofol Ty OvovTon oL BECHES Xxadig xou Tor Técoepa onpeia oo omola Bploxov-
Tou ot oviyveutég. ‘Oleg ol datdéerg Beloxovton 100 pétpa xdte amd Ty em@aveL
me yne.

o emtoayuvtic LEP (Large Electron-Positron Collider). O LHC onoteheitar omd
€vot GOVOAO UTIERUY YLIMY PAY VTGOV TOU YENCLHOTOLOUVTOL YL TNV XUPTUAWGT) TNG
OEoYING, XU TNV €61aoT) TNG 0Ta ONPEio TOL TEUYPATOTOLOUVTAL OL GLYXEOLCELS. [
NV EMTAYLVOT/xopTO oY e Béoune yenoponooivton tepitou 1200 payvrteg
eve Y Ty eotioon mepinou 400. O poryvAteg datnpolvton ot Yeppoxpacia 1.9K
xatd T Oudpxela Aettovpyiag Tou aviyveutr xou Yo Ty (UEn Toug yenotporoleito
LYPO HAto. XT0 e0wTEPO Tou XdVe poryvATh Beloxovton 2 Ydhapol xevol péoa
0ToUg OTolouG XLVELTOL 1) BECHT], OTIWSG QUUVETAL XAl OTNY EXOVAL 3.2.

Alignment farget
Cmadripaole bus-hars
Heal exchanger pipe
Insulation
Superconduciing
miapel
Twiin beam pipes
Vamum vesse]
EBeam screenm
Anxiliary bus-bars
Helinm vessel
.. Thermal shield
35 to THED
. Non-magnetic
sapport collars
Iron yolke (L9K)
Dipole bus-bars
Sapport past

Figure 3.2: Eyxdpowa topy| evog and toug payvrteg tou LHC
[oe v emtdyuvon e d8éopne ocopatdiwy, o CERN Swétel éva cbotnpa
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MXEOTEQWY ETUTAYUVTIXOY BIATUEEWY TOU €YOUY OXOTO TNV PEQLXT] EMLTAYUVOT TNG
ocong ety exelvn ewséhel oTov xetvpd emtayuvty|, Tov LHC . H déonn mepvd
ooy xoévay amd Toug emtayuvTéS el eloéhdel otov LHC yio to tehind 18-
Ol0 TNG EMTEYLYONG X TN CUYXEOUCT| TwV 0V0 decpwy. To mpwtovia TEogpyovTo
amo pla QLIAT JIE GEELO LOEOYOVOU TO OTIOIO ELOEPYETOL OE LOYURO NAEXTEXO TEdLO,
OTIOL XU APOLEOVUVTOL TA NAEXTEOVLA OO TOUG TUPYVEC JE AMOTEASORA VoL TEOXUT-
TouY TEWTOVIA. To TPMTO GTABIO TNE EMTAYLVONE TWV TEWTOVILY YiVETL GTOV ETL-
Toyuvth LINAC 2 o onolog elvon ypopjiindg emitoyuvTtAg mou emitayOvel Ta Tew oL
oe evépyeta 50 MeV. X1n ocuvéyewa 1 6éopn ewcépyeton oto Proton Synchrotron
Booster (PSB) xa éneita oto Proton Synchrotron émou ta npwtdvior emtoryhvovton
oe evépyew 26 GeV. To endpevo otddlo emtdyuvorng emtuyydveton oto Super Pro-
ton Synchrotron émou xou ta TpwTOVIAL amoxToly evépyela 450 GeV. Télog 1 dEonn
ewoépyetan otov LHC yio o tehind oTddto emtdyuvorg.

Ou 8o mapdpetpol mou xodopilouv v Aettovpyla Tou LHC elvan ov evépyeteg
TWY 2 GUYXPOUMIEVKDY BECRAOY xat 1 @uTetvottd toug (Luminosity). O pudpde
TV YEYOVOTWY (0UYXEOVUOE®Y) TOL TEOXUTTOUV amd T1 AELTOLpYio TOU EMLTayLVTY
dlveton amd TN oyéon

R=o0cL

omou o ebvar 1 evepydg dlatopt) TG puotxc depyaotag xou L pwtevétnra. T
vo. dlatnendel 1 amodotxdTnTa TOu TEWRdpaTOC Yoo plo dedopévn evépyewo B, n
poTEVOTN T T ddtadne mpénel vor auddveton ot avahoyla pe to E?) xadoc 7
evepydc dotopt| ebvon avtiotpdgnc avdroyn pe Ty E? Snadh o « 1/E% H
POTELVOTNTA EVOC ETUTAYUVTH OTOV OTOL0 GUYXEOLOVTOL U0 TAXETO PE A0 CWPATL-
olwv ny xon ng pe ouyvotnTa f elvon:
L=f n1n2
dro,oy

OOV 0, 0y Elvor Ta eydpota Tpogik Tng déopung. H mpofiendnevn puwteivotnta
tou LHC elvar L = 10**em 22571, T v enfteudn téom peydhne gwtevétnrog,
Yo TEETEL 1) CLYVOTNTA TWY CUYXPOUCEWY XoMOS Xt 0 0ptiog TwV TemTovVikY ot
xdde max€to va elvan opxetd peydrog. I'Vautd to Aoyo xdlde déopn mpwToviey
amoteheiton amd 2808 moxéto TOAD x0vTd peTal TOUC GTA OOl TEPLEYOVTAL TIERITOU
10" mpwtévia Tou cuyxpoloviar xdde 25ns. Auté Bivel cuyVOTNTA GUYXPOVCEWY
ton pe 40 MHz.

3.1.2 Aviyvevtixeg Awatagelrg touv LHC

‘Onwe avagépdnxe xot TeonYoUREVKS 0L GUYXEOVGCELS TMY DECIMY TEMTOVIWY TAUPATN
polvTan og 4 mpoxotopiopéva onpeia Téve 6TO BuxTOAO TOU EMTUYLVTY, OToU EXEl
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Figure 3.3: To cOpmheypa emtayuvtov xou telpopdtowy Tou LHC

elvon Tomo¥eTNIEVOL VLY VEUTEG TOU OXOTEVOUV OTNV TOEUTARNOT X PEAETN) TWV
ouyxpoLoewy. Muvohxd o LHC éyel 8 onpela mpdoPaone ota 4 and to omolo etvan
Tornovetnpévol aviyveutéc. O aviyveutég ebvan ol e€rc:

e A Toroidal LHC Apparatus (ATLAS), point 1

e Compact Muon Solenoid (CMS), point 5

e LHC Beauty (LHCb), point 2

e A Large Ion Collider Experiment (ALICE), point 8

Ou 600 mpwtot aviyveutég CMS xan ATLAS, eivon metpdpato yevinol eviapépov-
T0¢ 0T puowr) uhnAwy evepyeldv. Avtideta, oo LHCb xoaw ALICE etvan xatooxevo-
opévol yla TN PEAETN oLYXEXQIREVGLY garvopévey.  Ihio ouyxexppéva to LHCD
EYEL OAY GXOTO TNV TOEATHENOT Tou b (beauty) %0UGEX ®oMC oL TN PETENOT TNG
napofBioong tne ouppetplag CP (CPviolation). To neipopo ALICE eivon oyedioopévo
YL VO HEAETAOEL TIG OUY- XPOUOELS Bapwy OVIWY ahhd xan Bapewy OVIWwY - Tpw-
Toviwv ol onoleg Vo Tpay LaTOTOLOUVTAL EXTOC AN AUTEC TWV TEMTOVIWY.

ITépar amd autd Tar 4 melpdpato LTdEYoLY xaL dAA xpdTepa 6we To TOTEM
xar to CASTOR o onola potpdlovton To (Blo onpelo clyxpouong pe exeivo tou

CMS.
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3.2 Compact Muon Solenoid

O oaviyveutric CMS elvon évag aviyveuTthic Yevixol evdlagépovtoc. Eivar oyedaopévog
X0l XUTOUOHEVAGPEVOS ETOL WOTE VoL PTOREL Vor oV VEDEL OAGL TOL GTOLYELDOT OWHOTIOWL.
To 6Uvoho TV aviyveuT®Y dlatdéewy Tou Peioxovtar oto CMS oympatiCouv évav
#x0MVOpo e Bidpopa emineda opoaovixd otov dZova Tng déoung oov éva Popéht
(barrel). ‘Opwe 1 avdryxn aviyveuong Ghwy TV owRATdikY Tou TapdyovTal XoTd )
oLy xpoLoT TV TEwToViny 6To X€vtpo Tou CMS emfdiet v emmiéov TpocoppoYT
0V0 axdpa dioxwy xdieto oTov dEova TNe dEoPNne oTa dxpa Tou Boupellol €ToL WOTE
0 VLY VEUTAC Va elvor EoUNTIXG XAELOTOC (endcaps). O vy VEUTAC Exel prixog 28,7m
xou axtivar 15m xan Quyiler mepinou 14.000 tévouc [5].

‘Eva and ta owpotidie to onola £youy T0 PEYUAITEQO EVOIPEROY WG TEOG TNV
aviyveuor| Toug elvan toc dvie. H Omapdn xon Eexddoon perétn poviwy etvor avaryxaio
YO TNV TRy PATOTIONGT) OLEQYUOLMY OL OTOLES ELVAL TOAD ONUIAVTIXES YiaL TN AStToLEY Lo
Tou metpdpotoc. o to Adyo autd xou To CMS elvan xataoxcLocEVo €T6L HOOTE Vo
oviy veleL ot e ey dhn axplBeta. Anéd exel pdiiota mpoxOTTeL xou 1 AéEN muon
OTO OVOIO TOU VLY VEUTH.

IToAd onpavTind xoppdt Tou aviy veuty| ebvon T€A0g 0 oy vATNG, 0 omolog emLTEénEL
NV axeBn pETeNom TS OppnE TWV cupaTdlny Tou tapdyovTot. Xto CMS emiéydnxe
1 Yenotponoinon evog GwANVoedog (solenoid), o omoioc ToEdyEL POy vNTIXG Tedlo
évtaong 4T mopdhhnho oTov dEova TN OECUNG PE AMOTEAEORA VO XOPTUAGYVEL TLG
TEOYIEC TWV CLRATIOIWY XdleTa oToV dEova auThC.

I'vopllovpe Twe 1 avoxaTaoxELY) TG 0pPNG EVOS HLOVIOL OO EVay VLY VEUTY,
€yl dueon eLdptnon and TNy o\ Tou PoyVNTo) TEBIOL oAA xaL TO PHXOS TOU
aviyveutn. 1o cuyxexpipéva:

Oy _0s _  8Pr
Pr s °0.3BL?

‘Omou Pr 1 eyxdpota GUVLGTOO TNEG 0PING TOU CWRUTIOI0U, S 1) XUPUTOAWOY TNG
TeoYWC and To poyvnTxd TESlo TOu aviyVeLTH pe €vtoor poyvntxol mediou B,
xan L to prixog tou avtyveutr). To CMS €yel pixpd péyedog xou pedho poryvntind
nedlo oe avtideon pe tov ATLAS O onolog €yel peyaritepo péyedoc xon pixpdtepo
payvnTixd medio.

O aviyveutric CMS anotekeiton amd Tig TUEAXATE ETUPEROUC AVLY VUETIXES OLOTAE-
Elc:

o Ylotnpo aviyveuong Teoyuwy Tou divel TAnpogoplec Yo To €ldog xon TNV opp
TWV COPATIOIWY TOU TEOEEYOVTUL ATO TNV CUYXEOUCT] TV DECHMOY

e ‘BEvo nhextpoporyvntind YeppidOPETEO0, YLo TNV aviy VEUST] Xou PEAETY PWTOVIWY
x0L NAEXTEOVIWY
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e ‘Evo adpovixd VepdOPeTo Yo TNV avly veuoT) xal HEAETT OUBETEPWY OANS XoL
POPTIOPEVWV ABROVIWY

o 'Eva povind cbhotnpo uPniic anddoone yia TNV HEAETY xaL oviyVEGUT) HLovimy

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 un) ~16m* ~66M channe
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 3.4: O aviyveutric Compact Muon Solenoid. O aviyveutrc anoteieitar and
4 empépoug unoaviyveutég, tov Tracker, To niextpopoyvnuixd VeppddpeTtpo, To
aBEOVIXO VEQUIBOIETRO XAl TOUS OVLY VEUTEC [ILOVIWY

To CMS éyet oyedaoTel oe ddgopa eninedo xadéva and to omola €yel Evay Ce-
YWELOTO pOAo OTLG avapépdnre xow mporyoupévwe. Kdle eninedo amotehel évav
uroavtyveuty (subdetector) o omotog eivon umebiuvog yior TRV GUALOYY| EVES GUY-
xEXPUIEVOL xoppaTiol TAnpogoplag. ‘Oha Tor XOPPATIL GUAAEYOVTOL X0l O GUVO-
VUGS TOUS TEALXE BEVEL TNV BUVITOTNTA TAUTOTOMNONG TWY CORATIOIWY TOU dNILoUE-
yinxoy xotd g odyxpouor Twy BUo Becpwy TeToViwy. ‘Otwe avapéoinxe xo
mponyoupévewe, to CMS anotehelton and 4 uvnoaviyveutéc. Tov aviyveutr tpo-
yude (Tracker), to niextponoyvnuxd Vepnidopetpo (Electromagnetic Calorimeter,
ECAL), to adpovixé eppidopetpo (Hadronic Calorimeter, HCAL), ot to aviyveu-
X6 ovotnpa poviwy (Muon detectors).

H didtan tewv utoaviyveutoyv oto CMS eivan 1 e€ric. Ta 3 aviyveutind cuothpata
Tracker, ECAL , HCAL Bpioxovton pe auth tn oepd (Eextvodviag and to onpelo
oUYXpOUOTC TWY BECPMY) ECWTEPXE Tou payvAty. Avtideto, 1o pmovixd cvotnua
Beloxetan €€w and to payvAtrn. Kdde éva and to xoppdmiar autd drordéter xon éva
XOPJETL TOU oTol Xamdixiar Tou avty veuts| (endcaps).

Y1ig emdpeveg evotnteg Yo yivelr mAone meptypapy) Tou xdlde oviyVEUTH TTOU
yenotponoeitoan oto CMS Eeywpeiotd. Eivar onpovtind dpwe va yivel pla avagpopd
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07O GUOTNHO CUVTETAYIEVWY TIou yernotporoteitar ota rewpdpata Tou LHC. T tny
TEPLYPUPT TOU OVLY VEUTY| ITOREL Vo yernotpoTotniel €va xopTeCLovd GUGTNIIN GUVTE-
Ty PEVWY cUIIQVY JIE To oTtolo o d&ovag X Oely Vel TPOg TO XEVTPO TOL daxTUAOU
tou LHC, o dCovac y delyvel mpoc tar médvew xdetar otov d&ova tne 6Eopng xou o
d&ovac z etvan TopdAAnAog jie Tov d&ova Tng 6éopnc. 201660 AGYOL TOU XUAVOEIXOU
OYARUTOG TOL ALY VELUTH, 1) TEPLY g YIVETOL O E0XOAT] YENOUIOTOWOVTIG EVal GAAO
c0oTNHA avopopds To omolo yopaxtneileton and Tic nocdtntes (r,¢,1n). 1o ouy-
XEXPWEVA, T €lval 1) améoTaoT, and Tov dZova z, ¢ eivon 1 alipouthoxr) yovia ond
Tov dZova x xou 1 (pseudo-rapidity) pio mocdtntor 1 onolo diveton ambd T oyéom
n = —In(tan(%)),6mou 9 n yovie anéd to Yetind nudlova z. Ltny exdva 3.5 diveton
1 pseudo-rapidity yia Sdpopeg Tipeg g ywviag 9.

=0

6=90° /'

0=45°

1=0.88

6=10-—>N=2.44

—

— f=0t—> ]’]:(:0

Figure 3.5: H pseudorapidity w¢ cuvdptnon tneg yoviag ¥

3.2.1 Awviyveutég Tpoyidg - Tracker Detector

O aviyVeuTAC TEOYLAC YENOUIOTOLEITOL YIal VoL AVLY VEUGEL TNV OpHY| EVOS GWHATLOIO0U
o TN Btadpopt) Tou exelvo axololinoe péco oto poryvnuxd tedio. Voo teplocdTeERO
%VpTH| €lvan 1) Sadpon Tou axohovlel To cwpaTidlo, TOcO MixEdTEEN Elvor xal 1 oppN
Tou copatdlou. O avyveutrc Tpoytds oto melpapo CMS xatorypdper T dadpoin
TWV POPTIOPEVLY CWPATLOIWY, UTOAOYILOVTUC TIC CUVTETUYHEVES TOUC OE OPLOPEVA
onpeta "xhedrd” (key points).

O aviyveuTtic TPoYLIC PNTOPEL VoL AVOXAUTUOXEVAOEL T BLAOEONT| LOVIKY ot NAEX-
TeoViwY LPNATC evépyetag xaddg xou TN Sdpopt| adpoviwy. O aviyveutig TEoyLdC
PTOPEL VOU AVUXATUOUEVIOEL AXOI0L XAl OLUOEONES AT CWRATIOL TTOU TPOERYOVTOL UTO
owpatidio pe okl pixpd yeovo Love (ty b quark).

Kdde pétpnon €yer ywewd| dtoaxprtixry wavotnta 10 pm.  H tehxry oyedioon
TOU oV VEUTH| Tpoyldc amotelelton €& ohoxAfipou amd Ilupitio. Ebvar @uiaypévo
amo 75 EXATORVELY NAEXTROVIXEC CUOKEVEC avdyvwong. O 800 aviyVeEUTES TEOYLAC
Tou yenotponotovvtan oto Telpopa etvan ou: Silicon Pixel xou Silicon Microstrip
VLY VEUTEC.
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ITi€eA ITupitiou - Silicon Pixels

Ou aviyveutée mi€eh mupitiou elvon aviyveutéc otepedc xatdotaong. ‘Eyouv péyedoc
660 éva xoutl manoutolny. To xdie xoutl tepiéyet 65 exatopdpla TEEA TOL YenotoTOoL-
olvTaL Yo aviyveuoT. AuTé ETITEENEL OTOUC VLY VEUTES Val oVl VEDOLY T1) Bladpopt

CWPUTIOIWY TOL TEOXUTTOLY ATd T CUYXEOVUOELS 6ToY emtayuvTY. 1o cuyxexpipeva,
102108 particles

oL vty veuTtég TEeA mupttiou pTopody Vo avty VEUGOLY o

Figure 3.6: Silicon Pixel Detector

Kdélde otpdpa elvar ywplopévo oe tpfpota. Kdde tphpa eltvon eomiiopévo pe
évay awovntrpa tupttiou (100-150pm). ‘Otav éva gopTiopévo owpatidlo dtamepvd Tov
OVLYVEUTY), EYEL PXETT) EVEPYELX £TOL WOTE NAEXTEOVI amofdhhovton and Ta dropa
Tou Tupttiou dnpovpy®vTag LebYN NhexTpoviwy xou onky. Kdde miEeh yenowponoet
NAEXTEWO EEVPOL Yior Vor GUAREEEL TOL TTHEATAVG QopTio OTNY EMLPAVELXL EVOC [IXEOU
nhexteixol ofpatog. H evioyuon tou ofjpatoc yivetoaw pécw tng teyvixic bump-
bonding technique.

Aviyveutég Xtpin ITupitiou - Silicon Strips Detectors

Ov aviyveutég autol €youv oyeddv v Bla Aettoupyio e excivoug tov silicon strips.
Axpi3i¢ petd Toug aviyveutée mi&ek, o cwpatidia tepvoly péoca and 10 otpwpata
omd aviyveutég mupttiou Awpidog (silicon strip detectors). To nefpapior CMS omotehei-
To omb TECOEPO OTPWHATO OTa E0WTEPXY Papéhia (inner barrels TIB)mou eivou
oUVAEIONOYNIEVAL GE PAOLOUC HE BU0 EcwTeERIXE Xomdxio (endcaps), xadéva anaptile-
Tou omd Teel Juxpolg dioxoug. To eZwtepxd Pogéht (Outer barrel TOB) amoteiei-
Tou omd €€L opoxevtpa otpwpata. Télog 800 xandxio (TEC) cupminpdvouv tov
aviyveuty|. Kdde tpfpa mupttiou etvor oyedlacpévo dlopopetind Yo T €orn mou €yel
OTOV QLY VEUTY).

Trdpyouv 15.200 torl evaicinrtec evotnrec. Trdpyouv 10 exatopdota Awpideg
(strips) mou dBdlovton and 80.000 pxponiexteovixd towng. Kdie tnhApa aroteiei-
T and aoUNTARES, piot Pnyovixr) dopy) UTOCTARIENG XAl NAEXTEOVIXE CUGTAHOTA
AVEY VROTG.
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Figure 3.7: Position of Silicon Strip Detectors in CMS experiment

Ou aviyveutég mupttiou €youv O YEVIXEC YRUIIES YRTYORY) OTOXELOT| Xl TOAD
nahY) ywenr| Sttty wavotnta 10-20pm. O guowxds pnyavicpog e tov omoto
Aettoupyoly ot avtyveutéc otpm mupttiou. ‘Otav éva popTiopévo cwpatidlo tepvd
OO TOV AVLYVEUTH, EYEL UEXETY| EVEQYELX ETOL OOTE VoL OLOEEL NAEXTOVLOL OO TaL dTO
Tou Tupttiou, dnoLEY®VTAS €Tl Lelyn nAexteoviny xa onwv. Ta nhextpdvia Tou
eZdyovTan amd To dTo TURLTIoU, Tapdyouy €val lixped TaAji6 o onotog evicyVETaL and
toing APV25 divovtag " ytunfpota” (hits) 6tay éva owpotidio nepvéet, emtpénoviog
€T0L OTOV YENOTI VoL AVAXUTACKEUAGEL T1) DLUOPOT| TOU GWHATLO(OL.

[a v edaylotormoinon tng datapay e Tou Tupltiou AoYw Tng LPniAg axTi-
vofohiog mou mapdyeTan amd TIC CUYXEOUGCELS, TO CUYXEXPLIEVO ONPELO TOU AVLY VEUTN
xpatiéton o otadepy| Yeppoxpacia -20C° ¢to1 dote va OTUPATACOLY TLYOV {NILES
xou vor amoTeéouy TN BladvIoT) TouC.

O APV25 avuoctowyel otov Analogue Pipeline Voltage Chip. Tmndpyouv 4
) 6 péoa oe €va hybrid”, To omolo meplEyel NAexTEOVIXG ETOL OOTE VAL UTHQYEL
duvaTOTNTAL TaPaohovINoTg xou dAAwY TapapéTenmy (Ty deppoxpacio) xau Tapéyet
YPOVIXEG TANPOYOPIEC oL yenotoTololvTal Yo TNy avtiotolylon "hits” xa ouy-
xpoloewy. O APV25 anodnxelel to ofpota oTny Pvipm yiol pEpIxd IS xou HETH Ta
enelepydleton xan Tor oTERVEL o€ €va laser, €Tol MOTE TA OAPUTA Vo HETATEETOVTAL
oe unépuipol mohpol. O maApol peTopépovTal o GUVEYELX [IE £VOL XUAWOLO OTTIXNC
tvag 100m yio mepantep avdAuom o Eva TepBdAlov ywplc axTtivoolia.
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3.2.2 Crystal Electromagnetic Calorimeter (ECAL)

To Yeppidopeta lvor o€ YEVIXES YRUPIPES VLY VEUTES TIOU Y ENOLHOTOLOOVTOL Yol TNV
aviy VEUOT) EVERYELOXNC PONC, PORTIOHEVGY CWHUTIOIWY XAl OUBETERWY CLHRATIOIMV.
Autol ou aviyveutéc pmopoly vo petateédouy TNV EVERYELN EVOC CWRATIOOU TOU
TEEVE amd TOV VLY VEUTY| O amoxElon Tou oviyVeutr. [o vor petprniel n ok
EVEQYELN TOU POPTIGREVOU CLIATIOI0U 1) TOU PWTOVIOU, TO CWPATIOLO TEETEL VoL OTOO-
el Thipw péoa otov aviyveutr|. H Sodixacio autr Eextvd e To apyixd owpatidlo
VaL ELOEPYETOL OTOV VLY VEUTTH Xou €metan To Aeyopievo particle shower (Hhextpoporyvn-
TIXOC xoTAUYLoPoQ).

O nhextpopory vTinog XATonYIoROS COIATIONY EEXVA OTAY VL POPTIOIEVO CK]I0-
oo 1) eva cwpatido v, @Tdvel otov aviyveutt|. To apyxd cwpotidlo Tapdyet axti-
vofohio xan YeppotnTa. Tevind, elvor modd 80ox0AN N anocOvieoTn evog nAexTopoy VN TL-
%00 xoTarylopol owpatdiny. Eivow apxetd evolapépov o tpomogc pe Tov omoio o
NAEXTEORYVNTIXOS XATAUYLOPOS ONpLovEYEiTaL.

To apywd PwTOVIO EIGERYETUL OTOV AVl VEUTY| €yovTag apyixy| evépyeia Fy. Av
TO PO cwPoTdlo elvon PWTOVIO, ToEdYETUL VA NAEXTEOVIO XalL £VO TOGLTEOVLO
péow oidunng yévveone. H mioavotnta 1o @oTtoVIo Vo TapdEel Evar NAEXTEOVIO XaL
éva moottpovio ebvan 64% péoo oe éva Bidotnpa Qp rixoc axtivoBoliac. To prxog
oxTvoPollag (radiation length) X, eivou to P®0¢ EXEIVO 0TO OTOlO 1) EVERYELXL TOU
owpoTdiov pewveTon xatd évav mopdyovto 1/e hoyw exnopmhc axtivoPforioc. H
OMWOAELL EVEQYELNG OO Tol ooy VEVTA NAEXTEOVIAL xou Tolltpdviar elvon GUVEETNOT
xuplwe Tou atopxol aptipol (Z) tou aviyveutr. H xplowin evépyewa tou @op-
TIopévou copatdiou elvon 1) eVEpYEld GTNY OTtold OL AMWAEIEG EVERYELUS AOYW LO-
viopoU elvon oxp3oe (Blor e TNV amwAela EVERYELNS AOYw axTvoBohiog TEdNoNC
(Brehmstrahlung). H péon evépyewar yior ta moporydévta NAEXTROVIO Xou TOGLTRO-
vioe ebvon E= Ey/2 avtiotoryo. Av n péon evépyelo Tou ELOERYOREVOLU QPOPTIGREVOU
cwpotidlou ebvar peyahldtepn amd Ty xplouin evépyela, TOTE TUEdYETOL axTvVOBoAx
Tédnone. Méoa oto endpevo @y, 1 evépyela Tou cwpatdiou Yo etvar ]25—3 O péooc
apripoée cwpotdiwy petd and éva prixoc 2X, etvon 4. Metd amd autd to onpelo
ouveyileton N mapoywyh v cwpatdiov. Metd ano t yeviée, nepinou 2¢ cwpotidu
eyouv mopaydel. O NAexTEONYYNTIOC XUTAUYIOROC CORATIODY GTUPUTE POAG 1)
evépyel TV Nhexteoviny tou Beloxovton €ca 6To NAExTEONXYVNTIXG XOAORIPETEO
etvow E(e”) = E. = £,

Me oxond va e&nyniel o puodg pnyavictog Tou avty veutr, Yo ATay oxomjIo vo
yivel pla e€riynon tou épou omvineiopoc. ‘Otay €va dropo dieyelpetar, dnhadi Tou
oivetan evépyela, €va NAexTEoOVIo TNYalvel o€ UPNAGTERT EVERYELXT| OTOYBE0N X0t TOALS
amodieyeplel xan emoteédel oty Baowr| xatdotaot, ehevdepdvel evépyeia 1ECW
evoc gwtoviou. Xto CMS, 6tav éva nhextedvio UPNAAC evépyelag 1 Ve PWTOVIO
ouyxpoLetal pe évay mupriva tou ECAL xpuctdiiou, napdyetar nhextpopay vnTixog
AATOUYLOPOC PwTOViwY, ToliTpoviny xaL NAEXEovinY €ToL MOTE Tol ATOPN 0TO UAIXO
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Figure 3.8: Electromagnetic Particle Shower
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Figure 3.9: Number of tracks as a function of detector depth

TOU vty VeuTr| AapBdvouy evépyeta and Tor cwpatidla Tou TEpvoly xal BlEYElpoLY X
dAho nhextovia. To dieyeppéva NAexTEOVIAL YRY0pd ETLGTEEPOLY GTNV BACIXT) TOUC
AATAO TUOT) EXUTEPTOVTOS TNV TUQUTAVE EVEQYELN TTOU TOUS TEOGPELUNNUE [IE TN Lop@
evog gwtoviou pmhe @wtéc. Mia cuoxeur] gotonolaniaciacth PMT AopfBdver
TO PWTOVLOL TTOU TOEAYOVTAL oo OTUVUNELORG %ot ETOL 1) GUVOAXTY TOGOTNTU TOU
ToedryeTan amd oty TN dadixactio efvan avdAoYT TEOS TNV EVEQYELX TTOU EVATOTEUTXE
amd TO APYXd ELCEQYONEVO CwHUTIO oToV %pUoTa 0. And OAn TNV TUQUTEVE OL-
adixacio, propel vor UTOAOYIGTEL 1) GUVOAIXY| EVERYELX TOU ELGERYOLEVOL POTOVIOL 1
nkextpoviou.

O aviyveutrg gaivetan oty 3.10. To @opTionEvo owpatidlo 1) To POTOVIO ELGERYE-
TOL GTOV VLY VEUTH) TTROXUAMVTAUS NAEXTEONXYYNTXO xaTanylopd. To ofjpo otn cuve-
YELOL EVIOYVETON Yenotponoto®vtag évay gutonolhamioctooti PMT (Photon Multi-
plier Tube).

¥to mefpopor CMS yenotponoteitar xpvotahog poAddou/Bokgpapion POW Oy yio
Toug 80.000 xpucTdrroug Tou yenoutonoolvtal. Ilpdxetton yia Eva UAXG pe TohD
LAY TUXVOTNTA oL TaEdYEL oTvUTELONG 0 omtolog odNYEL Ot Ypryopoug, IxEoUg

Figure 3.10: Electromagnetic Calorimeter
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X0l XOAS OPLOPEVOUG NAEXTEORAYVINTLXOUS XaTonytopolg owpatdiny.To vAxd autod
emAéydnxe xadde elvor ToAD Tuxvd (8.28¢ = cm?) xon Srdéter mxpd pAxoc ax-
TwvoPoliog (Xo = 0.89cm) xou axtiva Moliere (R, = 0.89cm) (H axtiva Moliere
ebvon éva péyedog to omolo yoapoxtneller Tov NAEXTEOPAYVATIXG XATol- YIOHO TOU
onmovpyelton and €va pwtovio 1 niexteovio.  Opiletar w¢ 1 axtivar VO XUALV-
Spou néoa atov omoflo tepéyetan To 90% g evépyelag Tou xotouytopol). To nhex-
TEOPAYYNTIXO XoAOPIHETEO el TOAD XoAY| evepyetoxn Slaxpltixy xavotnta (o/E =
3% VE). O xpbotahoc pohif3dou/Borppapiou civar emione sixoro va mapoydel and
"raw” LA Mepixéc mAnpogoplec yio Tov xpUoTako Tou yenotponoteiton bvou:

e Ou xpOotarol petpolv 2,2 x 2,2 x 23 cm oto Poagehl xou 3 X 3 x 22 cm ota
xoméLo

o Trdpyouv oxpBne 75.848 xplotairol oto ECAL

e H muxvétnta tou xpuotdhou civan 8,325

To uhx6 Tou yenotpomoteitar €yel dpwe xou petovextApoata. H anddoon gpotoc
eCopTdTon xuplwe and TN Yeppoxpacio Aoyw Tng VepROTNTIC TOU TEOEQYETAUL Ao To
niextpovixd. o va Avdel to moapomdve mpoBinna tng YO&ng, éva cbotnua Poing
xpatd ) Yeppoxpacio twv 100 tOVLY xpuoTdAny ot éva edpog 0.1C°. 'Eva axéno
TeOBANpo efvor 6TL 1) amddooT PKTOS TOL TEoEpyETHL and oTVINELONO Elvon oy ETXE
pixen) xon €Tl TEETEL Vo Yenoutonoindoly aointrhees gwtog, ot onolot hapPdvouy
TO (POWC XL TO PETUTPETOV O NAEXTELXO OTa TO oTtolo 6T cuveyeln evioyetat. To
EVIOYUPEVO NAEXTEXO G PETUPEQETOL PETE. YIA TEQUUTEP AVAAUCT| HEGE OTITIXWY
LVOV.

‘Onwe 6hot ot utoavtyveutég tou CMS étol xan to ECAL ywpileton oe 2 neproyéc.
To xoppdtt mou Beloxetoaw oto barrel (ECAL Barrel, EB) ot awté mou Beioxeton
ot endcaps (EE). Yuvolxd to ECAL xo\Onter ty meploy) 1.2m < r < 1.8m
In] < 3 To EB xo\Onter v neptoyt |n| < 0.1479 xaw anoteleiton and xoppdtia to
omola ovopdlovtar supermodules. Kdde supermodule anoteieitor and 4 modules,
ota ornola To mewTo TEPEyEL 500 xpuoTdhioug xar tor utdroita 400 xpuoTdAhouc.
Yuvolurd undpyouv 26 supermodules xou 61200 xp0- otalhor oto EB. Téhog To
xoppdtt Tou aviyveuth) oto endcap xolvntel Ty neployy) 0.1479 < || < 3. To EE
amoteheiton amd 2 nucdxhior 1) Sopixr) 1ovada Tou xadevoe, TEPLEYEL 5 X 5 XPUC TIA-
Aouc mou ovopdlovtor "supercrystals”. ‘Etol xdde EE nepiéyel 7324 xpuotdilouc.

3.2.3 Hadron Calorimeter (HCAL)

To adpovixd xahoplpetpa YeNOUIOTOLOUVTAL Yo Vo JIETPHROOUY TNV EVEPYELN TWV
adpoviey, dNAXDY| CLRATBIKY TOL aToTEAOLYTHL aTtd xOUdEX ot YAoudvia. Erniong,
Topéyel pio éppecn pétenomn yio Ty Unaedn 1 fn oand 1N GAANAETLOPMVTA APORETIOTA
COPATOL OTWE Yiar THEAOELY A To VETEIVOL
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p—proton
n—neutron
P ¢, w, n’—pions
W, " —muons
e —electron
¢ —positron
v —neutrino
_ y—gamma-ray

Figure 3.11: Hadron Shower

7 Z

To adpovind xahopipetpo "evepyornoleiton” OTay Evol GWRATIOLO GAANAETLOR 0dEO-
vixd pe evépyeta peyohltepn and 5GeV. H ahinhenidpuon evog adpoviou pe évay
TUET VAL Elva

o Ehootnd) p+N — p + N (o.)
o Avehaotxh) p+N — X (0ina)

H guoun dradicactio n onola etvor utediuvn yia 0 5188001 TOL ABEOVIXOU XATOLYL-
o100 €lvor 0pXETA DLUPOPETIXT| OE GYECT] NE EXELVT TOU NAEXTEOIAY VITLXOU XATOUYLGHOD.
Iepimou 1 1ot evépyela amd TNV EVEQYELXL TV AdEOVIKY TOU YEYOVOTOC TEPVE O
deutepetovTa oupotid. To UTONOITO TNG EVERYELNG XUTAVIADVETOL GE TURUYWYT
OLopOEWY cLpPATWIWY ard apyd movia. To garvopeva ta onola xadopilouv Tny avdm-
TUEN EVOC ABEOVIXOU XUTAUYIOHOU Efval: TopaywYY| adEOVIwY, TUENVIXT| ATOBIEYEROT)
xou 1 amoolvieon movioy xou povioy. To ouvdétepa mévia amotelolv to 1/3 Twv
oLVOAXE TaEoyIEVTWY TOVILY xou 1) EVERYELS TOUG BlaoxopmileTal O [1op®Y| NhEX-
TEOPAYVNTLXOL xaTouyLopol. 'Evo emnAéov onpavTind yupaxTneloTixd Tou adpovixo
xatouylopol ebvan 6Tt ypetdleton peYoAUTERO YpoVo Yia va e€ehty el oe oyéor pe Tov
nAexTpopoyvnTd xatouylopo.  Autd pmopel v yivel Soxpttd, cuyxplvovTog tov
o6 TV cwpaTinY ot oyéorn pe To Bddog dicloduong Toug Yl To TOVLYL XL TA
NAEXTEOVIAL OTOV EXAOTOTE ABPOVIXO XU NAEXTEOPXYYNTWXO Xotanytopd. H dprxng
e€EMEN TOU adPOVIXOU XUTAUUYICROU GUVBEETAL [IE TNV TUENVIXT anoppdgnaT (1) 1ixog
oAAnhenibpoone) péow T oyéong: A = Nior -

To HCAL etvor éva detypotoAnmtind xahoplpetpo, mou onpolvel 6Tt progel va
Tpocdloploel TN VEom, TNV EVERYELX XaL TNV YPOVIXY| OTLY Y| TTOU EQTAUCE £Val GWRATIOL0.
Auth 1 péTenon TEAYRUTOTOLETAL Y ENOUIOTOWWVTOG EVOAACOIEVO OTRWHITA OO
amopeopnTeg xat ovinplotée @loplojiol, dnhad LAXE T omolo Tapdyouy Evay
Tay O TOAO POTOC 6TaY Eva Gwpotidlo Ta dlamepvd. Edués ontinée iveg paledbouv
To QP QUTO XAl TO PETAPEPOLY OTO NAEXTEOVIXA AVAYVKOOTG OTou eXel UTdEY oLV
(POTOAUVLY VEUTEG TIOU eVIoy VoLV To ofjpa. T'o Tocd Tou PuTOC ot Plot CUYHEXPLIEVN
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Figure 3.12: HCAL module showing sampling layers

neptoy Y| adpotletar méve oTa BLdpopa GTEMRATY amd OAEC Tig TEpLOyES Bddoug Tou
avtyveuty, oympatilovtog étot "nlpyo” (tower). To cuvolixd oG TOL oLy VELTENL
elvon pioe petenom yior TNV EVEPYELX TOU ELCERPYOREVOU CLRATLOOL.

Kodoe o ocopatidi dlaondvton, progel va topoy Yol véo ocwpatidla to otolo
OEV aprivouy xavéva (yvog yio Ty Omapdn Toug péoa otov avtyveutr tou CMS. TN
vor vty veudoly autd ta owpotidl, teénet o HCAL va propel vor ”awypiohwthocet”
xde owpotidlo mou mpogpyeTon amd T ouyxpoloelc. Me autd Tov TEOTO, OV
doUpE cwpatidl va Byafvouy amd T plor TAEUPE TOU AVLYVEUTY| XaL Oyl OO TNV ov-
TIDIPETEIXT, TOTE UTGQYEL AVIGOPOTIN GTNY EVEQYELX X0 TNV OPIY| X0 CUIITOULEEVETAL
oL mopdryovian adpota” cwpotio.

[Mo vo progéoet o aviyveuthic HCAL va ouyxpatrioer xan va petprioet 6io to
oopatidl Tou mepvdve amd exelvov, meémel Vo umdpyel Touldylotov 1 m evepyo
A6, T vor emreuyel autd To yopaxtnelotind, o HCAL elvar oyediaopévog
oe tplo xoppdtio: Bogéh (Barrel HB, HO), xoamdxo (endcaps HE) xou epmpdéodo
(forward HF). Tndpyouv 3 "oghvec” oto Bogéht, n xodepio and tig onofeg Cuyilet
26 tovouc. Autéc oynpotiCouv To TEAEUTOLO GTEONA UTO UVLYVEUTY| HEGO GTO péca
oto poyvAtn. H éZw mievpd tou Baperol (HO) Bploxeton €€w amd to poryvity,
eCaoaiilovtag 6Tt Bev Yo uTdplouy dlappoés evépyelog. Me évav mapdpolo 1poTo,
3 "oghvec” (wedges) ota xamdxa HETEOVY TNV EVEPYELX TV CWRATIOIWY Xodde ouTd
TEPVAVE PECU ATO TOV GOANVWELDT| POy VATY.

To Bopéht xan Tor xamdio Tou CMS elvon xohopipetpa dety paToANTTIXG Mo efvon
Ty péVa amd ETaVOAUIBUVOPEVA CTEMIATO OO TUXVO ATOPEOPNTY XAl TAUG TIXOUS
omvinplotéc. ‘Otav eva adpdvio yTunroet pla TAdxa amopeo@nTY (opetyoixog 1 ot-
odh), piot adAnhenidpoom propet va tpoxdiel, mapdyovtoc €Tal Sidpopa deuTEREOVTA
owpatidia Tou 0dNYoLY 6T dnptoveYia adpovixoL xatuylopo. Kaldag o xatouylopog
auToC e€eMooETAL HEGO GTOV AVLYVEUTH, Tol CopaTidl TEpVoly péca and Ta dLdpopa
OTEOPATO TOU EVEQYOU OTvUNELOTH, X0t €TOL Ol OTUVINPIG TEC EXTERTIOU ITAE-LOOEC
pus. Moo oe xdle oTpMON TOU ALY VEUTY), UTdEYOLUY OTTXES (veg pe BLdpeTpo
NXEOTEENS Tou 1Imm, ol omoleg amopEoolV auUTd To Pus. AUTEC PETUTEETOLY TO
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PTAE-LOOEG PG OF TEAOLVO (PGS, KoL VEX OLUYT) OTTIXE XUAWOLL IETAPEPOVY TO
TEACIVO PG OTA NAEXTEOVIXE avdyVwong Tou Beloxovial oe cuyxexpipéva onpeia
péoa otov 6yxo tou HCAL.

To omtind oot xaTapUdVoLY GTo NAEXTEOVIXA NAEXTEOVIXY OV VWONG AT
to. Megatiles. Megatile efvar éva otpdpo ond pxpdTepa oTEMRATA (ATOPEOPNTES
Ol omvﬁano‘cég) xou o P€yedog toug eCopTdton T600 and TN VEOT TOUC OTO YWOEO
#x0O¢ xou amd TOV TEOCAUVATOMGIO TOUG OE GYECT JIE TNV aEyLXY| CUYXEOUCT). XLTd
NAEXTEOVIXE vy Vwong, Udvouy dha Tar oYipotor To €var Tiow omd To dhho, xau adpol-
Covton OmTIXd €T0L OOTE VoL dNpoupyoouy Toug ovopalopevoug Ttopyoug ”tower”.
H oloxinpwpévn dipolon ndve oto ontixd orfjpota, O6ivel TEAXE TO PHOVOTATL oy
oxohoudel To cwpatid péoa otov HCAL xou enlong péoa and tny ontixy dpoton
TpoxUTTEL Jilot PETENON Yo TNV EVEPYELL XAl TO €B0¢ TOU GWRATIOIOU.

3.2.4 O Mayvitng

‘Eva amd tar mo 80ox0Aa ot oNPovTiXoTERa VERATA OTNY XAUTACKELT| TOU UVLYVEUTN
CMS #Atav 7 emhoyt) Tou pay vy, 1o eidog xodwg xou 1 oy ig Tou. Tehxog oTo
CMS emhéydnxe 1 yeron evog utepaydYLHOL cwAnvoedolc (L = 13m) nopdhhnho
otov dova Tng déopng o omotog mopdyel poayvnTtixd medio 4T. O poyvAtng elvan
TomoYeTNREVOC €T, HOTE Ta 3 oty VeuTixd cuothpota Tou CMS eivon TomodeTnpéva
070 e0wTEPXd Tou. O pdhog Tou payvATY elvon 1) XAPTUAKOGY] TWV TEOYLOY TOV
cwpoaTdlwy €tol wote va petpniel pe oxplfBeta n oppr toug. To cwhnvoeldég Tou
CMS xahOmter plo nepoyn | < 1.5

3.2.5 Aviyvevtég Mioviwy

To melpapo CMS eivar e€omAopévo pe aviyveutég poviny 1600 670 Boagéhl xadog
xou ota xamdo g ddtadng.  Méoa oto Pogéh umdpyouv 250 Drift Tubes xou
480 resistive plate chambers. Mt xamdia Tou aviyveuts| utdpyouy 432 Resistive
Plate Chambers xau 468 Cathode Strips. To plovixé cOotnpa, anoteielton ond 4
oTardpole xo xoAUTTEL GLUVOAXG [ ExTaon 25000 m2 evepyric meptoyrc. To povind
obotnuo xohbnter plo meptoy) 4 < r < 7.4 xau n| < 2.4

H ey vohoyio Aertovpylag tiow and xde aviyveutr| etvon amhn. ‘Ohot oL aviyveutég
TOL YenoutoToloUVTAL Yot TNV aviyveuon poviewy, eivon aviyveutég agplou. Xe évay
oty veuTh agplou, dtav €va QopTioliévo owpatidlo Tepvd (e8¢ HIOVI0), €YEL OEXETH
evépyela €Tl WOTE v lovioel Ta dropo Tou agplou.  Autd onpalvel 6Tl evEpyELd
evamotiieton oto NAEXTEOVIN GVEVOUC TWV ATORWY TOU AERlOL XL CUVETS EXElva
Eegedyouy amd To dropo. Ta nhextpdvia Tou Eegedyouy amd Ta dTopa Tou agpiou
€Y OUV UEXETY| EVEQYELXL €TOL OOTE VUL DOOOUV TEQULTERL EVEQYELX XoU OF SAAXL NAEX-
TEoVIA GUEVOUC BLapopETIXGY atopwy. Etol dnpovpyeitar pla yrovosto3dda nhex-
Tpoviov. Xenotponowsvtog jila dvodo (Vetind @opTiopévo xahodo) xat o xddodo
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Figure 3.13: Resistive Plate Chambers Layers

(opvNTIXd (OPTIOREVO XOAWBL0)1 YLovoo To3ddo Nhextpoviny Tou €youy @iYEeL ond
To dTopa TOU 0EPioU EMLTAYUVETOL TIROC TNV dvodo (AOYw Tou NhexTexol Tediou Tou
dnprovpyeiton omd dvodo xon x&Hodo).

Resistive Plate Chambers

Ou Resistive plate chambers elvar aviyveutéc agpiouv mou yenoutonololvTal xuplnwg
yioo oxavdoMopd.  Ou aviyveuTtée autol €youv XahY| YwEY| BLOXELTIXY XOVOTNTA
é = 1%Q50GeV kat10%Q1TeV ypovix Staxpttixs xavdTnTa TS TEENS TV ns.

Kdéde povdda tou aviyveuty| amotekeiton omd 800 mopdAinieg mhdxec.  Kde
TAdxa elvon opTiopévn Yetnd xan apvnTixd avtiotoryo. Ko ot 600 mhdxeg el
VoL XOTOOXEVAOPEVES amd LPNATC avtiotaone mhaoTixd Lo, Ot mAdxeg etvan
YWELOPEVES amtd OY%0 Tou elvol YERATOC TO KEPLO OV YENOLLOTOLEL O AVLY VEUTHG.

‘Otav €va [ULOVLO TERVE, BiVEL UpXETH) EVERYELX OTA NAEXTEOVIA GUEVOUC JIE UTOTENE-
oo T NAEXTEOVLAL VoL eeuiep@vovTon amd Ta dropa Tou agpiou. To nhextpdvia autd
YTUTOUY JIE TN OElpd Toug Xt dhhar dtopa xdvovTag axeBag Ty Bio dadtaxactio
ool YOV UEXETH EVERYELX Yla TEpETAlpw toviopo. Ertol dnprovpyeitar pla yiovoo-
To3d0a NAexTEOVIwY ToL emtayUveTn TEOg TNV dvodo. To ofpo cUAAEYETOL amd
xEd PETOAAXS oTEING PETS amd plo Yvwo T yeovixt| xoductépnon. O aviyveutrg
Yenouronoteiton enlong cog oxavdaloTAg divoviag Thnpogopie yio To €dv Eva oo
elvon yprouio 1| oyl

Muon Drift Tubes

Ov aviyveutég Drift Tubes etvou tomodetnpévol 6to x0plo odpa tou CMS, oto barrel,
OToU 1) PO} CLRATLOIWY elvon yopnAr xan To poryvnTxd edlo opoye- VEG xou Oyt TG0
1oyveod. To chotnua Twy drift tubes anoteielton amd 5 xu- Alvpoug opdxevipoug e
Tov d€ova NG 6éopng mou xahimTouy 6ho to barrel. Kde dioxog anoteheiton amd 4
stations Swupopetixy axtivoc to xoéva (MBI - MB4). Kdie owifvoc (tube) éyet
OLIPETEO 4 EXATOCTA XAl GTO *EVTEPO ToU UTdpyEL éva clppa xat Pelypa agpiewy apyol
xan 6logewdiov tou dvipoxa. ‘Otav éva ovio tepdoet péca and To wéplo, LovIlel T
nopta tou agplov. To nAexTEoOVIN TOL BNILOVEYOLYTAL UTO TOV LOVIOIIO XUTEVTUVOVTL
TPOS TO GUENA AOY W TOL NAEXTEIXOU TEBIOU TOU UTEPYEL OTO ECMTEPIXO TOU GO VAL
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Figure 3.14: Muon Drift Tubes

Cathode Strip Chamber

Figure 3.15: Cathode Strip Chambers

Cathode Strip Chambers

Ov aviyveutég elvan Totodetnpévol ota xandoaa Tou CMS, 6mou to poryynTind nedio
Vol OVOIOLOYEVES XalL 1 POT| TV cwpaTdlwy elvon apxetd vpnir. O CSC é€youv
TOAD [txp0 YEOVO amOXELOTE Xou ETOL pTopoLy Vo yenotporotnioly oe tepi3dhhoy pe
Té0™ PEYAAN axTl- voBolla. Eniong éyouv tn duvatdtnTa va mopéyouv TANeogopieg
OYETIXA HE TO YEOVO BLEAEUOTC TOU CORATIOIOU

H apy| Aertoupylag toug PaoiCeton o éva mhéypa cuppdtwy. Awrdétouy Yetind
(POPTIOPEV GUEPATA To OTOLAL AELTOUR- YOUV Gav GvVOBOL Xol AEVNTLIXS POETICNEVA X -
Yeta oTIC avOdoUG o ActToue- Youv cay xddodot. To mAéypa Peloxeton péoa ot Eva
pelypa agplou. ‘Otay €va popTIoPEVo crpaTidlo TEpdoet oo amd TNV EVERYY| TEQLOYT
TOU OVLYVEUTH| Tol LopLal Tou aepiou tovi{ovTal xan Tol NAEXTEOVLOL TOU TIPSy OVToL Ao
TOV 10- VIoP6 001 yolvTo Teog Ti¢ xadédoug dnjovpynvtag yovootiBddn. To orpa
TOU TaPdyETAL UO TNV Ytovoo T30 Blvel TAnpopopio Yo TNV TEOY L8 TOU GLRATLOIO0U
TOU TEQUOE.

3.2.6 XVotnpa Xxavdaiiopol (Trigger)

Kotd tn dudpxeior Aettoupyiog tou LHC ou aviyveutéc xataypdgouy yeyovoTa pe
ouyvotnra 10°Hz. Auté onpaiver 6Tt xatd tn Sadixaoio auth x&de aviyveuthc da
mopdyet tepitou 100 TeraByte dedopévev xdie deutepdiento. H cuvoliny| tocdtnta
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auTg NG TANpogoplug eivon adlvVaTo Vo amoUnxeuTel BLOTL OEV UTEEYOUY TA HECU YLu
NV anoUhxEUcT) 1000 PEYIAOU OYXOU BEBOPEVKY GAAG xou YTl Evol AEXETE J1LXEO
XOPPATL TV YEYOVOTWY UTOY £YOLY PUOLXO EVOLAPEROY ETOL HOTE Vo Yenotporotnioly
oe mepantépw avdAuor. T Toug mapamdvey Aéyoug €yel avamtuydel évar cloTnpa
o%aVOUMOI00 €0TL WOTE Vo PeEwlel 0 6yYxog TV Bedopévwy Tou hapdvovton xaL
VoL GLYXEATOUVTOL IOVO BEBOREVA JIE YUOLXO eViLagepov. To clotnia oxavdahopo)
mou yenoutonoteitan oto CMS ovopdleton Trigger and Data Acquisition System
(TRIDAS). ¥t0 CMS n dwdixaocto auth yivetoa oe 2 otddu. Hpdta ta Sedopéva
nepvolv amd tov Level 1 Trigger xou otn ouvéyewr and tov High Level Trigger
(HLT).

O Level 1 Trigger eivor 10 mp®T0 0TAOO TOU GUGTARATOC CHAVOUALGHOU TOU
CMS. O cuvolixdg ypdvog Tou amotTelTon Ylol GUAAOYT| Xl AVEAUGCT] TWVY OESONEVGY
elvar mepinou 3.2ps. To dedopéva amodnrevovtar o buffers péypel va amogacioel
o trigger v to av elvon ypropa f§ oyt. O ypdvog mou amantelton ote o trigger
vo. "amogactoel” av to 6edopéva eivor evotagpépovton B oyt etvon 1ps. O Level 1
Trigger anoteheiton amoxheiotind and hardware to onolo Pploxetoun Tonodetnuévo
OGO TO BLUVATO TILO XOVTY OTOV UVLYVEUTY| ETOL WOTE VoL PNV UTdEYEL XorduoTEPNOT TNG
TANEOPOELIC A TOV VLY VEUTH 0ToV oxavdahloTh. E&autiog Tou moAd pixpol ypdvou
mou €yel otn diddeon Tou To cloTNA aUTH, Ta dedopéva To ool Yenotponotel
TEOEPYOVTAL ATO- XAELGTIXG amd Tor YepdopeTeo xou To cLoTNHo poviey. Metd
TO OTAOLO AWTO O GUVOAMXOS OYX0C TWV OEdONEVLY Eyel newwdel oe 50 kHz xou ta
dedopEva Tou dtahéyovton petagépovtar otov HLT yio mepontépn avdiuon.

O High Level Trigger anoteieiton anoxhetctxd and software. To clotnpa awtd
yenouronotel ahyopldpoug ol omolol guAtedpouv Ta YEYOVOTo GE 3 OTABWL  XTO
TEMOTO GTAdL0, YenotporotovTon dedopéva LoV amd Ta VEQIIOOHETEN Xl TO JLOVIXO
ovotnpa avdroya pe tov Level 1 Trigger oAld pe meplocdtepn AeTTOPERELX. XTO
0eUTEPO GTAWO yenoutonololvTaL dedopEva xou antd tov tracker. Xto TplTo xou TEAEL-
Tafo oTddo, yenoonoeitar OAN 1 TAneogopio xou YivETL avaxTaUoRELY| OAOXATPOU
Tou yeyovotog. MOoAg 1 draduacta Tou triggering €yet ohoxAnpwmidel to dedopéva
Yo €youv pewwdel oe 100 Hz. Ta yeyovoto mou €youv mepdoel xon To 2 oo
Triggering yenotpomotolvton €meita yio tepetaipn offline avdivon.
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Kegdiouwo 4

AvoxotooxeLn Puoixwy
AVTIXELIEVLY

‘Onwe avoagéplnxe xou 6To TEONYOVREVO xe@dAiato, To melpapo Tou CMS mopdyet
€vay TOAD PHEYHAO optdd BEBOPEVWY TOU TEOERYETAL OO TOUC UTOOVLY VEUTEC TOU.
O peydroc avtdg oprdpde and " ytumAparta” (hits) xou evanodéoeic evépyelag oe
TOAMOTASL OTEWHUTA YENOUIOTOWOVTUG XdUe Popd BlapopeTiX TeYvohoyio yiar TNy
TouTOTONON XL AVlY VEUST) TWV CORATIOIY , TEENEL VoL PETAPEACTEL GE AvTIXEIEVY
Yerouio v TV Tepontépw uotxr) avdiuor. H Sladwacio emavaxataoxeLhc Twy
oedopévny eéehlooeton og 3 Pripatas

o Tomuxh Avaxataoxeuvy, (Local Reconstruction): Ed¢ to npwpopyixd
OE0ONEVA OTIWC OL EVATOVECELS EVEQYELIC OE €val VEQIIOONETPO TEEVOUY oo
mpoeneéepyaoio péoa and Baowd clusters.

o Ilepipepeiaxh Avaxataoxeur(Regional Reconstruction): e outo
70 Brpa cuvdudlovton TANpoopliee amd didpopa subdetectors Tou (Blou eidoug
€Tl WoTE va OMpovpy oy super clusters péco oto YepnidopeTpo.

o Kadohixfi Avaxataocxeuy (Global Reconstruction): uvbudlovtog
TANEOYOpieg amd GAOUS TOUC BLECLIOUC UTIOUVLYVEUTESG OTILG TOV VLY VEUTH
TEOYLOVY xat TO VEPIOONETEO, 1) Btadacia xaJOAXN G ETAVUXATACHEVHG TENXE
ETUOTEEPEL TOL PUOIXE AVTIXE(JIEVA IOV €Y 0UV EVOLUPECOV.

4.1 Avoxataoxeuvr] Adgpovixwv 1Tddxwy
H avaxotaoxeur xon Toutonoinot 1oV owpotidiwy Ty 0moleky oL TEAXES XUTACTACELS

TEPLEYOUV XOUdEX TURUPEVEL 0O xon oripepa €var Toh) 500%0A0 €pY0 TG QUOLXNC
TWV UPNAGY EVERYELDY.
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[o v guon Tou top xoudEx GTO MIAETTOVIXG XAUVAAL, T OVAUXATUCKEUT] TWV
adpoviwy efvor TOAD onpavTiny| agol €va amd To top XOLKEXS OE AUTO TO XOVAAL
dloondton oe €va b xouopx xou évar W proldvio, to onolo pie T oelpd Tou BlaoTdTon
oe 2 xovapx. To 3 autd xoudEX yenoutotololVTaL Yo TNV TavTonolnon tne pdlac
Tou top xoudpx. XULVETKC, 1) EVERYELL Tou xdle jet xadde xon 1 ywewr pétenon
elvon évor amd ToL onpavTixdTEpa TEOPAT ot Tou epmodilouv TNV axpifBelo pe TNV
omoio propet va petendet n pdla tou top Kovapx 1o xavdht auto.

To xovapx ToU ToEdYOVTAUL UTO AVEAXCTIXT OXEBACT BEV PTOPOVUY VoL UTEEE0UV
o¢ ehelepa owpotidie Aoyw meploptopwy QCD. Autd mou propet vo petpniel o
evory vy veuTh elvon To amotédeopa oo plo Stadacta petatpont|c coloured partons
og éva xatatyltopoé and colourless partons.

Abyw Tou yeyovotog OTL 10 GUVORO TV CLRATIOIWY Bev elvon cuyypapxd, TO
7omoTOTMWHA” TV XOUoEX X0l TwV yYAouwviwy ovopdletar jet. Oo prnopoloope
vo. ToUpE 6T, To jet elvon Tomixd clusters evépyelag ouvodeudpEva amd TEOYLEC
oopatdiwy. Eva jet mepieyel xuplwe owpotidr 6w movia, xadvia, oxXOpa xo
TEWTOVLAL, VETEOVLOL.

Ta jet ywpeilovta og Yo xatrnyopies:

e Prompt: dniooy| jet Ilou mpocpyovtar amd Ty x0pla oy xpouor)

e Pile Up: onhady jet Ilou npoépyovtar and deutepedovcec ouyxpoloels (iBto
Bunch crossing)

Typical jet Pileup jet

Figure 4.1: Kotnyopleg Jet

H oavaxoataoxsur twv jet elvon éva moAd xpioipo xoppdtt tng avdhuong twv
adpovixdy TEMxWY xatootdoewy (hadronic final states). Adyw tne Sodixooiog
XATALYLOP00, UXEES AAAAYES XUTE TNV aY Y| TNS adpavoToinong (hadronization pro-
cess) PmopoUV Vo 0dNYHOOUY GE dpXeTd NeYdhes amoxhioelc pe autd mov Vo petpniel
oto téhog. Emlone ta tehnd amotehéopota emneedlovial xat AOY® NAEXTEOVIXOU
YopuPou xdvovtag Tn dadixacio Tautonolinong axopa duoxohdtepn. oty avtipeto-
TLOT) TV TEOBANPATOY ATV, €youv dnprovpynUel Sidpopol ahydpUipol yio Tr Tau-
Tomoinom xou PEAETN TwV Jet.
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4.1.1 Avoxatacoxeur] Jet

H ovaxataoxeur Twv jet Eexwvd SroBdlovtog opyixd ta Bedopéva mou €pyovTtol and To
Veppddpetpa (ECAL xar HCAL). Kau tor 800 Yepudopetpa, divouv mAnpogpopiec mou
YENoLHoToloLVTAL WS El00dOC TNV dladascta avoxataoxeung Twyv jet. H ddicacio
elehlooeTan oe Téoocpa oTABLAL

1. Hpdta dpto xatao tohrc pndeviopot (First zero suppression thresholds) egoeno-
Covton og xde xavdh and xdie Yeppdopetpo. o to HCal to 6pro autd etvon
a6 2-4 ADC 7 ytumApota” e petpovpevo 9opufo ota 0.75 ADC " yrunpoto”
(counts). I'w to ECal, n ehdyrotn evépyeta mou omanteiton eivar 90MeV oto
Bopéh xou 450MeV ota xomdaaa Tou aviyveuty|. Auty| 1 evépyela avTio TotyEl
o€ 2-30 mdve amd To pETPOLHEVO Yopufo.

2. O &eywprotée mAnpogopieg mou Aapfdvovtar amd to Vepmoopetea ECal xan
HCal, ouvbudlovtar oe éva projective ECalPlusHCalTowers. Ot "ndpyol”
autol elvon €vag ouvduaopog amd 1 HCal xau 3x3 ECal xehid. Edw emBdhheton
éva cut oty dlopxn evépyelo Tou xdle "mhpyou” ota Epr = 0.5GeV To
onoto Ponid otnv xatactolr) culhoyrc evépyetag amd Pile Up xou Underlying
events oto VepdOpETEO.

3. Yo tpito Prpa, n Aota twv ECalPlusHCalTowers yenotponoteitar w¢ eicodog
OTOV TEAYHATIXG AAYOEUIIO YO TNV AVOXATAUOXEVY TWV jet, o onolog tehxd
OLUYXEVTPWVEL OAT TNV evépyela ou Peloxetar oTa jet, ypnotpomownvTag pio
CLYXEXPUIEVY Qopnoula.  Emeita eva cut otr dloapfxn evépyela xovtd ota
10GeV eqopnoleton ota Jet xodog ta jet pe yaphréc evépyeleg Bev elvon xoAd
oplopéva.

4. Tehxd ta avoxataoxevacpeva jet Badpovopoivrton e tn Bordeia xakd oplope-
VOV QUOIXOY YEYOVOTOY. EdG dSlapopetinés miavotntee mTpoxinTtouy yio va
ABer xavelc Ty oY) evépyela Tou jet. Kdmolog daxpivel petall e€wtepinmy
(my test beams) xou eowtepxmv (my In situ) Swdwaocudv Badpovépnone pe
oedopéva. H in situ Badpovépnon egappnoéleton avoxataoxcudlovtag 600 and
Ta tpla jet mou mpoépyovton amd T ddonacn Tou W e TETolo TpéTo MOTE 1)
CLUVOAXY| EVERYELX TTOU PETEdTOL oTal 2 jet va elvon {ong PE auTh TS YVWOoTAS
avehholwtne pélac tou W (80.22GeV/c?).

4.1.2 O aAyoéprOnoc anti-kr

[oc Ty avoxataoxewy| Tov jet Tou Tapdyovian xutd T SLIEXELN CUYXPOUCEWY TEMTO-
viwv-tpwToviwy yenotponotobyvto dVo xatnyopleg alyopldpwy. H mpotn xatnyopia
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Figure 4.2

ebvon ov ahyopripor Cone Type, evey 1 debtepn xatnyopia elvar ou alydprdpor Se-
quential Clustering. ¥e autd t0 LToxe@dAao Yo yivel pla eloaywyy| otny deltepn
xotnyoplo xou o cuyxexpipéva Ya yivel eatiaon otov akyderdpo anti-kp [6]. Tevixd
uTdiEy oLV dhhot BUo akyderdpiol Tou avrixouy oty xatnyopla autrh: O olydpriiioc
kr xaw o ahybordpoc Cambridge/Aachen.

O ayopripor autol €youv xdmoleg WOTNTEC oL Toug yopaxTneilouv. Apyxd
ot ahyoprdpol autol Eextvolv pe Ty unddeon 6Tl To cwpatidla péoa oTa jet €youv
Hxpéc dlopopéc oty dlopxn opliry Toug (transverse momentum) xat To owpATiOwL
opodomololvTon JIE BAoT TOV YORo TwV OppaY. Autd €yel cav omOTENECHA TT|
onuoupyia Teploywy jet ol omoleg €youv xupawvopevn empdveta.  Eve apyd o
alyoprdiior autol elyoy apxeTd apyn anddoot), frav opwe anotekeopotixol. IIAov
Yenounnoeiton to mpdypauppo FastJet péow tou omolou o unoloyopog twv jet
yivetow moAl yenyopdtepa. Téhog ot alydprdpol Sequential Clustering efvon dhot
IRC Safe. Me tov 6po IRC Safe, opileton 61t évar yeyovog Yo ebvan infrared xon
collinear safe eav 070 6pLo piog didonacng ¥ xatd TNy exmoptr evog soft cwpatidiov,
TO TOEATNEOVPEVO YEYOVOS ToQopEVEL oPeTdBANTO. MECw TNg WBIOTNTAS AUTHG, O
aAyoprtiog eyyudton ox0pMON TEUYHUTIXWY XL ELXOVIXMY ATOXAOEWY GE UTOMO-
yiopolc udpnhotepwy 6pwv (higher order calculations). I'a Tov utoloyiopd evog jet
oe datappaxtixy (perturbative) QCD o alybpripoc mou mpénet va ypnotponotnde
meénet va ebvon IRC Safe agol exnopnny| soft cwpoatidiwy xadde xou collinear dwond-
oelg dev mpénel vo ahhdlouv T hard jets.

o O(X;p1, .ot Py Pup1 = 0) = O(X5p1, oo D)

o O(X;p1, .o, Dul|Pns1) = O(X;p1s ey Do+ Prt)
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I'evixd 6hot ov ahyodpripor autdu Tou TUTOU ActToupyoly pE ToEoota péVodo.
Apywd opifoupe we petafBAnth tpwtng andotaong (first distance variable):
. R2
dij = mln(pgivpgj) x —*

R
omou a elvan évac exdétne mou avtiototyel oe évay ahydprdpo, Ry = (n; —n;)* +
(i — ¢)? xou elvor M omboTaoNC TV cLpATWiKY 1, j otov (1,9) yweo, R elvau n
TOEAIETEOC axTivag 1) omtola xardopllel To Tehxd péyevog Tou jet (ouw’]ﬂwg 0.4-0.7).
Optloupe w¢ petoBAnty deltepne andotaonc (second distance variable):

dip = py;

elvar OnAadY| 1 amOCTACT GTOV YWEO TWV OPHKOV PETALY TNG OECUNG XAl TOU
CWHUTIOOL TTOU avLy VEDUNXE.

O ahyopripol Sequential Clustering hettoupyoiv Bploxovtog mpdTo TNy eAdytoT
pr tou Lebyoue [dij, digl. Av 1o d;; elvon to ehdytoto and ta 8lo, thHte ToL i,
owpotidla cuyywveLovTal o 1 cwuptidlo yenotponowwvTag tedcieon Twy TeTEa-
0pR®Y ToUS. Av 0K To eRdyloTo elvan To d;p, TOTE TO 1 cwpatido TheTton we TEAMXS
jet xou aponpettan amd Ty Alota v copoatdiowy. H dwduascta aut etavoropBdveTton
elte péypt Oha to owpartidio va efvan pépoc evie jet (Inclusive clustering) eite péypet
va éyel Bpedel pio emdupnth nosdtnra and jets (Exclusive clustering).

O ahyopripog mou Yo yenouronowel otny dimhwpater auty| elvon Tng xatnyoplog
Sequential Clustering xou mo cuyxexpipéva o ohyoprdpoc anti — kp. O olydprdpoc
anti-k7 9€tel v mopdpeteo a = -2. Autd €yel w¢ anotéleopa OTL oL PETABANTY
TEOTNG xan devTeEPNS andotaone Va yivouv avtioTtouya:

1 1 RZ,
d” = miﬂ<—27 —2> X -
Py Dij R

1

dip = —

p?i

H petofints mpdtng amdctaong xuplopyeitor amd vPnid pr xoa o akyoderijpog
mpoTd vor culAéyet (cluster) hard copatidw. Etot 1 neployn tou jet éyel pixpéc
dloupdvoels xou o ahyopripog dev elvan evatointog oe UE xouw PU. O adydpripiog
elvar 0 xah0TEPOC Yo TNV avdAuot Twv Jet ahhd Oyt yior TNy uTodopr) Toug.

4.1.3 Evepyeiaxry Badpovépnon Jet

H evepyetomy| Badpovonnon twyv jet etvar éva moAd onpavtind onpeto xde avdivong
TOL YENOLHOTOLEL TEMXES UBPOVIXES XAUTUC TUOELS YLOL TNV AVOXAUTUCKELT| XIVNHOTIXWY
wothtwy. H andxpion tou HCal aviyveutr €ivon avdhoyn Tng EVEQYELNS TTOU EVUTOTI-
Yetar and to owpatidie oopmtwone.  ‘Opwe 1 cuoyétion petald Tng evEpYELC
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TOU COPATIOOU %ol TOU GYIATOS TOU ETLOTEEPEL O UVLYVEUTHC TRETEL Vo puiioTel
TepoaTixd. Apyixd mpaypoatonotodvtar déopeg doxiprc (test beams) pe yvwotd
owpouTidar xou YVwoTéG EVERYELES Yo TNV Podjiovéunon Twy aviyveutov. Apyotepa
XATA TN OLAPUELN TOU TEEYOVTOG TEWRAIATOS, YLENOLI0- TOLOUVTOL UEXETE HEAETNHEVES
X YVOO TEC QUOIXECG Dlepyaoies yio Tn odpovonron tov aviyveutoy. o nopdderypa
v Ty Bodpovopn- on tou ECal yenotponoteiton n Sidonaon Z — ete™ evd yuo
™ Podpovépnorn tou HCal yenouonoodvtar y+jets yeyovota. H o tne y+jet
Bodpovépnong etvon 1 mopaxdTw:

Yty leading order eixévo evog y+jet yeyovdtog, undpyouv Vo mapTovio. (par-
tons) (gg % ¢q) to onolo cuyxpovovto HETAEY Touc. Auth 1 Swdcaoia propel va
TOEGEEL EVaL PWTOVIO Xou €var TapTOVIO (TN CUVEYEL jet) OTLC QuiveTal ToEAUXATE.

q 9 q 7
g q q g
compton like process annihilation process

Figure 4.3: Awrypdppata Feynman yio y+jet diaducooieg

H 18éa yio ypnotponoinon twv yeyovotomy autey Yo T Badpovopnocr tou adpovi-
%00 Veppdopetpou Baciletar 0To YEYOVOS, OTL €XTOC amd TNV aPYIXT XUTAGTAOT
eyxdpotag oppic, 1 eyxdpola oppy (pr) TOU PwToviou oL TapdyeTon xaTd TN Oi-
oduaotor ebvan xatd Bdon avtidetn oto avateénov (recoiling) jet xou étou:

pi Y = pi? 4 pi? 0
Aoyo tne xahOtepng evepyetoxnc Slaxpttixfc xavéotntoag tou ECal ( 1%) xou
AOYw NG oxpBolg amohutng evepyelaxhc xhljlaxag, 1 evépyel Tou jet propel va
oroptwiel yvwpilovtag TNy evépyeta Tou evanovétnoe To puTovio péco oto ECal.
Y10 Téh0g, TO avaxaTAoXELUCHEVO jet doptwvetan. ‘Eyel nopatnondel 6TL pe auty
™ pédodo, n evépyewr Tou jet propel vo Peedel e éva opdhpa tne téEng tou 3-10%
AVOAOYWS PE TNV EYXAPOLa EVEQYELX TOU jet.

4.1.4 Evepyesioxr Atdpdwon Jet

To CMS éyel avartiéet éva clotnpa dtépdwone Twv jet ToAamAdy emnédwy. Ot
dloptwTxol mapdyovtee Aapfdvovto and TEOCONOLWOELS Baclopéveg o Bedopéva
am6 test beams, and dedopéva mou €pyovton ameulelac and CUYXPOUCELC XaL Amd
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TPOCONOUDOELS GUVTOVIOPEVEC JIE BEGOREVY GUYXEOVGENY. OL BlopUMOELC AUTEC TTRETEL
VoL EQUPIIOCGTOUY e ToV axohovdo TeoTO:

e Offset: Aibpdwon Moyw pile-up xou nhextpovixol Yoplfiou

o Yyetuxny n: Anoutolpevn d16pdnon HoTe va Yivel 1 andxplor Tou jet eninedn
OE GUVIQETNOT TOU Njer YLl ol CUYXEXQUIEVY D

o Anolutm pr: Anawtolpevn diopdwon yia vo YIVeL 1 amdxplon Tou jet eninedn
oo cuvdpTnoT Tou jet pr

4.1.5 Avoyvweilovrog Jet and b xovopx

Enedr to top (t) xovapx Swomdton oyeddv pévo oe éva b xovopx xar éva W
nnolovio, 1 Tautonoinon Twy b jet mailel Toh) onpoavtind pdho oTNV BLdxpior PETAUL)
ofjpatog xou umoPddpeou. Ernlong, n amotekecpotind towtonoinon twv b jet Borndd
0TOV GLVBLAGHS TKWY 3 jet ylo TNV TauToToNoT TNE BIdoTAUCTC TOU top XOUUEX.

Mio onpovtind) w6t TV b jets elvon 6Tl €va PEpOC LTV TEQIEYOUV 1T
ATOROVOIEVA AETTOVINL Tal OoTtolor TpogpyovTaL amd TNV Aettovixy| didonaocr tou W
nroloviov.

W — 17

To hemtdvia autd mou Beloxovtar péca ota b-jets propoly va mpoéhdouv amd
TEElC ouyxExptpévee dtadactes. Ou dladaoieg autég xou ol pudpol BidoTachc TouC
(branching ratio,BR) 8ivovto ané:

o H dpeon b — [ didonaon: b — W-X, W~ — "7, BR = 10, 7%
o H adknrovyia b —c—1: b— W *c,c = "y X, BR =~ 8.0%

o H aiinrouyla "Aavdaopévou” mpoorpov b — ¢ — I: b — WX W™ —
ge, ¢ — "X, BR = 1.6%

‘Olec autég ol dudiaoieg pall divouv évay cuvolixd pulnd dSldoTaong Yo T Bido-
TOGY) TOLAAYIOTOV EVOC YOPTIGREVOL hemtoviou mepinou (on pe 19.3 % yia xdie tono
AETTOVIOUL.

o to dlaywetopd tov b jets and dhia jets Tou TpogpyovTon amd EAXPELE XOLUEX
1) YAouovia, yenotpomoteitar pior TOAD onpavTixy ToedpIETEoS Twv b adpoviny. Adyw
TOV xRS TS TV CUVTEAEGTOV Vi xau Vg tou mivaxa Cabibbo-Kobayashi-
Maskawa, o ypdévoc (whc Twv b adpoviwv eivor avtictolyel oe nepimou 1.5ps xau
out6 avtiotolyel oe plo epPéheia Byer = 450pum.  Avth n Tipy ebvon pior TdEn
peyédouc PEYUALTERY Al TNV YWEIXY| BLAXELITIXY IXAVOTNTA TOU OVLY VEUTY| TPOYLIC.
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Auté biver ) BuvatoTnTa i StayPBelopd petadd e xdplag xopugnc (primary ver-
tex) amd avelooTiny oxédoon xo Tng SeuTEPELOUGNUS XopLPHC (secondary vertex)
TOL TEOEPYETAL amtd DLdoTACT) TOU b.

Or tpoyiéc mou yenotpomololvTal Yo Tov b tagging ahyopripo etvor cuvBUNG TIXES
TEOYLES (combinatorial tracks). Auté onpodvel OTL YENOLHOTOLO0VTAL TATPOPORIES
xou amo tov (silicon) aviyveutr mupttiou TpoyLGY xadKg xon amd TOV aviyVeUTH Tpo-
v pixel. Moévo tpoyiéc pe ARj0.3 yenoiponotobvton xou oL Teoylée TEEEL Vol
amoteholvTon and toukdytotov 8 ytumhipota (hits), 600 ex Twv onolwy TEénel vo
TeogpyovTon amd Tov aviyveutr) pixel. Emnpboveta xdie tpoyld mpéner v €yel
eyxdpoto oplify mepinov 1GeV/c. Téhog ol 2 Bodpol erevdeplag tou fit tng Teo-
XL8¢ meEneL var ebvon x4t amd 10 xan 1) TUEdPETEOS EYXARCLAC XPOVOTS (transverse
impact parameter) ! npénet vo efvon pixpdtepn and 2mm.

‘Eva mpofAnpo tou mpoxdmTeL efvol 1) avaxaTaoreLY| TwY x0pugpov. Me Tig Tpoytéc
VoL TEQVAVE €VOL TEWTO ETUTEDO ETAOYTC, Ol XOPUPES AVAXATACHEVALOVTAL Y PNOLHOTOL-
ovtog éva gihtoo Kalman. Xto endpevo P, oL avaxoTaoxEUUGHEVES XOPUPEC
xou oL emAeYEVES x0PIEC XOPLYES GUYXplvovTan EuppnolovTag cuts oTny andoTaoT
TOUG X0 TNV ovoAAOlwTn Pala TwV owpaTdlwy mou oyetiCovion HE TS XOpUpEC.
Kopugéc pe avtideta goptiopéves tpoylec xon plo avolholntn pala xovtde oto Kg
mopoeirovton. T Tic uTdhoineg uTorigLeg deuTepeLoUGES xOPUPEC UToAOYIoVTaL
OLdPOPES TUPAPETEOL, OL OTOIEC OAEG YENOLHOTOOUVTOL Gov ELCOBOC Yo TOV TEMXO
deuxptvioth tou b (b tagging discriminator).

1. H avorrolwtn pdla Tou QopTIoREVOU CORATIOOU TOU AVTIGTOLYEL TNV X0puUYPN
2. H mohumhoxdtnto TV QOpTIoREVGLY TEOYLOY Tou oyeT{ovTol PE TNV Xopu@N

3. H anbdotaom tng wdplog amd tnv deuTepElOUGH x0pu@Y| 6TO e{tedo xddeTo o
OEONUT| OLUEEPEVO IE TO CQUAJIA TNG

4. H evépyelo TV QOPTICREVWY CWPUTIOWY omd TIg DEUTEPEVOVUGES XOPUYES OL-
QUEEPEVY JIE TNV EVEQYELL OAWY TOV POPTICHEVRY CWHUTIOIWY Tou jet

5. Ou rapidities TV TpoylOV TWV QOPTICREVWY CORATIOIWY O Oyéon Pe TNy
xatevYuvor tou Jet

‘Okeg oL mopamdvey petaBintéc otn cuvéyela cuvdudlovtal péoa oe éva Likeli-
hood ratio 6mw¢ gatvetan mopoxdTe:

Lb L

Y= fBG(C)m + fBG(CI)m

1Qc mopdnetpoc eyxdpotac xpolone (transverse impact parameter) opileton 1 ombéoTaon TNC
x0ploc xopughc (primary vertex) and to onpeio xovivdtepne andotaons oto eyxdpoio eninedo
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6mou fpa(c, q) avtiototyel oe onoldATOTE opyiXh TANEOYOEia Yo TN 111 XAUTACXELY
Tou 1 b jet evdd L(b, ¢, q) oyetileton pe tnv mboavotnto vo mpoépyeton Eva jet amd
b,c,..x0u0ex 1) YAOUHVLO Xt UTONOYIETOL YPNCIIOTOWMVTAS TIG THUEATAVG HETOBANTEC.
Kotd ouvénew, ta b jets €youv ubnidtepeg Tipéc dleuxevio T eved to non b jets
yopuniotepec. H amodotixdtnta Tawtomoinorng (tagging efficiency) ¢, optleTon we¢
e€hc:
_ # jets yebong q movu €yel tawtoromnlel cav b jet
- # jets pe yevon q

Aut 1 amodotixotnTa elvon 1 b tagging amodotixdtnta yio b jets xou 1 amodoTi-
x6TNToL Aavdacpévng avoryvwplong yio non b jets. H b tagging amodotixdtnTa yia
OLdPOPES YEUOELS W CLUVAETNOY TWV cut TOU BLELXEIVIOTY| QalvETL 6TO oy Tpa 4.4a.
Y10 oyfna 4.4b, jet and hagppid xovopx PTopoVY Vo XUTAGTAAAOVY XaTd 600 TALELS
peyédouc pe b tagging amodotixdtta 60% oty meptoyy Tou Bapetol, eved pe 50%
OTO XUTANKLL.

u:‘ I I | | Ll s I I
TRt > 1F
(=] E E
c F
g o
o % 107k
hL ©
107" E o
E g_;,|
& 107
c
o
c
1oz 10
10 E
‘H:l's.— = i i
SETTIETITINTE NI TR FUTEE FUTTE PRATH PEATIATETL FA AT 1U.5,,,,i,.,,|,...|....|....i....I....I....I....I....
0 01 02 03 04 05 06 07 08 09 1 01 0.2 03 04 05 06 07 08 09 1
discr. cut b-jet efficiency

(a) b tagging anodotixétnta oo ouvdptnon tou(b) Non b jet omodotixdétmror havdoopévng

cut and tov dieuxpvioTh yia Sdpopeg Yeloelc jetavayvaplone oo ouvdtnon b jet tagging

oe éva delypo pe QCD dedopéva pe 30GeV/c jamodotixdtntor  yioo  didpopec  yevoewe  jet

pr i 200GeV/c xou —n—j 2.4 yenotonodvtae Nuientovixd top Ledyn pe pr
i 30GeV/c xow —m—il.4
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4.2 O Alvyépurdpog Porc Xwpotidi;y-
Particle Flow Algorithm

O alybpripog avoxaTaoxEUnc P01 CORATOIWY YeNoLHoTOoLElToL OYEBOY OE OAEC TIC
avaAvoelg 6to CMS. "Eyel 6x0md TNV ovory VORLoT| Xl THY AVOXATAOXEUT XEUE CORATL-
olou ToL TEOXOTTEL Amd TG CUYXEOUCELS TEWTOVIKY OTO XEVIPO TOU GVLYVEUTH,
oLVOLALOVTAS OAEC TIC TANPOYORIEC TTOU TPoEpyovTaL amd Toug uTooviyveutéc. To
ATOTEAEC]IOL TOU TPOXUTTEL OO TOV AAYO6pLI10 pOTC CWPATIOIWY 00N YEel ot pio BeATie-
PEVT AmOOOCT) GTNY OVOXATAOKEUT) TV jet ahAd xou oTny Tawtonolnon nhexteoviny,
oviwy ot Tau cOpaTdlwy. XN cLVEYELL Vo THpouclao TEl 0 TPOTOE IE TOV 0Tolo
Aettoupyel o ohyoprdpoc [7].

O Alydbpripoc Porc Yopoatidiwy €yel ox0mo TNV ovary VORLOT) Xl AVOXATUCKELY
OMWY TV COPATLOIWY TOU TEOXVOTTOLY Ao TG CUYXEOVGCELS GTO XEVTEO TOU UVLY VEUTH).
Auth n Swdwooio TpoypotonolelTon YENOUIOTOWYTAS OAES TIC TANEOYOPlEC TOU
TPOEPYOVTAL AT GAOUG TOUG UTOAVLY VELTES Tou TElpdpatog. H anoteheopatindtnta
Tou ahyopldpou eCoptdton dpeco and XATOLEC CUYXEXPUIEVES APYEC:

e H peyiotomoinon tng andotacnc PETAE) QOPTICHEVLY XU OUBETEQHY ABEOVIWY
o OcopdOPETE JIE PEYAAT oxp{Bela

Enlong onpavtind yio 0 dtadixacio etvor €vog amoTEAEORATIXNOS AVLY VEUTHE TRO-
XL3S, aAAG Oyt TOoO oNPAVTIXGS 660 1) uxplBeta Tou Vepdopétpou. To melpapo Tou
CMS mhnpet 6Aec i Topandve apyég oto Enoaxpo. Ilo ouyxexppéva to field integral
elvon 800 Qopég peyahltepo oe oy€on PHE GAAO TELRUPOTO X0 TO NAEXTOOHOYVITIXO
VeppdOneTEo Eyel eCAPETINY AmOBOOT) Ko AETTOPERELAL.

O ahydprdnog porg cwpatdiwy PaciCeton o pio amoteAeopoting xou xodapt
OVOXATAOXEVT] TEoYIdG, o €var olyoprino cupmhéypoatoc (cluster) mou €yet tny
IXOVOTNTAL VO AMOGUVAPHOAOYEL ETXOAUTTOHEVOUS XATALYLOROUS owpotdiwy (parti-
cle showers) xou oe évav amoteheopatixny dadixacio cUVOESNC TOU PTOPEL VoL GUVDE-
Oel TIC eVUTOVECELS EVEQYELNS TOU Xde owpatdiny oc xdle umoaviyveutr. Me
AMyo Aoyl o odyopripog pmopel v meptypagel og €€fg; Ou Tpoyieg mpoxdTTouV
NEoW TV Yepudonétony, av Beedoly pécu ota dpla evog and ta ToAld clusters, to
omoio oyetilovton pe Ty exdotote Teoytd. To clvolo TwV TEoyl®Y Xxou Twv clus-
ters amoTeAoUY Eva QOETIGREVO ABEOVLAL XAl TA GTOLYELN XUTACHEUHC TOU POPTIOREVOL
adpoviou Tadouy TAEGY Vo yenotpomololvTo oTov olyoépripio. Ta piévia avoyvopl-
Covton Lo TELY ETOL OOTE OL TROYIES TOUC VAL 111 HTOROVY VoL ITEEOEUTOLY E €VOL (POp-
Tiopévo adpovio. Ta nhextpovia elvar o d0oxoho vo Ta BayelploTel xaveic. Adyw
NG axTVoPBOAG TEBNONG TTOU EXTERTOUY TO NAEXTEOVIA, Yenotponoteiton pla ouy-
HEXQUIEVT] aVOXATUOXELY| TN Teoytag Toug xadng xon pla cuyxexptpévn dladaotia
yioo T oUVOEST) TV clusters gwToviwy JIE To NAEXTEOVIA €TOL (OOTE VO ATOQPEVY-
Vel n pétpnon tne evépyelog dVo Qopéc. ‘OTtav GAEC OL TUPUTAVL TEOYLES €YOLV
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AVOXATUOXEVAOTEL, Tor evamopeivavta cluster avtioTolyolvTo 68 PWTOVLN 6C0V aPopd
T0 nhextpopayvnTixd Yepmdopetpo (ECAL) xou oe oudétepa adpdvior boov apopd
T0 adpovixd Veppddpetpo (HCAL).

‘Otay dheg oL evanovécelg evog owpatidiou €youy cuoyetioTel, propel voextinet
1 @UOM TOU, XUl OL TANEOPORIES AT TOUG UTOAVLY VEUTEG GUVOLALOVTOL €TCL (HOTE VoL
umohoyto el dploTa 1) TETPNOENY| Tou. e TEpitTwoTn Tou N Bodpovonnpev evépyela
Twv Yepibopétpey Twv cluster mou oyetiCovton e pio Tpoytd uneEBel TV opnt
NG TROYLIC Yiot TEPLOCOTERO amd €va oiypa (o), ToTe N Slapopd outr anodidetar oe
€Vl ETUXUNUTITONEVO OUBETEPO OWOTIBO (PWTOVIO 1 adpdVIo) ToU EYEL EVERYELL TTOU
avTomoxplveTon oTn dlpopd Twv 000 peTproswy. H tehxh AMota Twv copatidlomy
amoTEAETOL OO POPTICPREVAL AOPOVIA, PWTOVLA, OUDETEQY ABEOVLA, NAEXTEOVLOL Xl
JLOVLAL X0 YENOUIOTIOLEITOL YOl TNV OVAXATUOXEUT] TWV jet xar Tng eAeimouvcag eyxdp-
owg evépyetag (ERSs).

4.3 H ®Puvown twv cuyxpoloewyv Ilpwtoviwy-
I[TowToviwy

Yto metpdpoto ouyxpoloewy (collision experiments), n evépyeto xévtpou péloag /s
optlel Ty evEpyeLa Tou elvan Blord€atjin yior TV ToEAY WYY SWHTLOIWY 3ot xon yio
VoL AMOXTHOOLY Tal owpatidla autd xivnTixr evépyeta. Mtov LHC, s, xadopiletan amd
TNV 0pIY| TWV CUYXPOUOIEVLY TEMTOVILY NECW NG GYEOTS:

s=(p1+p2)’ =08 + 03+ 2mpe = (B —pi?) + (B3 — py° + 2(ELEy — pips)

OTIOU Py XAl Pa €IVOL OL TETPAOPIES TWV BV0 GUYXPOVOIEVKY TOWTOVIMY JIE EVEQYEIES
E xou tproppy) = p. Eemidr| ot 800 déoieg mpmToviwy €youy tny (Blo evépyeta xan ovti-
vetn gopd, nunddeon By = Ey = Eporon %04 p1 & —po 1oy Vel. Me auto, n evépyela
xévtpou pdloc yivetou :

\/g = 2Epr‘oton-

Ener] ta mpwtovia ebvar odvieta cwpatid, n axeBrc dtaomopd tepthapBdve
XOUOPXS ot Yhoudvia, dnhadt| maptévier (partons), mou €youv pévo évo Tohd Jxeo
TOC00TO TNG dpYIXAC OPPNC TNG BECPNG TPproton- H EVERYELL XE€VTpOU paloc NG
oldactog g oxANeEYic dBLaoToRdC Vs (hard scattering) efvou pévo éva pixpd
nocooto and ta 13TeV. Av unodéoel xaveic 6Tt ol pdlec Twv ToETOVIWY Elvor [UXEES
oe oyéorn e TNV oppY) Toug, 1 eVERYELX XEVTpou palac Tne Sadxaciog auThg ebvou:

Vs = amy/s

42



ES® 1 xou @9 mpoodiopilouv To T0600TO TNG OpPRAC TOU €Y0ouv Ta BVO CUY-
xpovdlEVY TEKTOVI. Emeld] autd 10 0600t BeV Elvan YVWOTO, 1) EVEQYELNL XEV-
Teou pdloc ot "oxhner” Badixacta dev elvon emlong yvwotyh. Emopévwe yio va
nAveL xavel avdAuoT BedopEveY, TEETEL Vo Yenotponotioel peToBAnTéc mou Oev
eCopTOVTOL amd TNV aEytxY| oplY| 0TV xatéLuvor TN BLIBEOING TWY TEWTOVIKV.
2TOUC AVLYVEUTEG CUYXPOUOPEVKY adpoviwy, 1) Yenorn plag cuvdpTnong TuxvoTnTog
noptovioy (PDF) eivon mohd cOvniec. Ou cuvoptroelc autéc EmoTpépouy TNV Ti-
Yovotnta va Beedel Eva TapTéVio Eca O Eval GUYXEXPLIEVO LG TN OPPTC OF Eva
TE®OTOVIO. MeTp®vTon o€ TELRAPUTA GUYXEOVCEWY NAEXTEOVIWY-TEOTOVIKY, Xot elval
TOAND onpavTixd Yoo TNV TEOBAEd eVERY®Y BLATONOY OE GUYXEOUGCELS TEMTOVIWY-
TEWTOVIWVY.

4.4 Boosted Jets

¢ jet opieTan €vog BloymELOPEVOC XDVOC aBEOVIKY Xl GAAWY CWHUTIBWY TOU ToEd-
yovtow amd v adpovoroinor (hardonization) evéc xoudpx 1 evdc yxhovoviou. ? To
boosted jets etvau jets to omola Eyouv eyxdpota oppn| pr peyarbtepn and 400 GeV,
oTou Ta TPOlOVTA amd To top quark cuyywvebovton o Eva peYdho jet. Xxomdg Tng
peréng twv Boosted jets efvon 1 avacataoxneur| 600 peydhwy jet to onola Ttepleyouy
Ta TpotovTa Odonaong Twv top quarks. Ta boosted jet divouv mAnpogopieg yia
Tic Vewpnuinés mpofBiédeic oc udnAd pr xodog xan 1) PEAETN Toug cURIPBAREL GTNV
olepelvnon VEwY Vewpnuxov poviéhwy. T tnv avaxoataoxeur) twv boosted jets
YETOUIOTIOLOUYTOL EWBIXEC TEYVIXES OVUXATACKEVNG.

MropoUpe va ywelooupe o Boosted jets oe 600 xatnyoplec. H mpwtn xotnyopio
elvon toe AemTovixd top boosted jets. Ytnv xatnyopio auth avixouv Ta jet, ota omola
TO AEMTOVIO TTOL TPoXUTTEL amd TNy didomaon evog W proloviou Bploxetar xovtd 1o
b-jet. H dedtepn xatnyopia jet elvon ta adpovind top boosted jets. XNtnv xatnyopla
auTY| avixouv jet, ota omola Ao Tar TpoidvTa didonacng Tou top Bploxovtar péocu
oe éva cluster. I Tov cagn mpocdloptopd twv jet aut®y, meénel va pehetniel 1

uTodoNY| ToL jet.
fully merged
—_—
P

>350GeV

partially merged,
boosted W

un-merged

N
forAR-1.0 <200 GeV 200-350GeV "

pr
Figure 4.4: Boosted Hadronic Top

?Hadronization(Adpovonoinon): H dduactio oynpatiopol adpoviey and xoudex xa yxhoudvia
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Figure 4.5: Boosted Hadronic Top

‘Otav cucowpelovtal copatidia péoco oe jets, ol ahydprdjiol Bev BLaPEQOUY v
To owpotid tpogpyovton and hard process 1| and pile up. H teyvixéc unodopr|c
yenoutonoolvton yloo TV agoipeon tou soft radiation (grooming) étor dote va
nadpvoupie €va jet to omolo oty xahlTepn TERIMTWOT TEPLEYEL NOVO EVERYELXL Ao
cwpotidla and TNy dwdixaoia hard scattering. Tny peyoldtepn enldpoon otic petpr-
oelg palac Twv jet et n axtivoBorio evpeiog ywviag (wide angle radiation) 1 onolu
ovaxataoxeudleton péca oto Bo jet. Av éva ehagped xouupx X YAoudvio cuos-
wpeLeETAL NEca o Eva jet mou mpogpyetan and BidomacT VoS top xoudpx, TEOCTi-
Uetow meplocoTeEEn Pdlar 6G0 PEYAADYEL 1) ATOGTACT) TOU tOP XOUUEX JIE TO 0AdPEL
TopTovio. Mia and i teyvinéc umodopfic Tou PETELWICEL TO QUUVOHEVO ot Efval
o ahyéprdpoc Soft Drop [8]. H pédodoc awth yweilet to tehixd jet oe d0o ouo-
Totixd. Metd amd xde Bripor avoxataoxeug, To xpithplo tng soft drop diadixaciog
eENEYYETOL:

min(pr1, Pra) ( ARy )5
P11+ Pr2 “* Ry

Av 1 mpolUnddeon auty| Sev avoTolElToL, TO XOPPATL JIE THY JUXEOTERT) EYXAPOLA
opnY| aanpeiton amd to 1ehxd boosted jet. Eoo ov 6pot pri, pro meptypdgpouy TNV
eY*dpota 0pPY| TV BLO cuoTATIX®Y Tou PBeloxovton xar eAEyyovTal xdle popd oTo
Jet, xoaw AR5 1 petadd toug andotaor. H nopdpetoog Ry elvan 1 oxtiva Tou tehixou
jet. H mapdpetpog zew stvon pla mopdpetpog unofdipou. H mopdpetpot 2, nall pe
v mopdpeTeo B xadopllouy To TéoOo Loy ueT elvor 1) Sladixacia grooming. ¥to CMS
YENOULIOTOLOUYTOL OL TUIES Zeyy = 0.1 xan 3 = 0.

4.5 Tovtonoinorn B-Jets

Ye avoAUoE Tou aoyoAoUVTAL PE TNV PEAETN Twv top quarks, eivor ypAouio va
yivetow 7 TawTonolnon twv bottom quarks ool Peioxovion oyeddy ndviote cav
Teoldy didomnaong evog top quark. O wdtnTeg Twv b xovopx xadioTody duvath
NV €lpeoT xou TavToTolnon jet mou mpogpyeton amd éva bottom quark. Aol to b
abpdvia €youy opxetd LPNAG ypdvo Lo ( 1.5ps) oe cuvduaond e TV Toy UTNT
Toug, TAgOEVOLY PEEIXE MM PECH GTOV OVLYVEUTH Péypel vo dlaonactoly. Autd
obnyel oe deutepedouoes xopupés (secondary vertices) oe onueio mou SloomdTon TO
b quark. To CMS xatéyet éva cbotnpa aviyveuone pe moAd udmiy| axpeifela Tou
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xplvel duvath TV avivyeuon 10co x0pLwY OGO %ol BEUTERELOVTLY XoPUPKY. Ta
YopaxXTNEtoTnd autd tpoépyovtal ond tov odyoettpo CSV (Combined Secondary
Vertex). Enlonc to x\dopa tng evépyelag and @optiopévo adpovia o€ éva jet o 1
avorolwTn péla GAwY TwV cWRATIOHMY oL €youy avatedel ot deuTEPELOUG XORUYT
hopfBdvovtar u'édmy €tol wote va yiveTon N ddxplon Toug amd non b tagged jets,
OnAadY| jet mou dev mepiEyouy Tpoldvta and ddomacn b quark. O CSV aiydpriniog
otver pior cuveyt| €€odo, netall 1 xan 0 umodeviovtag av éva jet civon b-tagged 7
oy avtioTtotya [9].
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Kegpdhouwo 5

Analysis

5.1 Trigger Efficiency

5.1.1 Trigger

As stated before, the CMS uses a trigger system in order to limit the amount of
the data received only to the data that is useful to the further analysis. During the
LHC operation, the detectors record data with 10°Hz frequency. As a consequence,
every detector produces about 100TeraByte of data every second. This amount of
data is impossible to be stored and for that reason the trigger is used. A trigger
is a system that decides which collision is interesting and whether it should be
stored or not for further processing and physic analysis. The trigger system used
in CMS is called Trigger and Data Acquisition System (TRIDAS). Its process
is separated into two stages. The so called stages are the Level 1 Trigger and the
High Level Trigger (HLT).

The Level 1 Trigger is the 1st level of the trigger system. It is a hardware
system that reduces the data rate to 50kHz. The subdetectors provide coarse
information which is processed by fast electronic systems that decide whether the
information is worth keeping or not. Very basic algorithms are used to reconstruct
physical objects. The next stage of the trigger System is the High Level Trigger. It
is a software system that reduces the data rate to 100Hz. It uses the information
coming from all of the detectors. It is a system of combined simplified algorithms
that run in a dedicated computer farm in order to reconstruct physical objects.
The combination of a Level 1 trigger seed and a set of High Level Trigger conditions
form a trigger path.

There are three types of trigger paths. The first type of trigger path is the
Signal Trigger. The signal trigger is a path that aims to collect interesting signal
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events and is always unprescaled. . The signal trigger type path consumes most of
the available bandwidth. The second type of trigger path is the Control Triggers.
These are paths that aim to collect events for studying the backgrounds. Lastly
there are the Backup Trigger paths or the Backup Triggers. These are paths that
come to life in extreme conditions in order to avoid prescaling. Their aim is to
collect signal events with lower rate (stricter conditions applied than in normal
paths).

5.1.2 Trigger Efficiency

Trigger efficiency is the fraction of events satisfying the offline selection criteria and
are also selected by a specific trigger path, over the events that are only selected
by a specific trigger path.

events passing the trigger & offline criteria

efficiency = , 8 —
events passing the offline criteria

The ideal value for the trigger efficiency should be 100%. This value could be
achieved only if the offline reconstruction is identical to the online.

What happens in practice is that data never passes all the events that would
pass the offline criteria. Only events that pass some trigger are collected. This
means that the definition of the trigger efficiency is only applicable in the simula-
tion. As a consequence an unbiased control sample of events is needed. The events
are collected with a trigger path (reference trigger) with looser selection conditions
and if possible with orthogonal conditions. Trigger Efficiency is redefined as:

events passing the trigger & offline criteria & and the reference trigger

efficiency =
Y events passing the offline criteria & the reference trigger

5.1.3 Mathematics of the Efficiency

The trigger efficiency is defined as e, where

and Npuss is a subset of Ny, The trigger efficiency is bounded in the range [0,1].
The proper mathematical approach is the following. There is a series of Ny
Bernoulli’s experiments (e.g. binomial distribution) with N,.ss successes. The
confidence interval for the success probability is the efficiency, that is calculated.

IPrescaling: running a path every N events and allows access to an otherwise inaccessible
phase space at the cost of lower effective luminosity
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In order to calculate the trigger efficiency, Wilson Interval is used:

1 22 \/ﬁ(l -p) , 2
= h+ —— 4 a- v,z
=1 n % D+ 2 - + 4n2]

where z : 1 — 2 quantile of the standard normal distribution, a is the error of

the confidence interval, n = Ny, and p = % The standard error is a = 0.3173
with z = 1. In extreme examples;

® Npss=0,e=10

1
7n_+1]

L Npass = Ntota € = [ 1]

_n_
n+1’

e for n — oo (normal approximation): e ~ p £ z 13_(1”_ 2

| Average coverage probability |

normal approximation

——— Agresti-Coull

——— Clopper-Pearson
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——— uniform prior
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Figure 5.1: The average (over all possible true efficiencies) coverage probability for
different number of total events is shown in the above picture.

5.1.4 Trigger Efficiency Analysis

The first step of the analysis was to calculate the trigger efficiency of a dataset dif-
ferent than the one that is going to be studied. The dataset is flatTree_SingleMuon.root.
The goal was to calculate the trigger efficiency using specific trigger paths that
were given in the dataset. As stated before the trigger efficiency is defined as:

events passing the trigger & offline criteria & and the reference trigger

efficiency =
Y events passing the offline criteria & the reference trigger
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. The dataset consisted of not only the data but also a TBranch named TriggerBit,
which is an array that consists of trigger paths. Every element of the array is a
trigger path. Specifically, the element TriggerBit[0] was used as the signal trigger
of the dataset. The reference trigger was the element TriggerBit[8] and the offline
cuts that were imposed were:

e nJets ; 1, number of jets more than one

e jetNBSub[0];0 or jetNBSub[1] ;0, one jet is at least b-tagged
e mva j 0.3, Fisher Discriminant

e 140 GeV j jetMassSoftDrop|0],[1] | 200 GeV

The Trigger Efficiency is drawn with respect to the reconstructed level topPt
quantity. Two reference triggers were studied. The first is the

HLT _SingleMuon27, which is the High Level Trigger that asks for an isolated
muon with transverse momentum pr j 27 GeV( 380 x 10%events).

Trigger Efficiency using HLT_IsoMuon27 as reference trigger

%ﬂﬁﬁ”ﬁﬁmﬂu T
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Figure 5.2: Trigger Efficiency as a function of jetPt(Transverse momentum for the
topPt quantity on the reconstructed level) using HLT _SingleMuon27 as a reference
trigger

The next histogram shows the Trigger Efficiency using a different reference

Trigger, HLT_Mub50, which is a High Level Trigger that asks for a muon with
transverse momentum pr ¢, 50 GeV (100 x 10® events).
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Trigger Efficiency using HLT_MuS0 as reference trigger
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Figure 5.3: Trigger Efficiency as a function of jetPt(Transverse momentum for the
topPt quantity on the reconstructed level) using HLT_Mu50 as a reference trigger

5.2 Unfolding

Unfolding is a technique used to decompose a measurement y into several sources
x given the measurement uncertainties and a matrix of migrations A [10]. A
short summary of the algorithm used, is given in the following lines. The best x
matching the measurement y within error determined by minimizing the function
Ly + Ly + L3, where Li(y — Az)TV,yW=49 | Ly = 72(L(z — )T L(x — xy),
L3 =X ,(yi—(Ax);. The term L, is connected with the least square minimisation.
The term Lo defines the regularisation (the smoothness condition of x) where
the parameter 72 gives the strength of ten regularisation. The term Ls is an
optional area constraint with Lagrangian parameter lamda ()), ensuring that the
normalisation of x is consistent with the normalisation of y.

The input for the measurement is y, which is the vector of measured quantities
with n, dimensions. The covariance matrix of y is V,,, with n,an, dimensions. In
many cases V is diagonal and is calculated from the errors of the input parameter
y. Matrix A is called the migration matrix and is the response matrix made using
data x and y. It has dimensions ny,xn, and it demonstrates the overlapping of
the parameters x and y for each bin of their histograms. The result emerging
from unfolding is vector x, which is the unknown underlying distribution with n,
dimensions. Also the Unfolding method calculates the error matrix of x, V,,.

The regularisation of the method is strongly connected to the parameter tau
T. Tau is the parameter that defines the regularisation strength of the method.
Another regularisation parameter is the matrix L. L is the matrix of the regular-
isation conditions with dimensions n;xn, depends on the structure of the input
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data y. Last, the parameter zq is calculated from simulation.

The preservation of the area is succeeded using the following parameters.
Lamda is the Lagrangian multiplier ,y; is one component of the vector y and
(Az); is one component of the vector Ax. The determination of the unfolding
result x:

e not constrained: the minimisation is performed as a function of x for fixed
lamda = 0

e constrained: stationary point is found as a function of x and lamda

The constraint can be useful to reduce biases on the result x in cases where the
vector y follows non-Gaussian probability densities.

5.2.1 Inverse Problems

The aim of experiments in particle physics is the estimation of probability distri-
butions of variables like energy, particle mass or decay length from a data sample
recorded from a detector and reconstructed from raw data by involved algorithms.
The data is collected in the form of histograms representing an estimate of the
distribution. The distribution g(s) of the measured values s is related to the dis-
tribution f(t) of the true variable t by migration, distortions and transformations.
Using Monte Carlo (MC) methods the direct process from an assumption fory(t)
on the true distribution f(t) is difficult and known to be ill posed, meaning that
small changes in the measured distribution can cause large changes in the recon-
structed true distribution.

In particle high energy physics, the inverse process is usually called unfolding.

Inverse Process (unfolding) — measured distributiong(s) = f(t)true distribution

There is also the direct process called folding which is described respectively,

Direct Process (MC) — true/MC distributionf(t) = ¢(s)measured Distribution
Both processes are described by the Fredholm integral equation of the fist kind

/ K (s, ) f(t)dt + b(s) = g(s)

b

with a Kernel function K(s,t) describing the physical measurement process.
The distribution b(s) represents a potential contribution to the measured distribu-
tion g(s) from background sources. The Unfolding process requires a determination

51



of the distribution f(t) from the measured distribution, where the Kernel function
is describing the detector response and is also called the response function and is
usually known from a Monte Carlo simulation based on a f!ery.

The typical statistical and systematic effects, in a simulated measurement
which are typical for particle physics experiments are

e In all the bins there are statistical fluctuations from the Poisson statistics
e There is a migration between the bins due to finite resolution (smearing)

e Limited acceptance and reduced efficiency means that potential entries in a
bin are missing

e Due to a non linear detector response there is a shift in a certain direction

The effects described above, are typical for the detector response in particle
physics. If the goal of the experiment is to test specific predictions of a theory,
then the folding process is applied, using the predicted f¢°"¥(¢) combined with the
detector response in order to be compared with the measured distribution g(s). On
the other hand, the reconstruction of the true distribution f(t) by unfolding allows
a direct comparison with predictions of a theory. For a quantitative comparison a
full covariance matrix is required for the reconstructed true distribution.

5.2.2 Discretisation and Linear Solution

The inverse problem is given by the Fredhold integral. In order for to allow a
numerical solution the integral has to be discretised in the following manner:

y = Ax
where A is a matrix, and x,y are vectors. Specifically,
e True Distribution f(t) — x, n-vector of unknowns
e Measured Distribution g(s) — y, m-vector of measured data
e Kernel K (s,t) — A, rectangular m by n response matrix

In the following, the variables s,t and the vectors x,y are assumed to be one
dimensional. There are several discretisation methods that can be applied. The
most usual method is to represent the distribution as histograms integrating the
distributions over a short interval, meaning the bin, given the grids for the true
distribution and the grids for the measured distribution respectively. The bin
limits are calculated as
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s
Y = / dsg(s),i=1,2,.m
s;i—1

The same method can be used for the discitisation of the Kernel K(s,t) as well
as the true distributiown f(t), if the response is determined from a MC sample.
The elemts y; are calculated according the product y; = ATx where the vecttor A;
is defined as a column vector containing elements of matrix A. The elements of the
response matrix are elements that are positive or zero. If the assumed theoretical
distribution coming from the MC is a normalised probability density function, then
each element of the response matrix can be interpreted as a conditional probability

A;; = P(Observedinbini|TrueV alueinbing

The sum eof the elements A;; over all bins i of the observed distribution gives
the detection efficiency of the measurement detector. This includes a geometrical
acceptance and other factors. The determination and calculation of the response
matrix A is fundamental for the unfolding. The elements of the matrix have
statistical errors, which can delimit the effective rank of the unfolding problem.

If the assumption is made that the response matrix A is accurate and the
relation AZezact = Yezacr 18 valid, the measured distribution y deviates from ¥ezqet
only by data errors due to statistical fluctuations. Assuming that e represents the
m-dimensional vector with the data errors,

Y = Yexact T+ € = A$exact +e

In particle physics the statistical properties of the measurement are usually
well known. The elements of the vector y are often counts and thus follow the
Poisson distribution, in which case the maximum likelihood solution is adequate.

The number n of parameters (for example the number of bins of the recon-
structed true distribution) is usually small and it is essential to calculate the full
covariance matrix V of the result, which might be used for further statistical
analysis. If the Fredholm equation is solved for the estimate & by a linear transfor-
mation of the data vector y according to # = (A'y , the propagation of the data
uncertainties due to the unfolding is straightforward:

%:AT%AT

In the case where m=n ,it can be solved using the inverse matrix A~! but there
are often problems becauseA matrix has a bad condition or is even singular. So
the situation where m=n should be avoided. sda
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In the recommended case where m;n, the n-by-m matrix A' can be constructed
and used to determine the estimate 2:

T = ATZ/ = ATye:ract + AT@ = ATAxexact + ATe

The pseudo-inverse satisfies the relation ATA = I and is a generalisation of the
inverse matrix. It allows the naive solution in the least-squares sense, derived from
the requirement:

min F'(z) with F(z) = (Az — y)TV;J_l(Ax —y)

where the inverse of the data covariance matrix Vj, is included to take into
account the accuracies which differ between the elements of the data vector.

5.2.3 Unfolding Using the Least Squares Method

The least squares solution is expressed by using the pseudo-inverse Af. We will
write this pseudo inverse matrix in terms of SVD matrices where:

At v T

The least squares estimate % is given by:

n n
b= Aty — VS UTy) = S Ty = S D,
Y ( y) ;Uj(]y)J j;ajj
The data y are transformed by U7 to a n-vector ¢ = UTy, representing the
transformed measurement. The elements ¢; = u]Ty are called Fourier coefficients
and are elements of the measurement. The coefficients tend to decrease fast for
large values of j when the distribution of y is smooth. They are also statistically
independent. From the above expression, it is understood that insignificant Fourier
coefficients with small singular values o; will result in large fluctuations in the
unfolding result z and can make the result unacceptable.
The calculation of the uncertainty of the estimate z is straightforward because
of the linear transformation of the data y in the solution shown above.

5.2.4 Norm Regularisation Method

The singular values o; of the response matrix A decrease without a clear gap be-
tween large and small singular values. Some oscillations are generated if sharp
cut-off between singular values of the same magnitude is used. These oscillations

can be reduced by smooth cut-offs which are introduced with regularisation meth-
ods [11].
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The Standard method for the solution of ill-posed problems is the regularisation
method. The expression to be minimised with respect to the unfolding result
included the least squares and the log-likelihood expressions. A second term of the
type Q(z) = ||Lz||? with a certain matrix L, ensures smoothness of the unfolding
result and contributes a weight, given by the regularisation parameter t:

min(F(z) + 7||Lz||?).

In the least squares solution the matrix A is replaced by the regularised matrix
A7

=A%y =[(ATA+7LTL) Yy

The regularisation term 7L” L is added to the matrix C' = AT A of the normal
equations and as y = AZ.zqct + € One obtains:

T = A#Axezact + A#e = Tegact + (A#A - I>xexact + A#e

where the second term is the systematic error and the third term is the statis-
tical error. The product = = A" A is called the resolution matrix. The resolution
matrix is not equal to the unit matrix and thus the method has a a systematic
bias (second term). The unmeasurable and unnatural oscillations of the solution
lead to this potential bias of the . The smoothing effect of the resolution ma-
trix gives no or small systematic errors for smooth exact distributions and large
systematic deviations for oscillating distributions. The measured distribution y
has to be compared with the distribution y which corresponds to the estimated
reconstructed distribution 2:

)= At = (AA%)y

Norm Regularisation

The simplest regularisation method is the norm regularisation , where L=I. For a
given regularisation parameter 7, the estimate 2 can be determined by standard
methods of linear algebra (inverse matrix). However, the SVD solution is simpler
because the regularisation matrix is diagonal and allows a clear understanding
of the effects of the regularisation to be obtained. Using the SVD method, the
solution of the estimate z is written in the form:

i =V[E+ )R UTy) = (VESTU )y
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where the matrix F' = (X% 4+ 71)7'¥? is a diagonal matrix with elements equal
to filter factors ¢;, and the therm U”y is the coefficients ¢;. The estimate  is
expressed by the following sum:

2

n
N Cj . i
xr = E _J¢jl/j Wlth ¢j =

- ]

Jj=1

_J
0]2-—1—7

In case of diagonalisation the values 032- are replaced with the eigenvalues A;.
The effect of the regularisation is thus the introduction of the filter factor ¢; for
each term with a strength which depends on the regularisation parameter T.

The filter factor @will apear also in the expression of the covariance matrix:
"1
V., = E — vt
x — Uj ¢] V]

If the selected regularisation parameter tis small enough to reduce the only the
insignificant Fourier coefficients, there will be no bias introduced.

The norm regularisation corresponds to the original regularisation proposal
by Tikhonov and Phillips. The parameter tcan be interpreted as the a priori
measurement error Sy, = % for each component of the vector x. Individual values
J=1 53"

When the solutions are not smooth, and the data has a high relative precision
there are two possibilities in order to change the regularisation term Q(z) = || Lz?|].

The first is to make the regularisation term into

of s,¢4 can be introduced, corresponding to a regularisation term Q(z) = >

Q) = ||L(z — 20)*]

with the a priori assumption xy on the resulting vector x.

The second one is to amend the Monte Carlo simulation to include a realistic
a priori assumption f(t)™°%! about the function f(t) and to already include the
model function in the definition of the response matrix

/Q (K (s, ) F ()™ £ (1) dt = g().

In this way, only an almost constant correction function f(¢)°" has to be deter-
mined with f(t) = f(t)™°%! f(¢)°". This option is available in unfolding methods
of particle physics. The elements of this redefined matrix A are now integers,
meaning the number of Monte Carlo events from bin j of x measured in bin i of

Y.
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5.2.5 Implementation of the method

The result of the unfolding is calculated as stated in the following lines.
L? = L :: Lregularisation conditions squared

epsilon; =Y. A;; vector of efficiencies
E~t = ((AT(Vyy)tA) + tauL?)
x = E(AT(V,,) 'y + tau? L?xq + 1422099 « epsilon) is the result The derivatives

dry drg dxy

T g Aiauzy Q1€ also calculated for further usage. The covariance matrix V., is

) das
calculated as: Vo = » ,, %Vy ydiyj

The algorithm is based on ”Standard” matrix inversion. This means that this
method is limited due to numerical accuracy and computing cost problems when it
comes to matrices with large dimensions. Thus the algorithm should not be used
for large dimensions of x and y ( n, not larger than 200 and n, not larger than
1000).

A very important factor for this algorithm to be successful is the choice of tau.
The method implemented in the Library used (TUnfold) is the L-curve method.
The L-Curve is a two dimensional curve where on the x-axis lies log(x?) and on
the y axis lies log(regulirisation condition). The so called L-curve has its name
because in many cases the curve looks like an L. The best choice of tau us in
the kink of the L curve. The L-curve method tests a given number of points in
a predefined tau-range and searches for the maximum of the curvature in the L-
curve (kink position). If no tau range is given, the range of the scan is determined
automatically.

5.2.6 Regularisation Conditions

In order to avoid large oscillations and large correlations on the output bins, reg-
ularisation is needed for most unfolding problems. This means that some extra
conditions are applied on the output bins.

If the regularisation of the unfolding is strong, i.e. large parameter of tau, then
the distribution of the output x or its derivatives will look like the bias distribution.
If the parameter tau is small, the distribution x is independent of the bias.

There are three basic types of regularisation in the TUnfold library:
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H Condition Regularisation H

kRegModeNone none

kRegModeSize minimize the size of (x-x0)
kRegModeDerivative | minimize the 1st derivative of (x-x0)
kRegModeCurvature | minimize the 2nd derivative of (x-x0)

The regularisation schemes kRegModeDerivative and kRegModeCurvature have
the nice feature that they create correlations between x-bins, whereas the non-
regularized unfolding tends to create negative correlations between bins. For these
regularisation schemes the parameter tau could be tuned so that the correlations
are smallest, as an alternative for the L-curve method.

5.2.7 TUnfold Class

The goal of this Master Thesis was to unfold Monte Carlo true data and compare
them with reconstructed Monte Carlo Data. It refers to data before and after the
detection. The equation that has to be solved is the following.

Lirue = R(-Itruea xreco) * Treco

where 4., is the events that happen at the moment of collision, Z,.., is the
vector containing the events that are received from the detectors and R is the
response matrix that indicates the probability for the x;.,. to be measured as
Treco- Lhe process that is followed is the process that was analysed before using
Treco as the know vector y and xy.,. as the unknown vector x.
Tichonov regularisation and stat error bars

The unfolding process is the only process that can be used so that the two
measurements (reconstructed and true events) are compared to each other. Every
detector has a response matrix, that differs from detector to detector. This process
can be applied only on simulation level because only then is the x4, vector known
(Monte Carlo).

5.3 Monte Carlo Datasets

This section aims to inform the reader, the process that was followed during the
unfolding analysis. But firstly, it would be necessary that a brief introduction of
the variables used in the analysis is made.
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5.3.1 General

The process of unfolding, is going to be applied on several Monte Carlo Data root
files acquired from CMS experiment. Each dataset, is produced using different
parameters, so that the process of ¢t decay is simulated. In this analysis, the main
purpose is the extrapolation of the data from the reconstructed level to the full
particle phase space, which is the parton level space. The reader could imagine
the three phase spaces as three sets. The reconstructed and the particle level set
are subsets of the full partonic phase space. Also, the two sets are intersected.
The intersection of the reconstructed and particle sets, will lead to the response
matrix of the reconstructed and particle data.
The Monte Carlo Datasets used in this analysis are:

e TuncCUETP8M2T4_13TeV-powheg-pythia8 (nominal)

TuneCUETP8M2T4_13TeV-powheg-fsrdown-pythia8

TuneCUETP8M2T4_13TeV-powheg-fsrup-pythia8

TuneCUETP8M2T4_13TeV-powheg-isrdown-pythia8

TuneCUETP8M2T4_13TeV-powheg-isrup-pythia8

TuneCUETP8M2T4down_13TeV-powheg-pythia8

TuneCUETP8M2T4up_13TeV-powheg-pythia8

The process is described as followed: From the overlap of the reconstructed and
the particle data the response matrix is acquired. Using the response matrix as the
migration matrix, the Unfolding process is made, so that from the reconstructed
data the particle level data is acquired. After the Unfolding the particle level data
is extrapolated to the full particle phase space. A function that could describe the
above process is the following:

f(l,particle) — a(l,particle)R—l (xreco’ :L,particle) [A(JJTGCO)D<1'T€CO)]

where a(xP€) is a factor of extrapolation and A(x7°°) is a factor of the
overlapping phase spaces.

5.3.2 Variables

The variables used in the analysis are divided in three categories. As shown in
the picture below, the section where the collision happens, is called the ”Par-
ton Level”. The section where the hadronization begins, is called the ” Particle
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Level”. The final section which is the detectors, is called the ” Detector Level”.
In the following table, the physical quantity that is going to be analysed is con-
nected with the levels mentioned above. Also the name of each variable in each

level is given.

cHfs e

\ W

-

FH 1

calorimeter jet

=
-~
[~ -

parton jet

Bl

Figure 5.4: Sketch of the evolution from the hard-scatter parton to a jet in the

calorimeter

H Physical Quantity

Detector Level

Particle Level

Parton Level H

Top Jet Transverese Momentum jetPt genjet Pt ptTopParton
Transverse Momentum of ¢t ptdJ ptJJGen ptTTbarParton
Rapidity y of ¢t yJJ yJJGen yTTbarParton
Mass of of tt jets mJJ mJJGen mTTharParton

Table 5.1: Variables used for Unfolding

5.3.3 Response Matrices-Selection

A response matrix is a two dimensional histogram that shows the correlation be-
tween two variables. If the events of the central diagonal of the two dimensional
histogram coincide, this means that the two variables are strongly correlated. In
the following analysis, the response matrices are filled with events of the same
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parameter in different ”Levels”. In particular for each variable mentioned in the
above section, two response matrices were constructed. The x axis of both of the
response matrices was filled with events from the Reconstructed-Detector Level.
The y axis, was filled with events coming from the Particle Level or the Parton
Level.

Before the events filled the two response matrices, specific cuts were applied
for each axis. For the better understanding of the cuts, it is necessary that the
variables used in the cuts are explained. The cuts applied on the events on the
reconstructed level were the following:

e njets > 1

o jetPt[1] > 400

jetNBSub[0] > 0 and jetNBSub[1] >0

triggerBit[2] == true, this is Signal Trigger

e mva > 0.9

e jetMassSoftDropli] > 140 and jetMassSoftDrop|i] <200 for i=0,1
The cuts applied on the events of the particle level were the following:

e njetsGen > 1
e genJetPt[1] > 400
e mvaGen > 0.9

e genJetMass[i] >140 and genJetMass]i]<200 for i = 0,1
The cuts applied on the events of the parton level were the following:
e Leading Jet pr { 400GeV

By demanding nJets (particle and reconstructed level) to be greater than 1
means that 2 jets are needed in order the top quarks decay. Also, the cut jetPt[1] be
greater that 400 GeV means that a big value of transverse momentum is needed so
that the top decay products are collimated. The cuts jetNBSub[0], jetNBSub[1] >
0 refer to the need that a btagged subject is inside the big jet as the top decays into
a W boson and a b quark. The mva variable is a fisher discriminant and demands
from the jets to have substructure given the fact that the top quarks decay into
W bosons and b quarks. The mass cuts (genJetMass and jetMassSoftDrop) have
to be compatible with that of the top quark mass.
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Multivariate Analysis

It is a Set of statistical analysis methods that simultaneously analyze multiple
measurements on the studied object. In our case it is used to separate signal from
background. The variables are dependent and correlated in various ways.

We call Supervised Learning the process when the Multivariate method is
trained over a sample where the result is known (for example a Monte Carlo
Simulation of signal and background).

An example of MVA methods are:

e Neural Network

e Decision Tree

e Fisher Discriminant

e Rectangular Cut optimization

In this case Aim is the identification of boosted top-antitop pair and we the
Neural Network is used. The cut is set to be mva ; 0,9 where the signal vs
background is clear as shown in the following picture:

Background rejection versus Signal efficiency
1

c - E— RRRRRESL
2 ook o
8 oof
2 B i
2 0.8 |
3 _E
5 0.7 .
m o4 r
05
F MVA Method:
(1 S S— T
F —— BOT
0.3 P ighe

0.2

01 02 03 04 05 06 07 08 09 1
Signal efficiency

Figure 5.5: Performance of Multivariate analysis methods

The following response matrices where calculated using the nominal Monte
Carlo Dataset ( TuneCUETP8M2T4_13TeV-powheg-pythia8 ).

In the following pages, the response matrices of the variables topPt, pt ttbar,
yttbar and ttbar mass will be presented respectively.

In the following response matrices, the binning on the x, y axes is variable.
The variable binning is used because by raising the width of the bins, more data is
found inside each bin and as a consequence the efficiency and purity grows bigger.

62



by L ) I ) 1 T ) 1 1 L=
o] L
= [Jaco
o 1000__ _? O TTbar
o L 4 @sT
M~ r o [CJwlets
e 800:— 2 btag Dzlets
n L
T 600
o C |
q>, C ]
w— 400 =
o r ]
8 200F -
E - ]
2 - -

g ]5 T . . + ! + '+ b +? '+ ‘* + : i ]

3 gl gl gt et ot e tur e e

0 0102 03 04 05 06 07 08 09 1
NN output

Figure 5.6: Discrimination of Signal and Background is clear over 0.9 for the Neural
Network

Specifically, the bin width is chosen in such a way so that the purity? and the
efficiency®be greater than 50%.

The response matrices are normalised to 1. The binning used on the following
response matrices is:

e topPt variable: [400,450,520,600,700,800,1000,1500|GeV
e pt tthar variable: [0,80,220,360,500,650,800,1000]GeV
e tthar mass variable: [1000,1200,1400,1600,1800,2000,2400,2800, 3500]Gev

e ttbar rapidity variable: 15 bins with constant width in [-2.4,-1.6,-1.2,-0.8,-
0.6,-0.4,-0.2,0,0.2,0.4,0.6,0.8,1.2,1.6,2.4]

In the beginning of our analysis, the particle (gen) cuts included a cut that
was related with the btagging in the particle level quantity. More specifically, the
cut was applied on the events, whether the particle level is btagged or not. In the
end, it seemed that the efficiency with respect to the reconstructed (reco) level
quantity dropped. As a result, it was decided that the btagging for the leading
and subleading jet would be ignored, in order for the efficiency to stabilize.

2Efficiency: if the x axis of the response matrix is the partonPt then the column of a normalised
response matrix shows the efficiency

3Purity: If the y axis of the response matrix is the recoPt then the lines of a normalised
response matrix corresponds to the purity
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During the process it was found out that the for small 6R in the particle level,
the btagging of the genJetJets is really bad and "kills” many of the events needed.
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yJJ and yTTbarParton (parton) yJJ and yJJGen (particle)

yTTbarParton [GeV]
P

That means that when for example the particle level transverse momentum (p; is
ptJJ in particle level) is high the respective particle level 8R (dRJJ) is low. This
creates a strong slope in the efficiency, meaning that the correction factor that is
going to be needed for the calculation of the zg,particle level quantity from the
reco phase space extrapolating to the particle level phase space will be extremely
high as the correction factor is defined as correction factor = ———. This will

efficiency *
eventually result in the serious increase of the systematic uncertainty.

dRJJ and dRJJGen reco &particle/reco
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(a) Response Matrix for dRJJ (reco dR) and dR-(b) Events Passing reco and particle cuts over
JJGen(particle) reco cuts vs dRJJ

5.3.4 Closure Tests

As it was stated in the unfolding section, unfolding is a process that solves the
equation
y=Ar -z =AYy

In this dataset the unfolding process was applied on the Reconstructed events
which play the role of x, using as A~! the response matrix for each variable and y
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the Generated (particle level) events. Then the same process was applied where
Parton events took the role of x as y is still the Reconstructed level quantities.

The unfolding process was applied on the four variables, topPt, pt ttbar, yttbar
and tthbar mass and the process was tested for several values of tau (1)%.

The values of tau that were used were the following: tau = 10~?,1077,1075,
1073,0.1. The following histograms show the reconstructed data (hist parton) and
the unfolded data compared with the particle level-generated data (his particle)
for the several values of tau (hUnfl, hUnf2, hUnf3, hUnf4,hUnf5) respectively.
Except from the fixed values of tau, TUnfold class has a function in which for a
fixed number of scans, the best regularisation parameter tau is calculated. The
respective unfolded histogram is the hUnfBest histogram.

It is clear that the ideal situation is when the unfolded histogram (hUnf) is
identical with the particle or parton histogram respectively in each occasion.

RORT
huni2
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hUnis
hUn5
hUniBest
hist particle
hist reco
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Figure 5.7: Unfolding on the variable topPt for several values of tau

4Tau: regularisation parameter used in unfolding
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Figure 5.8: Unfolding on the variable pt ttbar for several values of tau
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Figure 5.9: Unfolding on the variable ttbarmass for several values of tau
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Figure 5.10: Unfolding on the variable yttbar (rapidity) for several values of tau
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Figure 5.12: Unfolding on Parton vs the variable pt (jet Transverse momentum)
for several values of tau

69



b1} C e 1
c = hunf2
500 S
— —— hunfs
— h!..lnfEeet
3000/~ — iy
2500—
2000—
1500{—
1000 T T
500{— —‘
: 1 | | 1 | 1 | 1 I | I } I I L | L " ! !
oo 1500 2000 2500 3000 3500
mJJ [GeV]

Figure 5.13: Unfolding on Parton vs the variable mass for several values of tau
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5.3.5 Correction Factors

In this section,the correction factor (or true efficiency) for the extrapolation from
the parton level phase space to the reconstructed level phase space, the correc-
tion factor for the extrapolation to the particle/reconstructed overlapping phase
space from the reconstructed phase space as well as the correction factor for the
extrapolation from the overlapping reconstructed /particle phase space to the final
particle phase space will be calculated using all the Monte Carlo Datasets.

The fraction that determines the correction factor for the extrapolation from
the full parton phase space to the reconstructed phase space is defined as:

events passing reco cuts and signal trigger

Correction Factor (Parton Level Quantity) =
eventCounter

where eventCounter is a histogram containing all of the events of the full par-
tonic phase space. This fraction is filled and drawn with respect to the Parton
Level quantity that is studied.

Respectively, the fraction that determines the correction factor for the extrap-
olation from the reconstructed level phase space to the common reconstructed/-
particle phase space is defined as:

events passing reco and particle cuts

Correction Factor (Reco Level Quantity) = .
events passing reco cuts
This fraction is filled and drawn with respect to the Reconstructed Level quantity
that is studied.
The fraction that determines the correction factor for the extrapolation to the
particle phase space from the common reconstructed/particle phase is defined as:

events passing reco and particle cuts

Correction Factor (Particle Level Quantity) = y .
events passing particle cuts
This fraction is filled and drawn with respect to the Particle Level quantity that
is studied.
Let us begin with the efficiencies concerning the parton quantity, meaning the
extrapolation from the full partonic phase space to the reconstructed phase space.
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As shown in the shown histograms, this procedure is carried out on 8 Monte
Carlo Dataset including the nominal Monte Carlo. By carrying this procedure on
all of the Monte Carlo datasets, one is given an error band for the correction factor
that will be used finally in reproducing the requested particle level quantity.

5.4 Signal Extraction -Fiducial Cross Section

The signal is extracted from data with a template fit on the top mass distribution

fm(t) = NS X S(mt) + NQCD X QC’D(mt) + Nothe'r X B(mt)

where Ng, Ng, Nyper are free parameters, and the last term is the contribution
from the subdominant backgrounds.

The top mass estimator m, is calculated using the SoftDrop Mass technique of
the leading AKS8 jet. The signal shape as well as the subdominant backgrounds
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shape is taken from the simulation. The dominant background is the QCD multijet
production. Its data driven estimate is calculated from the 0-btag sample with the
exact kinematic cuts. A transition factor is applied, which is motivated by a MC
dataset.

Top mass Estimator

The top mass estimator in our case is the SoftDrop mass of the leading jet. From
the pictures below, it is evident that the top peak is visible in the 1-btag (exclusive)
category too. The W peak is also visible in the 1-btag category. The combination
of the 2-btag and the Neural Network requirements enhance the signal significantly.

The fiducial cross section is needed in order to calculate the theoretical differ-
ential cross section. The way that the fiducial cross section is calculated is using
the signal:

S(x) = D(x) — RyictalNokg Rshape(7) B(z)

where S(x) is the signal, D(x) is the data, Ry;eq is the ratio between extended
and reduced selection, Ny, is the fitted background yield extended selection, Rpqpe
is the background shape correction from non-closure and B(x) is the background
template taken from the 0-btag sample.

5.5 Uncertainties

This section covers which were the uncertainties in this analysis and the way
that these uncertainties were calculated. The final calculations consist of two
types of uncertainties. The first type is the statistical uncertainties. By statistical
Uncertainties we mean the following:

e Statistics
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e Errors from the Unfolding process
e Jet Energy Scale
e Jet Energy Radiation

e B tagging Efficiency

In this analysis, the statistical uncertainties were taken directly from the Root
classes that were used for the extrapolation to the partonic and particle phase
space.

The second type of uncertainties is the Theoretical Uncertainties. These un-
certainties affect the extrapolation factors as well as the response matrices. The
Theoretical uncertainties are strongly related to the type of Monte Carlo that was
studied. Except from the nominal Monte Carlo Dataset, we saw earlier that sev-
eral types of Monte Carlo Datasets were used in this analysis. The nominal Monte
Carlo in this analysis was: TuneCUETP8M2T4_13TeV-powheg-pythia8. The rest
of the Monte Carlo Datasets studied, had some of the options of the nominal monte
carlo altered.

The way that the nominal Monte Carlo parameters were altered can be found
from the Monte Carlo name in the sense that:

e Isr (Initial State Radiation) meaning that radiation is emitted at the begin-
ning of the quark annihilation process (up or down quark) of the t¢ produc-
tion.

e Fsr(Final State Radiation) meaning that radiation is emitted at the end of
the process of the production of ¢t (b quark)

e "Tune” Meaning a set of Monte Carlo parameters for Pythia8 is altered 5

This analysis will focus on the Theoretical uncertainties.

5.5.1 Estimation of Theoretical Uncertainties

The sets of the different Monte Carlo datasets used in this analysis where:
e fsrUp ,1

e fsrDown , 2

5Powheg NLO process is the core Monte Carlo that is responsible for the simulation of the
hard scatter and Pythia8 is the process responsible for the simulation of the hadronization and
the multi-parton interactions
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Figure 5.15: Isr and Fsr diversions from the Nominal Monte Carlo

e isrUp, 3
e isrDown, 4
e Tune Up, 5

e Tune Down, 6

For the final theoretical uncertainties of the analysis, they were calculated in
the following way:

The method that we followed calculated the error bar in every bin of the value
that was studied. The relative deviation from the nominal MC value was first
calculated for each Monte Carlo.

€ = |ynominal - yz|
where i = 1..6 , Ynominas 1S the calculated value of the nominal MC | and y; is
the calculated value for the respective MC studied.
Then for each type of the different MC (fsr, isr, tuned) we found the average
of the values e;.

1
efST = 5(61 -+ 62)

Cisr = 5(63 + 64)
1
Ctune = 5(65 + 66)

The total error for each bin that was:

_ 2 2 2
Ctotal = \/efsr + Eisr + Ctune

In this way, the uncertainties are symmetrical over and under the calculated
nominal value.
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5.6 Reconstruction of Parton and Particle Quan-
tities

The main purpose of this section is the calculation of the particle quantity and

the parton quantity using the response matrices acquired from the Monte Carlo

Nominal Dataset. The x4, and pe0n are the particle quantities and the parton

quantities that are going to be calculated respectively (topP, pt ttbar, y, ttbar

mass). The x4, is given by:

1
Response(reco, gen ) ——=eco

reco

Lparticle = 2
gen

And the pgrton:

Tparton = Response(reco, parton )&, ec,

parton

where x4, refers to the particle level quantity, x,.., referes to the reco level
quantity, Zpqron refers to the parton quantity, Response(reco, gen) is the response
matrix between the reco level and particle level quantity, Response(reco, parton)
is the response matrix between the reco level and the particle level, P,.,, = P( pass
gen & reco cuts over gen cuts), P..., = P( pass gen & reco cuts over reco cuts)
and Ppuron = P(pass Reco cuts and Signal Trigger / full partonic phase space).

5.6.1 Differential Cross Section

The differential cross section of the extrapolated data was calculated as followed:
For the Particle Level
dN pb ] _ f(zparticle)

X Gev LAX
where X is the quantity studied each time and L is the total Luminosity (in
this case 37000 pb~!. In the same manner, the differential Cross section in the
parton level of the extrapolated data

d_N[ pb ] — f(xparton)
dX GeV LAX
The theoretical differential Cross section for the particle and parton level was
calculated as followed:

(d_N>level ‘ _ 1 Otheory Ilevel
dx theoretical Ntatal AX theory
where level = particle or parton, Ny is the total number of events in each
phase space, oypeory is the fiducial total cross section that was calculated in section

78



Full Partonic Phase Space

Reconstructed/Fiducial
Phase space

preenen > 400 GeV

(a) Extrapolation from reconstructed level to
Parton Phase Space

Particle Phase Space

(b) Extrapolation from reconstructed level to Particle
Phase Space

5.4 and zj5%¢. is the theoretical quantity studied taken from the nominal Monte

Carlo for each level respectively.

5.6.2 Extrapolation to Parton Phase Space

Tha purpose of this subsection is the extrapolation from the reconstructed level
phase space to the parton phase space. As it was written previously, the way to
calculate the parton quantity is:

Tparton = Response(reco, parton )T e,

parton

The procedure for extrapolating to the partonic phase space consists of .. steps.
The first step is to Unfold the z,.., quantity using the Response Matrix of recon-
structed and partonic events. The ..., quantity is produced from the new dataset
for each systematic variation. Using the dynamic Unfolding code, the output of
the function is the Unfolded histogram using the reco fiducial phase space and the
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respective response matrix(reco, parton). The following step is to use the Unfolded
Histogram and multiply each of its bin content with the respective extrapolation
factor. This procedure is done in order to extrapolate from the reconstructed phase
space to the full partonic phase space.

do

The final deliverable must be #%, where X is mass (mTTbar), rapidity (yT-

Thar), transverse momentum (ptTThar) and top Transverse momentum (topPt)
respectively. In order to transform the yield into sigma (o), the g—% quantity
must be multiplied with the Luminosity. In this analysis, the Luminosity is
L =37 x103pb~!. As a next step, every bin must be divided with its bin width so
it is scaled to 1. The True Partonic Phase space coming from the Nominal Monte
Carlo must be multiplied with the total cross section ¢ and then be divided with
the number of total events Ny, so that it is normalized to 1. The total cross
section is 0 = 832pb and the total events are Nyyq ~ 70 x 10° events

The following histograms show
e 1. Unfolded Histogram with Reco quantity.

e 2. Extrapolation Factor (1 extrapolation factor for Parton level and 2 ex-
trapolation factors for Particle Level)

e 3. Differential cross section after Final Extrapolation to the desired phase
space (parton or particle) and theoretically calculated differential cross sec-
tion

e 4. Fraction of Final Extrapolated Differential cross section over theoretical
differential cross section.

The histograms are shown with respect to all the physical quantities that are
studied, meaning mass, transverse momentum (pr), rapidity y and jet transverse
momentum (topPr).
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5.6.3 Extrapolation to Particle Phase Space

Tha purpose of this subsection is the extrapolation from the reconstructed level
phase space to the particle level phase space. As it was written previously, the
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The procedure of extrapolating to the particle phase space is the following;
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Firstly, the extrapolation from the reconstructed phase space to the common
space between the reconstructed level and the particle level must be done. This is
achieved by multiplying every bin content of the reconstructed histogram with the
extrapolation factor (or correction factor) which is defined as the events passing
the reconstructed and particle cuts, over the events passing only the reconstructed
level cuts with respect to the reco level quantity. The second step of the procedure
is to use the Dynamic Unfolding code so that the Unfolded histogram is produced
using as input the Response Matrix of the reconstructed level and particle level
events and the as reco histogram the new histogram produced by the multiplica-
tion of the correction factor with the fiducial reco level histogram. The Unfolded
histogram is used lastly to extrapolate to the particle level phase space, by mul-
tiplying each of its bin content with the other extrapolation factor (or particle
correction factor), which is defined as the fraction of events passing reconstructed
and particle level cuts over events passing only particle cuts with respect to the
particle level quantity. The final outcome of this process is the Histogram showing
the full particle level phase space.

The following histograms show

e 1. Unfolded Histogram with Reco quantity.
e 2. Errors of Unfolded Histogram with Errors of the Reco quantity histogram.

e 3. Extrapolated Histogram to the Particle Level phase space with the Re-
binned Histograms from the Nominal Monte Carlo datasets showing the full
Particle Level phase space.
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We have studied the ¢t production in proton proton (pp) collisions at 13 TeV centre
of mass energy recorded by the CMS detector. Also we presented the differential
cross sections at parton and particle levels.

In addition, the comparison with theory predictions show consistent shapes but
systematically lower cross section in data. This is though a known effect, that was
also reported by the ATLAS experiment and other CMS measurements [12] [13].

Finally, in this thesis we have focused on the unfolding of the measured cross
sections to the parton and particle levels and we have investigated the impact
of the theoretical (simulation) uncertainties on the final differential cross section

results.
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Appendix A
Dynamic Unfold Code

This is the dynamic code used for Unfolding on particle or parton level. The code
has 2 inputs. The 1st input is the response matrix used in the Unfolding method.
The second input is the reconstructed quantity histogram. The output of this
function is the desired Unfolded histogram.

Listing A.1: C4++ code using listings

#include
#include
#include
#include
#include

#include
#include
#include
#include
#include
#include
#include

THIF s«dyn_unfold (TH2F «h_resp, THIF xh_reco)

{

gStyle—>SetOptStat (0);

int size_respx = h_resp—>GetXaxis()—>GetNbins (
int size_respy = h_resp—>GetYaxis()—>GetNbins (
int size_reco = h_reco—>GetXaxis()—>GetNbins ()

<TTree.h>
<TFile.h>
<TGraph.h>
<TLegend . h>
<TAttFill . h>

<iostream >

<TMatrixD . h>
<TMatrixDSparse . h>
<TMatrixDSym . h>
<TMatrixDSymEigen . h>
<TMath . h>

<TUnfold . h>
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
20
o1
52
33
o4
95
26
o7
o8
29
60
61
62

cout<< size_respx<<endl;
cout<< size_respy<<endl;
cout<< size_reco<<endl;

if (size_respx = size_respy && size_respx=— size_reco )
int temp = size_respx;

for (int i =0; i<= temp; i++)

{

Double_t xlow_resp = h_resp—>GetXaxis()—>GetBinLowEdge (i );
Double_t ylow_resp = h_resp—>GetYaxis()—>GetBinLowEdge (i );
Double_-t low_reco = h_resp—>GetXaxis()—>GetBinLowEdge(1i);
Double_t low_2 = h_resp—>GetXaxis()—>GetBinLowEdge (i );

if (xlow_resp!=ylow_resp || xlow_resp!=low_reco ||
xlow_resp!=low_2)
{

cout<<”Number of bins is right. Variable binning is wrong!”<<endl;

else

{

cout<<”The number of bins on the histograms is wrong!’<<endl;

cout<<” Check and try again’<<endl;
abort ();
¥

TUnfold xunfold = new TUnfold(h_resp ,TUnfold:: kHistMapOutputVert ,
TUnfold :: kRegModeSize ) ;
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63

64 TCanvas xcanl = new TCanvas(”1D” ,71D” ;900,600);
65 TLegend xleg = new TLegend(0.9,0.7,0.63,0.9);
66

67

68 THIF xhUnf,

69 hUnf = (TH1Fx)h_reco —> Clone(”hUnf”);
70 hUnf—>Clear ();

71

72 float biasScale=0.0;

73 int size = hUnf—>GetSize()—2;

74  cout<<size<<endl;

75

76 Int_t xbinMap=new Int_t|[size +2];

77 for(Int_t i=1;i<=size;i++) binMap[i]=1i;
78  binMap[0]=—1;

79  binMap|[size+1]=—1;

80

81

82 Double_t tau = 10E-S8;

83

84 unfold—>DoUnfold (tau,h_reco ,biasScale);
85

86 hUnf—SetLineColor (kBlue);

87

88 Int_t nScan=30;

89

90 Double_t tauMin=1.0E-9;

91 Double_t tauMax=1.0;

92

93 Int_t iBest;

94 TSpline xlogTauX,6xlogTauY ;

95 TGraph x1Curve;

96

97

98

99

100

101  iBest=unfold —>ScanLcurve (nScan ,tauMin , tauMax ,
102 &1Curve ,&logTauX ,&logTauy );
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103

104

105 cout<<”Best tau: "<<iBest<<endl;

106  cout<<”tau="<<unfold —>GetTau()<<endl;
107 unfold—=DoUnfold (unfold —>GetTau() ,h_reco , biasScale );
108 unfold —>GetOutput (hUnf, binMap ) ;

109

110  hUnf—>Draw ();

111

112 leg—>AddEntry (hUnf,” hUnf” 717 );

113 h_reco—>SetLineColor (kRed);

114  h_reco—>Draw (" same” );

115

116 leg—>AddEntry(h_reco, "hist reco”, "17);
117 leg—Draw () ;

118

119  return hUnf;

120 }
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