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Per-lThyh

H nopoloa dimhwpotixt| epyooio anotehel épeuva e e€wtixfc didonaone tou unoloviouv Higgs (h)
oe Lebyoc véwv Peudofodumtdv urnolovidv (a), ta onolo eivon apxetd eNapEUd HOTE VoL ETUTEENETON
xwvnpotixd 1) ddonaon. H Swduasio auth axoloudeltar and 1 Sidonaon tou xdde a unoloviouv oe
Lebyoc bottom quark - anti-quark, h! aa! bbbb. H nopaywyn tou h yivetaw o cuoyétion pe to
Aemtovixd xavdh didonaong tou unoloviou Z, dnradh Z 1 I, dote va yenowwonoimndel n mapousio
Aentoviwy oTnv Tehxy) xatdoTtaon yia TN pelworn Twv Slobixactdy vofddeou. H avdivorn Baocileton
oe delypota dedopévmv mou mpoépyovtan and mpocopoiwoelc Monte Carlo cuyxpoloewy tpwtoviou
- mpwToviou mou xatoypdgnxay xotd to Run Il 2017 and tov aviyveuty CMS, oe evépyeia xévtpou
paloc 13TeV xou pe ohoxhnpwuévn gutevdtnto 41:5Fb 1. Mehetdvton ou unodéoeic pdlac Tou a
unoloviou My = [15; 20; 30; 40; 50; 60] GeV xaw npocdiopilovton yior tnv xdde plo o dve dpla ¥y dpta
anbpeldne e evepyol datopric e dadacioc hZ | a(bb)a(bb) Il



Abstract

The present work aims to search for beyond the Standard Model decays of the Higgs boson (h) into
a pair of new pseudoscalar bosons (a) that are light enough for the decay process to be kinematically
allowed. This process is followed by the decay of each a boson to a bottom quark-antiquark pair,
h! aa! bbbb. The search is performed in the production channel in which the Higgs boson
is produced in association with a Z boson that will decay into leptons, Z ! Il. This leptonic
final state is utilized to reduce the standard model background arising from the strong interaction
production of events with four bottom quark jets. The analysis is implemented on Monte Carlo
data samples of proton - proton collisions recorded during Run 11 2017 with the CMS detector at
a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 41:5fb 1. The a
boson mass hypothesis’ that are studied are m, = [15; 20; 30; 40; 50; 60] GeV . This work sets the
upper limits on the production cross section of the exotic decay hZ ! a(bb)a(bb) Il for its of the
six mass points.



Keflaio 1

Eisagwg

To Kabdepwuévo Ilpdtuno tng Puouric Xtoryeiwdny Lwpatdiny sivon uo Yewplo tou anooxomnel
vor Teplypdderl T Suvai TV TELY and TIc Técoepelc YeUelelnddels Buvaels/aAANAETdPAOES TNS
pUone: nhextpouayvnTixée, acevelc xou oyvpéc (1 Bapvnta dev mephauPdveton oto Kadiepwuévo
ITpétuno). Xenowomolel Tic évvoleg xan ta epyoheiar Tne xPoavtnfic Yewplag nediov xon cuyxexpluéva
aTd Ty Aeydpevev Yewplnv Poduidac (gauge theories) dote vo avomopdyet To ToEATNPOVUEVA Pall-
vopeva. Ot mpofiédec tou Kadepwpévou Ilpotdnou yior tn Sour xou to yopaxtnelotixd e UANG
XL TWY OTOLYEIWDWY cuUaTdiny éyouy emBeBaindel nelpopotind oe ToAD peydro Badud oruepd, oo
Evpwndixd Kevipo ®uowfc T¢miav Evepyewdv (CERN), adhd xan oe dhha epyoothplo. Amotelel,
€toL, TNV emxpatéc Tepn Vewpla TNG QUOXAC.

Qotoo0, dev elvan o Thipne Yewplio, xodoe dev éyel xatapépel vo Teptypder dhar Tor pauvoueva
e guong. T mapdderyyo, 1 xotdotacy OANG Tou anoxakeiton «oxoTEWH VAN dev nepthauBdveTtal oTo
mhalotlo tou Kadiepwpévou Ilpotimou, nopdro nou 1 Orapér tne éxel emiPBeBaneydel nepopatind. o tov
AOYO aUTO €YOLV XUTUOXEVACTEL ETUTUYUVTES CLUATOlWY, 6nwe o Meydhog Adpovixde Emttayuvtic
(LHC) oo Cern, nou eivon oyedlaopévol va napdyouy apxetd LPNAEC EVEPYEIES (OTE VO UTORECEL
va yivel agevog o €heyyog g toyboucog Yewplag xou ageTépou Vo epeuvndoly VEX QUVOUEVA QPUOL-
e, 6nwe oopoatida Touv axdua dev €youv avoxahugidel. T v enitevén twv 800 auTHY oToYWY
elvon avaryxadar 1 oxpBhc uétenon twv mapopétewy tou Katepwuévou Ilpotinou, tkote vo eheydody
oL mpoPhédeic g Yewplag xou Vo amoxTACOUHE XOADTERT XATAVONGT TV PUOIXMY BLECYACUOY TOU
napatneolvTal ot QOO

Suyxexpyéva, wa onpovtixr] tedxinon yio tov LHC etvar 1 Suvatdtnra avoxdhudne te YTrep-
ouppetplog, wog urodetxic ouppetplog petadd urolovioy xa @epudvewy, 1 onola mapafLdleton oe
YounAéc evépyeleg ahhd vplotato oe vdniéc evépyetes. H xhipaxo mopafBicone e unepouppeteiog
dev unopel vo meplopto tel VewpnTixd, EXTOC AnO TA EYPOVY| PUVOUEVOAOYIXE XATOTER OPLAL YLl TIG
paleS TV UTEPCUUHETEXAY eTalpwy, Tou TEénel Vo elvon ueyahiTepa amd TV evepyeLoxy| xAluoxa Tou
elvon melpapotind mpootty uéypl ofuepa. ‘Etol, undpyel peydhoc eviouslaouos Yo T BuvaTOTHTA
VOXGAUPNG UTEPOUUUETEXOV ETAPWY TwV VPO TAPEVLY cwpatdiwy tou Kadiepwuévou Ilpotinou.
Qot600, oL oyetixéc Vewpntixée npofliédelc yio Tétota Véuata e€optdvtor o€ Yeydho Badud amd to
HOVTERO o 1) PUOT oL OL WLOTNTEC TWV ENAPEUTEQMY UTEQCUUUETELXMY COUATIOWY umopel vo dlo-
@€pouv and povtého oe povtého. Ot unepouppetpxol etalpol nepthauBdvouy oudétepec dleyépatlc Tou
€youv povo aoteveic IAMNAETBEACES Xl WS EX TOVTOU TEOGPEPOLY eEaEeTiX0UC uTtodnpioug Yo TN
uéla mou Aeiner oo To mapatneiowo Lounav (oxotewr VAN). Enouévwe, and authv v drnodn, wa
mdovi| avaxdhudn tne utepouupeTeiog o cUYXEOVGELS cLUATISWY Vo EYEL EXTETUUEVES GUVETELEC TTIOL
unepBatvouv TN QUOT TV CLUATIOIWY.

H dopn tng mapoloag epyaciog éxel kg e€Rg: apyixd yiveton wla yevixr napovsiacn Tev Yewpntixdy
oTolyelwy e o omola xatamidveton 1 epyacio. Autd efval 1 QUOIXTH TV OTOLYELWDWY CLWUATBIWY X
ouyxexpyéva to Kahepwuévo Ipdtuno (Kegdhowo 2). Amopaitny elvon 1 teptypopy| Tou TELREUATOC
CMS ané o omoio mpoépyovtar ta dedopéva tne avdivone. Ewlduxdtepa napovotdleton 1 Sour xou 1
Aertoupyior Tou emtayuvth LHC %o tou aviyveuty CMS - Compact Muon Solenoid (Kegdhowo 3),
eved axouhoudel 1) TEPLYPOPY) EVVOLMDV KOl QPOUVOUEVGY TIOL dQOEOVY TN QUOLXY) GUYXPOVGEWY TEWTOVIOL
- TPWTOVIOU TIOU TPAYHOTOTOLOVVTOL GTO ECWTEPXS TV TEpaaTiXdY datdiewy (Kepdhowo 4). H
aVEAUCT] TV BESOUEVY XOL 1) EQUPUOYT] TV CTATIOTIXOV YEFOdWY Yior TNV VPECT TWV Qv oplwy TNg
evepyol Biatopnc yia To und UeréTn woviého mpaypatonoieiton oto Kegpdhawo 5, mou elvan to xdplo
pépoc tne epyaoiog.



Kef laio 2

Fusik Stoigeiwd,n Swmatid-wn

H cwpatidion guowxy ebvar o xAddog exelvog mou UEAETA TI DOUXES CUVOTWOES TNG UANG, On-
hodn) ot oToLYELDY cwuatidla xan Tic YETAED TOouC AAANAETULOPACELS, TOU OmOTENOVY TIC VEUEAELMDELS
duvduelc. Xtdyoc g elval 0 TPOCBLOPIGUOS TNS BOUNC TOU WXEOXOCUOU Xal 1) XAADTEPT) XATOVONOT
TWV VOU®Y TOU LOUTAVTOS, WOTE VoL anayTioly xalplo peThHaTa Tou apopoly Ty e€€AEr tou. To
EMXPATECTERO Xl TANEESTERO VewENTIXG UOVTENO TOU UTEEYEL YL TNV TEPLYPUPT TWV GTOLYELWDWY
couatdiny eivar to Kadiepwyuévo Ilpdtuno (Standard Model, SM). H emituyio tou éyxettan oo ve-
yovog ot e€nyel xou mpoAémel pe xavomonTixy) oxplfeia T TeplocdTEpR TERUUATIXG DEBOPEVAL UEYPL
ouyune [1].

2.1 To Kajierwmkno Prtupo

To Kabepwuévo ITpdtuno (KII) cuvBudlet T yVWO T £6C TP OTOLYELDDT Couatidior xat TIC TEELS
aAANAETLOpdoELC oL TEayUaTOToloUYTAL PETAEY Toug o Wia xown Yewplo ye tnv onolo neptypdpovta
TA TIEPLOCOTEPN TELQOUOTIXG AMOTEAECHUATA.  DUUPOVA PE QUTO T GTOLYEWDSY cwuatidia ywellovta
oe BUo xatnyopleg, To PepuLdVIa Xou Tor umolovia, o omola mapovaidlovtar oto Lyfua 2.1 [2]. Ta
pepwévio (fermions) eivar tor cwpatidar and ta onola anotekeiton 1 UAN xou yopoxtneilovion and
nuaxépato spin. Kotatdooovton oe 8o unoouddes and €21 ompatidia, to Aentovia (leptons) xon to
xoudpxe (quarks). To copatidia autd xatnyoplonolovvio ot Teels Yeviée auiavopevne palac, orou
oe x&ie yevid eppavilovion XAmolEC XOWVES WBLOTNTES PETOED TOV CWUATIOIWY.

Yta Aemtovia avixer to hlektrnio ( e), to minio ( ) kai to tau ( ), cwpatido pe Nhexteixd
poptio 1, mou punopolv va Peedolv eheddepa ot @lon. Emmiéov, o Aentévia amoterodvTon omd Tic
avtiotolyeg yevoelg vetpivev, dniadn undeyouy ta netr—na hlektron—oud), mion—ou () kai tau ().
Ta vetpiva etvor owpatidio niextend ouvdétepa pe oyedov undevixr udla. To @optiopéva Aemtdvia
OAANAETULOPOUY PECL TWV NAEXTROUXYVINTIXADVY XAl TwV dc¥evidy aAAnAemidpdoewy xat edv e&onpedel 1)
udla Toug €YUV TaAVOUOLOTUTY cuuneplpopd. Ta vetpivar aAAniemidpoly udvo acdevie.

Ané v &Mk, undpyouy €21 BlapopeTixéc yeboewg quarks: up (u), down (d), charm (c), strange
(s), top (t), bottom (b). To mpwrta quarks tng xdde yewdg, autd ye T ppedtepn pala ex TwV
0v0, yapaxtneilovion wg UP-type xon £xouv nhextexd @optio +3=2, evdd ta debtepa quarks tne xdde
yevide yopaxtnpilovian we down-type xou éyouv nhexteixd goptio  1=2. Ta quarks ariniemdpolyv
Ao UEVADS XL NAEXTROUAYVNTIXG, OTWS XAl ToL AETTOVLYL, AAAG ETUTAEOY OAANAETUSROVY PUECW TNE LoYUEHC
ahANAeTBpaong xodae pépouv xan goptio yewuatoc. H dagopomnoinoyn auty etvon mou ogelleton yia
v adpovornoinoy twv quarks, dnhadh Sev punopolv va Beedolv ekeliepa mopd dnulovpyolv déouteg
xatactdoelc mou ovoudlovtar adpdviar (hadrons). To obpdvia ebvon cuvduoouol eite dbo eite Wby
quarks ot onolot anoteholv ta peadvio (Mesons xou ta Popudvia (barions) avtiotoyo. Luyxexpyéva,
T Bopudvia oynuatilovton and pla teudda quarks ¥ anti-quarks, tétolo wote 1 déopa xatdoTaon va
elvon dypoun, eved To peadvia ebvar Ledyn quarks v anti-quarks pe oavtideto goptio ypdpoatoc. T'a
xade owpatido utdpyet Eva avtiowuatidio, To omolo éyel Ty Bia udla xon avtidetoug Toug UTGAOLTOUS
rBavtieoie aprduoie.

Extoc and 1o otoiyeuwdn cwpatidio tng OAng, to KII nepiypdgpel tov tpéno e tov omoio autd
alhnhemidpoly. Téooepelg elvon Ol GTOLYEWWDELS BUVAUELS OV LUTdEYOLY TN PUGT), oL onolec BlETouY
TIC AAANAETUBEAOELS TV CwpaTdlv: 1) toyver, 1 aodevric, 1 niextpouayvnuxy xou 1 Bopvtnta. Ot
Téooepelc auTE duvdelg topatidovton otov Ilivaxa 2.1, énou gatvovton enlong to ebpog, 1) 1oy e Toug,
Ol HETADOTEC TOUG X0 T CWUATIBLA TV atol omtola emdpovv. O Tpdmog ue Tov omolo mpayyatonolelto



Keflaio 2 . Fusik Stoigeiwd,n Swmatidbwn To Kajierwméno Pritupo

Sq ma 2.1: Apeikinish twn swmatidbwn tou Kajierwmeénou ProtOpou, se om“dec mpozonPwn Kai fer-
mionBwn gia tic treic geniéc. Anagr-fetai h m"za, to hlektriki fortbo kai to spin tou k’je swmatidbou.

Se K'je swmatbdio pou apeikonbzetai antistoigeD éna antiswmatbdio, to opobo éqei thn Bdia m"za kai
antbjetouc touc upiloipouc kbantikoOc arijmoQc.

h allhlepbdrash twn swmatidbwn thc Olhc ebnai h antallag metadot.n, dhlad swmatidBwn pou
apoteloun touc forebc twn dunmewn. Ta swmatbdia aut” garakthrbzontai api akéragpin kai
onom”zontai mpozinia lfosong. Api tic tessereic jemeli,deic allhlepidr’seic to KP perilamb™nei

mino tic treic pr tec, en, gia th barOthta den égei anaptugjeD akima kpoia jewrba pou na thn
sumperilamb”nei epitug,c mazb me tic upiloipec. H genik jewrba thc sqetikithtac mporeb na exhg sei
th barutik allhlepbdrash sth makroskopik klPmaka, all” den éqei epiteugjeD proc to parin o
sunduasmic thc me thn kbantik jewrba. Wstiso, h epBdrash thc barOthtac p"nw stic gamhléc
katast"seic m"zac twn stoigeiwd,n swmatidbwn ePnai tiso amelhtéa pou mporeb na agnohjeb.

Allnlepbdrash  EOroc (m) IsqOc Metaditec Apodeéktec
Isqur 10 1° as 1 8 glouinia quarks kai glouinia
Asjen c 10 18 ay 10° Z, W quarks kai leptinia
Hlektromagnhtik 1 (1=r?) a %7 fwtinio hl. fortismena swmmatbdia
BarOthta 1 (1=r?) 10 3%° graviton ila ta swmatBdia

PPnakac 2.1: Oi téssereic jemeli,deic allhlepidrseic thc fOshc.

'Etsi, sto plisio tou KP, oi treic allhlepidr’seic thc Olhc perigrfontai api ta mpozinia
bajmbdacdauge bosonk ta opoba ebnai dianusmatik™ swmatbdiapirel. Ta glouinia ( g) ebnai oi
forebc thc isqur ¢ allhlepbdrashc, ebnai "maza, hlektrik™ oudetera kai féroun fortbo gr,matoc.

Ta fwtinia () ePnai epbshc "maza kai hlektrik™ oudétera kai ePnai oi forebc thc hlektromagnhtik ¢
allhlepbdrashc. Ta mpoziniaZ, W féroun thn asjen allhlepBdrash, thc opoba h asjen ¢ fOsh
ofebletai sto gegonic iti égoun meg’lh m“za. To mpozinioZ ebnai hlektrik™ oudétero kai diathreb th
geOsh twn swmatidBwn stic allhlepidrseic tou, en, ta mpoziniaW ePnai hlektrik™ fortisména kai
all"’zoun th geOsh twn swmatidbwn. To KP problépei thn Oparxh enic akima swmatidbou, to opobo
ePnai tanpozinioHiggs &na bajmwti mpozinio, hlektrik™ oudétero, me spin 0, pou ePnai upeOjuno gia
thn apidosh m“zac sta upiloipa swmatbdia. To mpozinidHiggs ePnai sumbati me to néo swmatbdio
Higgs pou anakalOfjhke to 2012 api ta peir'mata tou LHC [3][4].



Keflaio 2 . Fusik Stoigeiwd,n Swmatidbwn Kbantik Hlektrodunamik ( QED)

To KP basbzetai se jewrDec summetrDac, me tic opobec prosdiorbzontai oi idiithtec kai ektimoOntai
oi kbantikob arijmob twn swmatidb{s8h Mésw twn summetri.n bajmbdac eis"gontai ta dianusmatik”
mpozinia, en, me ton mhganisntliggs perigr'fetai o tripoc me ton opobo summetégei to mpozinio
Higgs sto KP [6]. Oi isquréc allhlepidrseic perigrifontai api thn Kbantik Qrwmodunamik
(Quantum Chromodynamics - QCD) kai oi asjenebc kai hlektromagnhtikéc allhlepidr'seic peri-
gr-fontai api to montélo twn  Glashow-Weinberg-Salampou afor™ thn hlektrasjen enopobhsh [7]

[8]. H om"da shmmetrDac tou KP ePnai h sOnj&H(3)c SUR2). U(L)y.

Parilo pou ebnai h epikratésterh jewrba, to Kajierwmeno Pritupo ebnai éna elleipec montelo,
kaj,c up“rqoun parathroOmena fainimena sth fOsh pou den mporeD na perigriyei. Tétoia fainimena
ebnai h barOthta kai oi allhlepidr'seic me swmatbdia skotein ¢ Olhc, h Oparxh twn opoPwn ePnai
aparabthth gia na exhghjeb to élleima m"zac stouc galaxPec kai h exélixh tou SOmpantoc. 'Enac api
touc stiqouc tou epitaqunt  LHC ePnai na parathrhjoOn oi fusikéc diergasbec pou den perigr-fontai
api to KP kai na uposthrbxei thn anaz thsh endebxewn néac fusik c, ektic tou KP. Mba api tic
pio uposgimenec jewrbec, thc opoPac h Oparxh melettai kai epidi ketai na eleggjeD api taHC
ebnai aut thc UpersummetrbaSupersymmetry). To montélo pou meteltai sthn paroOsa ergasba
an kei se aut thn kathgorba jewri,n.

2.2 Kbantik Hlektrodunamik ( QED)

H Kbantik Hlektrodunamik ( Quantum Electrodynamics - QED) einai h kbantik jewrba pedbou
pou perigr-fei thn hlektromagnhtik allhlepidr’sh kai ebnai mba api tic sunist,sec jewrbec tou
KP. H Lagkranzian thc jewrbac kataskeu zetai sundu“zontac ton kajari kinhmatiki iro ~ Maxwell
thc lagkranzian ¢ tou hlektromagnhtismoO, L photon = %F F ,ipou F = @A @A o
tanust c Maxwell, me th lagkranzian Dirac Lpiac = (i @ ml) pou perigr-fei fermionik™
pedba (mepin 1/2) m"zac m. H shmantik sOzeuxh metaxO twn dOo jewri.n, h opoPa perigrfei thn
hlektromagnhtik allhlepbdrash metaxO fortisménwn hlektronBwn, parégetai api thn apabthsh thc
analloiithtac bajmbdac ktw api th dr'sh thc topik c om“dac f'shc Abelian,n metasghmatism n
U(1). O spPnoradirac ¢(x), pou antiproswpeQei éna pedbo hlektronBwn, metasghmatbzetai K'tw
api U(1) wc

() ! €10 o (x); (2.1)
ipou qto hlektriki fortbo tou spbnora kai  (x) h topik par'metroc. Gia na paramebnei anallobwth h

Lagkranzian K'tw api autin ton metasghmatismi ja prépei to pedbo fwtonBwn na metasghmatbzetai
wc

AX! AX+@ (X) (2.2)

Me autin ton tripo prostbjetai sth Lagkranzian énac iroc allhlepBdrashc fwtonbou-hlektronbou,
pou mporeb na ermhneujeb wc antikat"stash thc apl c parag,go@ apo th legimenh sunallobwth
par"gwgo bajmbdac

@! D @+igA ; (2.3)

h opoba ebnai to kat'llhlo antikeBbmeno pou prépei na eisagjeb ,ste na oristeb h kanonik suzug c
orm p  gA sthn perBptwsh tou hlektromagnhtismoO.
H pl rhc U(1) Lagkranzian thc kbantik ¢ hlektrodunamik c grfetai

X . 1
Loep = (i D me) ¢ ZF F )
f
X _ 1
Loep = i@ me) s g A) ¢ ZF F (2.4)

f

ipou gia ligouc genikithtac pabrnoume to “jroisma sta di“fora eBdh fermiinwn f mespin 1/2 pou
ebnai hlektrik” fortisména, me fortbag kai m"zecm; . Sto KP aut” ta pedba ebnai tajuarks kai ta
fortisména leptinia, dhlad  f = u; d; c; s; t; b; e; ; . Sth sgésh (2.4), oi dOo pr,toi iroi ePnai

o kinhmatikic kai o iroc m“zac twn fermionik,n pedbwn, o trbtoc ebnai o iroc allhlepbdrashc kai

o tétartoc ebnai o kinhmatikic iroc Maxwell tou pedbou fwtonbwn. 'Etsi, me thn apabthsh na ebnai
analloPwth h Lagkranzian k“tw api metasghmatismoOc bajmbdai(1), problépetai h Oparxh enic
dianusmatikoO pedbdu , to opobPo sundéetai me to fwtinio kai afoO sthn (2.4) den up’rgei iroc
m“zac gia to pedbé , to fwtinio problépetai "mazo.
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2.3 Kbantik Qrwmodunamik ( QCD)

H Kbantik Qrwmodunamik (Quantum Chromodynamics - QCD) ebnai h jewrba pou perigrfei
thn isqur allhlepPdrash metax® twn quarks kai twn glouonbwn, dhlad metaxO twn swmatidBwn
pou feroun fortbo gr,matoc [9]. H QCD ebnai mba mh-abelian jewrba bajmbdac kai perigr-fetai
api thn omda summetrDa8U(3). Sth fOsh up“rqoun Ng =6 gnwst™ quarks: up, down, strange,
charm, bottom, top, pou sumbolbzontai wg = u; d; c; s; b; t kai oi kbantikob touc arijmob ebnai
autob pou fabnontai ston PPnaka 2.2. Epipléon garakthrbzontai api fortbo qr,matoc, pou ebnai to
upijema p'nw sto opobo dra h isqur allhlepbdrash. Oi dunatéc {timéc} tou fortbou gr,matoc
ebnai prisino, mple kai kikkino. K’je gr,ma éqgei kai to anti-qr,ma tou, to opobo qarakthrbzei ta
antiswmatbdia (Sq ma 2.2). O arijmic twn grwm™twrN¢ = 3 proérgetai api metr seic ipwc o ligoc

R= (efe ! * )= (e*e ! hadrons) Nc, to pl'toc di'spashc tou ¢ se dOo fwtinia
( 0! ) N2 kaila.
Quark  GeOsh HI. fortbo M"za
up u |, =1=2 2=3 230 I MeV
down d l,= 1= 1=3 4892 MeV
charm c c=1 2=3 1275 0:025GeV
strange S S= 1 1=3 95 5MeV
top t T=1 2=3 17307 1:24GeV
bottom b B= 1 1=3 418 0:03GeV

PPnakac 2.2: Idiithtec twn éxi geOsewguarks. Oi kbantikoD arijmoD pou anagrfontai sthn trbth
st Ih ebnai: isospin |, charmness C strangeness Stopness T, bottomness B Oi timec éqoun parjeb
api to Particle Data Group [10].

Sg ma 2.2: Ta trba fortba gr,matoc kai ta trba fortba anti-qr,matoc.

Gia th meléth twn isqur,n allhlepidr’sewn prepei na I"bei kanebc upiyh peristroféc ston
trisdi"stato q,ro twn grwm™twn, pou perigr-fontai api thn SU(3)c om"da summetrbac. Oi peri-
stroféc autéc ekfr'zontai api touc genntorec T2 2 SU(3), pou mporoOn na anaparastajoOn me
touc 8 pbnakeGell-Mann wc T2 = =2, a= f1; :::; 8g. Oi metasghmatismob summetrbac droun mino
p nw sta pedPa twrquarks, pou ebnai triplétec qr,matoc, en, den epidroOn sta pedPa twn leptonBwn,
pou ebnai aplétec, kai eqoun th morf

g) ! €T (x); g=udicstb

(2.5)
) (x) l=e ;5 e
H sunallobwth par"gwgoc sthn QCD ebnai
D =@ +igsT*G*(x); (2.6)
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ipou gs ePnai h isqur sOzeuxh kai o antbstoigoc iroc prokOptei ste na paraménei analloBwtoc o
kinhmatikic iroc thc Lagkranzian c. Ta dianusmatik™ pedbaG?(x) sgetbzontai me ta glouinia kai
prokeimenou na ikanopoiebtaistJ(3) analloiithta metasghmatbzontai wc ex c:

G3(x) ! G3¥(x)+ é@ 3(x) e Px)G(x): (2.7)
Oi posithtec f 2°¢ ePnai oi par"gontec dom ¢ th8U(3) “lgebrac, ipou [T2;TP] = if ®°T¢, Api ton
nimo metasghmatismoO faPnetai iti e’n up rgan iroi m"zac (G )? ja parabiazitan h summetrba. Gia

auti ta glouinia ePnai "maza. Gia ton kinhtiki iro twn glouonBwn grei"zetai énacSU(3) analloBwtoc
tanust c, o opoboc mporeb na orisjeb mésw thc sgéshc

Gt T2 gI—[D D]) G =@G* @G+ gof*®GPGe: 2.8)
S
O teleutaboc iroc ePnai pou diaforopoieb th mh-abelian api thn abelian perbptw$ha®® = 0) kai
ePnai o ligoc pou prokOptoun allhlepidr’seic metaxO twn glouonbwn, prigma pou den isqOei gia ta

fwtinia. Oi allhlepidr”seic autéc mpabnoun sth Lagkranzian me ton kinhmatiki iro %Ga G
kai antistoiqoOn se allhlepidr’seic tri,n kai tess’rwn glouonPwn.

Sqg ma 2.3: DiagrmmataFeynman twn allhlepidr’sewn tri,n kai tess"rwn glouonbwn.

H sunolik Lagkranzian thc QCD gr'fetai, se analogba me thn hlektrasjen jewrba (2.4), wc

X X ) 1 )
Laoco = (i D Mg) q ZGa G* )
qg ¢
X X . 1 _
Loco = ol @ mg) g O o T2G?) g ZGa G* (2.9)
c q

ipou to pr,to “jroisma gbnetai p'nw stic éxi geOseic twn quarks = u; d; c; s; t; bkai to deOtero
sta trba fortba gr,matoc c= r; b; g. O pr,toc iroc thc (2.9) ebnai o kinhmatikic kai o iroc m"zac, o
deOteroc dPnei thn allnlepbdrash metagQark kai glouonbwn kai o trbtoc ePnai o iroc allnlepbdrashc
glouonbou-glouonbou.

To gegonic iti ta glouinia féroun isquri fortbo kai allhlepidroOn metaxO touc ePnai “mesa
sundedeméno me mbPa polO shmantik kai garakthristik idiithta thc stajer’c zeOxhc thc isqu-
r ¢ allhlepbdrashc ag, iti parousi“zei diaforetik sumperifor™ sunart sei thc energeiac. 'Otan
aux'netai h enérgeia metaxO twn grwmatik,n katast"sewn, dhlad itan h apistash ePnai mikr , has
mikraBnei, to opoPo shmabnei itjtarks kai ta glouinia sumperiférontai san eleOjera swmatbdia. H
idiithta aut onom’zetai asumptwtik eleujerDa kai ofebletai sthn ex’rthsh thc stajer’c sOzeuxhc
api thn enérgeiak kibmaka epanakanonikopobhshc

Api thn 7llh, h  as ePnai polO meg’lh se gamhléc enérgeiec, to opoPo shmabnei iti aux’netai h
enérgeia pou apojhkeOetai sto pedbo éwc itou argbsoun na dhmiourgoOntai néa qrwmatik™ fortisména
swmatBdia. Gia ton ligo auti ta quarks den mporoOn na brBskontai eleOjera kai adronopoioOntai,
fti"gnoun dhlad désmiec “grwmec katast’seic. To fainimeno auti onom”zetai egklwbismic twn
quarks Praktik® up’rgei énac {antagwnismic} metaxO twn glouonBwn pou tePnoun na mei soun to
isquri fortbo se meg-lec enérgeiec kai twn zeug,n qq pou tePnoun na to aux soun. Aut ebnai h
diafor" me thn QED, ipou ta fwtinia den allhlepidroOn metaxO touc kai h aOxhsh thc enérgeiac
sunep”getai aOxhsh thc sOzeuxhae, .

H ex'rthsh thc stajer’c sOzeuxhc as = g2=4 api thn energeiak klDmakaQ? dbnetai api th
sqgesh

as = 12 L (2.10)
Q2
(B3 2Ng)In ——
QCD
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H energeiak kiPmaka qcp sgetDzetai me to irio sto opoPo paQei h isqOc thc jewrDac diatarag,n
kai égei prosdioristeb peiramatik” iti ePnai thc t'xhc twn200MeV (piloc Landau). Sto irio thc
asumptwtik ¢ eleujerbac, as(Q2 !' 1 ) ! 0, h energic diatom mporeD na epektajeD diataraktik”
se dun"meic touas. Sto irio tou egklwbismof) as(Q? ! ocp) !'1 , "ma prospaj soume na
qwrbsoume éna zeOgmrtite h isqur dOnamh gDneta| tiso meg’lh pou dhmiourgebtai néo zeOgqc
Teloc, api thn energeiak kiPmaka ocp prokOptei h qarakthristik qwrik kai gronik kiPmaka
thc adronopoPhshc pou ebrfim kai 1= qcp =10 ZBs.

2.4 Hlektrasjen ¢ Enopobhsh
2.4.1 Montelo Glashow - Weinberg - Salam

H Hlektrasjen ¢ Enopobhsh diaforetik™ to montelo twn  Glashow, Weinberg kai Salam
(GSW), ebnai mba jewrba pou sundu”zei thn hlektromagnhtik kai thn asjen allhlepBdrash tou
KP. Parilo pou oi dOo allhlepidr’seic fabnetai na diaféroun se gamhléc enérgeiec, itan xeperasteD
h energeiak klPmaka twn 100GeV tite mporoOme na tic perigr'youme se mPa koin , enopoihménh
morf . Majhmatik™ h Hlektrasjen c Jewrba perigr-fetai api th Mh-Abelian summetrba bajmbdac
SU@L Uy )

To Y ebnai 0 genn torac thc summetrba¢l) tou hlektromagnhtismoO (sthn pragmatikithta
0 genn torac ebnai o monadiaboc pbnakac), onom”zetai uperfangpercharge kai orbzetai api to
sumbatiki fortbo Q kai thn trBth probol tou isospint, sOmfwna me th sgéslty =2(Q T2). Oi
metasghmatismob twn pedbwn k™tw api thifl)y ebnai oi (2.1), ipou to fortbog egei antikatastajeb
api to uperfortDo Y. Api thn 7lih, oi genn torec thc SU(Z)L, pou ebnai h om"da summetrbac thc
asjenoQOc allhlepbdrashc, ePnai oi telestéc tou asjenoOésospin T2 = ; a, a=1;23, ipou 2 oi
pPnake®auli. Oi genn torec autob ikanopoioOn thn “Igebrg T2; TP] = if ¢ T¢, ipou h stajer”
dom c ebndi?*¢ = ab¢ o pl rwc antisummetrikic tanust c.

O debkthd. dhl nei to gegonic iti oi asjenebc allhlepidr seic epidroOn mino sta aristeristro-

fa swmatbdia kai sta dexiistrofa antiswmatbdia. H sumperifor” aut thc asjenoOc allhlepDdrashc
proérgetai api thn parabbBash thc omotimbac, pou parathr jhke api tic asummetrbBec twn gwniak,n ka-
tanom,n sta peirmata (ipwc sto peBrama thcWu pou meléthse -diasp™seic Co se Ni). Epipléon,
gnwrbzoume iti sth fOsh den parathroOntai dexiistrofa netrbna. 'Etsi, oi spinoriakéc kumatosunar-
t seic twn aristeristrofwn quarks kai leptonbwn ebnai diatetagménec se diplétsogpin doubletg
meisospint = 1=2, en, twn dexiistrofwn swmatidbwn anaparist,ntai se aplétec ( isospin singlet9
meisospint = 0.

Gia na oristoOn oi katast'seic aristeristrofhc kai dexiistrofhc geiralikithtac qrhsimopoioO-

ntai oi telestéc probolc P. = 3(1  °) kai Pg = 1(1+ 5) jpou > =i 0123 Q
aristeristrofec fermionikec katast'seic eE)nai oi fu =P f = 2(1 5)f kai oi dexiistrofec
fermionikeéc katast’seic ebnai ofg = Prf = 3 L@+ ®)f (giata netrbnaisqOei;r = Pr ; =0 Kkai
iL = PL i = ). Epomeénwc, ta pedba twquarks kai twn leptonBwn anaparist, ntai wc proc thn

SU2). U@)y wcexc:

Quarks (q) Leptons (I)
SU(2) isodoublets o = %u§ : %C§ : %t§ IL = %ﬁ ; % § ; % §
d® ) s? ) o8 ) e
SU(2) isosinglets R = Ur;dr;Cr;SrR;tr; R IR = er; R: R

'Eqoume grhsimopoi sei ticd®= dcos ¢ + ssin ¢ kai s°= dsin ¢ + scos ¢ pou ePnai oi fusikéc
katast’seic quark pou upeisérqgontai stic asjenebc allhlepidr'seic (anamemeigménec me th gwnba
Cabibbo (). Ta pedba aut”™ metasghmatbzontai k'tw api thB8U(2),. wc

y i apore fU
fd I € fd
L L (2.11)

fF({u;d) ! féu;d)
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ipou oi debktequ) kai (d) dhl.noun tic p'nw ( up-type gia ta quarks) kai tic K'tw (  down-type
gia ta quarks) sunist,sec thc diplétac.

Akolouj ntac th genik kataskeu Lagkranzian,n amet’blhtwn k'tw api metasghmatismoQOc
mh-Abelian,n om”dwnLie, orbzetai h sunallobwth pargwgoc bajmbdac pou ja antikatast sei th
sunhjisménh par"gwgo wc ex ¢

gO
D =@+ igT2W?2 + iEYB ;o a=1:;23 (2.12)

Ta W2 ebnai ta pedba bajmbdac thc om"dac summé&tiHay , en, B ebnai to pedbo bajmbdac
thc U(1l)y. Ta téssera aut” pedba ePnai tisa isa grei"zontai gia na eisagjoOn ta dianusmatik®
mpozinia pou gnwrbzoume api ta peirmats’ , Z° gia tic asjenebc kai gia tic hlektromagnhtikéc
allhlepidr’seic. Ta g kai g°ebnai Qi stajeréc sOzeuxhc twn asjen n kai hlektrpmagnhtik,n pedbwn
antbstoiga kai sundu”zontai metaxO touc me th gwnba asjen ¢ an"meixhg, sOmfwna me th sgésh

go

==tan w: (2.13)

g

H Lagkranzian twn fermionik,n pedBwn kai twn pedbwn bajmPdac thc hlektrasjenoOc jewrbac
ebnai

X 1

. 1 .
L = Ltermions * Lgauge = if D f ZF F ZGa G* ; (2.14)
f

ipou oi tanustéc
F =@B @B kai G* =@G® @G? + gf®GPG®

orbzoun touc kinhmatikoOc irouc twn mpozonbwn bajmbdac. O débajtabzei ila ta fermiinia,
dhlad ta éxi quarks kai ta exi leptinia.

Prokeiménou na ikanopoiebPtai h analloiithta k*tw api metasghmatismoOc bajmBdac, ta mpozinia
bajmbdac kai ta fermiinia problepetai na ebnai "'maza. Peiramatik”, imwc, gnwrbzoume iti ta mpozinia
W kai Z éqoun m"za. O tripoc me ton opoPo apoktoOn m’za ta swmatBDdia ePnai me thn aujirmhth
jraOsh thc summetrbdg to opoPo gbnetai mésw tou mhganisiHads, mbac diadikasbac pou eis gei
to bajmwti mpozinio Higgs’.

2.4.2 Aujirmhth JraOsh SummetrDac - Mhganismic Higgs

Eis"goume ena exwteriki bajmwti pedbo , to opobo éqei th morf migadik c diplétac kai me-
tasghmatbzetai sOmfwna me th jemeli,dh anapar’stash thc om"dac bajmP&id(2) tou asjenoOc
isospin

= 0 - (2.15)
To * ja dhmiourg sei &na kb’nto enic fortisménou mpoziniou mespin 0, en, to  © ja dhmiourg sei

éna kb nto miac oudéterhc diégershc tou kenoO sgn 0. Gia th dipléta aut h SU(2).  U(1)y
anallobwth Lagkranzian ebnai

Lscalar = ( D ) y(D ) V( y) , (2.16)
ipou to dunamiki tou bajmwtoO tomeéa gr fetai

Vi) 2+ ()3 (2.17)

10 iroc Aujirmhth JraOsh Summetrbac ( Spontaneous Symmetry Breaking - SSB ), grhsimopoiebtai gia na dhl sei
to gegonic iti, an kai h Lagkranzian enic fusikoO sust matoc ebnai amet’blhth k*tw api touc metasghmatismoOc
thc en ligw summetrbBac, h basik (kbantomhganik ) kat"stash tou sust matoc joi, dhlad h kat"stash tou {kenoQ},
den paraménei anallobwth.
2To pedboHiggs ebnai bajmwti mespin 0 kai “ra den égei kateOjunsh (to antbjeto isqOei gia to HM pedbo). Auti
pou apokaloOme keni g,ro ja mporoOse na ebnai gem’toc me dunhtik™ mpoziniaHiggs. 'Otan éna swmatbdio kinebtai mésa
ston keni g, ro allhlepidr™ me ta mpozinia aut™. Ja mporoOse kaneBc na fantasteD iti to swmatBdio perib’lletai api
ena {néfoc} swmatidbwn Higgs kai étsi en, arqik™ den ebge m"za emfanbzetai t,ra me m“za (ipwc itan éna antikebmeno
pou kinebtai mésa se pagOreusto ugri epibradOnetai san na eDge megalOterh m’za).

10
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me par'metro m°zac kai mba adi stath stajer”, gia tic opoPec isqOei?; > 0. To mh tetrimmeéno
2

el"gisto tou dunamikoO autoB antistoigeP stoj Y j= 5 pou ebnai h sunj kh pou epib’letai sthn

dipléta (2.15) ,ste na sp”sei h summetrba. 'Etsi, to dunamiki ep gei mPa anamenimenh tim tou kenoQ
di“forh tou mhdenic, h0j jOi & 0, h opoba qwrbc bl"bh thc genikithtac mporeb na jewrhjeb pwc ebnai

pragmatik kai brbsketai sthn k™tw sunist,sa thc diplétac . Tite anaptOssontac gOrw api thn
kat'stash kenoO, mPa aujaPreth diégersh tou pedbou mporeD na anaparastajeb wc
1
0
= ¢ 'NT= @ x)A 2.18
P+ {% (2.18)

ipou = P 2= api th sunj kh elagistopoBhshc tou dunamikoO, h diégersh (x) ePnai to pedbo tou
mpozonPadiggs, en, ta 2(x) antistoiqoOn sta legimena Goldstone bosonsta opoPa ePnai p ntote
isoi kai oi genn torec twn spasménwn summetri,n. O ligoc pou grhsimopoi jhke h parametropoDhsh
aut giato pedDo gOrw api to keni ePnai iti faDneta| mesa pwc ta mpozinigoldstone mporoOn
na aporrofhjoOn mésw mbac strof cSU(2), U =e ' “®*)T°= opite to pedbo pabrnei th morf

| = 1 0
VTR v
Sth bajmbda aut oi bajmob eleujerbac wBoldstone bosongou exalebfontai gbnontai oi pol,seic
twn dianusmatik,n mpozonbBwn pou antistoiqoOn stouc genn torec twn spasménwn summetri_n.

Oi m"zec twn dianusmatik,n mpozonBwn prokOptoun api thn an“ptuxh tou kinhmatikoO irou thc
Lagkranzian ¢ (2.16) kai sugkekriména api touc tetragwnikoOc irouc twn diafirwn swmatidiak,n
diegérsewn (pedbwh)AutoD prokOptoun wc ex ¢

0 . 1 5
3 0 g 1 w2
(D)V(D)sf?@zgngYB 2 W 0

(2.19)

Wisiwz o S gW3+gYB

2 2 1 1
:g2 S WIeiw 2w w2 e 2 W istan wYB W P+tan wYB
922 g22
== W lviw 2wl ojw 2 * Seog —  CoswW 3+sin wYB coswW 3+ sin wYB
W
922 922
=W ow e Iz 7 (2.20)

ipou antikatast same ta dianusmatik” pedba me tic idiokatast’seic m“zac, dhlad me ta fusik
mpozinia

1 .
w S wl iw? (2.21)
z coswW? sin wYB (2.22)
A sin wW?3+ cosywYB (2.23)

kai grhsimopoi jhke h sqésh tan = g%g. 'Etsi, oi m"zec twn mpozonPwn ePnai

g g
Mw = >=— ; mz =
w ' ‘ 2C0S w

3To pedboHiggs égei thn asun jisth idiithta iti h kat’stash gia thn opoba mhdenbzetai den einai h kat'stash me
thn el"gisth energeia.

4Exaitbac thc analloiithtac bajmbdac ila ta swmatBdia éqoun mhdenik m“za se meg’lec enérgeiec. ApoktoOn
m"za ligw tou aujirmhtou sp“simou thc summetrBac bajmPdac, to opobo gbnetai mésw tou mhganismo®Higgs: Ta
téssera mpozinia bajmbdac W', i = f0;1;2g (isospin triplet ) kai B (isospin singlet), ta opoPa égoun mhdenik
m"za, akoloujoOntai api téssera pedba Higgs. Kaj,c to sOsthma (sOmpan) kru,nei, h summetrba sp’ei aujirmhta
dhmiourg,ntac eétsita W  api thn an’meixh twn W1, W2 kaita , Z api thn an’'meixh twn W3, B . Ta W kai Z
apoktoOn m"za aporrof ntac trba api ta téssera pedba Higgs kai to fwtinio paraménei “mazo. To pedbo Higgs pou
paramenei apoteleb to swmatbdibliggs.

11
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prokOptei dhlad to apotélesma pou sun"dei me tic peiramatikéc parathr seic, itita W kai Z éqoun
. m . A - .
m“za kai mlista my = cosz > mz, en, to fwtinio eBnai "mazo ekfr'zontac thn paramenousa

w A
summetrblle, tou hlektromagnhtismoO.
An gryoume to komm™ti thc sunallobwthc parag,gou (2.12) pou periégei thn trbth sunist,sa
tou isospin kai to ekfr'soume wc proc ta pedbaA kai Z tite pabrnoume

(0]
D® = @+ igT3W3+ i %YB

=@+ igsin w %+T3 A +CO'§W T3 sin? %+T3 z (2.25)
ParathroOme iti to "mazo pedPa@ , pou antistoigeD sthn adi“spasth upoom’daUen, thc argik ¢
SUL(2) Uy (1), pou dhmiourg jhke api ton genn tora T3+ Y =2, meUem 6 Uy (1), €gei mia stajer”
sOzeuxhag sin v me autin ton genn tora. Sto plabsio tou KP, tautopoiebtai me ton genn tora tou
hlektrikoO fortbou, Q T3+ Y=2. 'Etsi, to pedDoA antistoigeD sto fwtinio, to opobo paraménei
gwrbc m"za, ipwc ja éprepe. Api aut n thn tautopoPhsh, loipin, prokOptei iti to hlektriki fortbo

(h jemeli,dhc mon“da fortbou) ebnai

e gsin w: (2.26)

H sgésh e = gsin w = g°cos w apoteleD th sunjkh enopobhshc twn hlektrasjen.n allhle-
pidr'sewn. H asjen c gwnba an"meixhcy ebnai par'metroc tou montélou kai peiramatik™ éqgei
prosdioristeD iti isoOtai mesin w =0:23153 0:00016

To uperfortbo tou Higgs epilégetai na isoOtai me monda ,ste oi metasghmatismoD (2.22) kai
(2.23) na ebnai orjwginioi, en, gbnetai h paradoq iti to prishmi tou ebnai jetiki: Yy =+1 . Api
th dr’sh tou telest tou fortbou stic katast'seic twn swmatidbwn kai epib”llontac thn apabthsh
na prokOptoun swst” ta parathroOmena fortba twn swmatidBwn ex"gwntai oi timéc tou uperfortbou,
Y, gia thn kje swmatidiak kat'stash. Gia ta mpozinia bajmbdac prokOpteiYyy, = Yz =Y =0
(ipwc to  wec foreac thc hlektromagnhtik ¢ allhlepbdrashc den éqei hlektriki fortbo, étsi ta
W , Z wc forebc thc asjen c allhlepbdrashc den éqoun asjenéc uperfortbo). Gia ta fermiinia oi
timéc tou uperfortbou ebnai autéc pou fabnontai ston PPbnaka 2.3. Na shmeiwjeb iti ta swmatbdia pou
an koun sthn bdia dipléta éqoun to Bdio uperfortbo, to opobo ebnai kai to anamenimeno.

Kumatosunart seic HI. fortbo Isospin Uperfortbo

l: leptons ;q: quarks | Q= T3+ Y=2| T,; (T% Y
| 0 1=2 (+1=2) 0
I -1 1=2 ( 1=2) -1
Ir -1 0 (0) -2

q™ +2=3 1=2 (+1=2) +1=3

q? 1=3 1=2 ( 1=2) +1=3

) +2=3 0 (0) +4=3

o 1=3 0(0) 2=3
(Higgs doublef) 1,0 1=2 ( 1=2) +1

PPnakac 2.3: Apidosh kbantik,n arijm,n sta leptinia kai bajmwt™ pedba ( Higgs) sthn hlektrasjen
jewrbasSU(2), U(1)y. O sumbolismic (u) kai (d) sta quarks dhl ,nei antbstoiga thn up-type kai
thn down-type sunist,sa k'je geni"c. H posithta Q ebnai to hlektriki fortbo se mon“dec tou
fortbou tou pozitronbou € > 0).

12



Keflaio 2 . Fusik Stoigeiwd,n Swmatidbwn Hlektrasjen ¢ Enopobhsh

~_'Oson afor” th m“za tou mpozonDou-[iggg kai touc irouc auto-allhlepbdras ¢ tou, autob pro-
kOptoun api thn an“ptuxh tou dunamikoO gOrw api to keni,

Ve Ba ()= (e (v )

- 4 3, 22 2.
=5 + T (2.27)
ipou grhsimopoi jhke h sunj kh elagistopobhshc tou dunamiko® = P 2=, Oiroc m"zac tou
egei th morf %m 2, opits sugkrbnontac me ton tetragwniki iro prokOptei iti h m"za tou pedbou
Higgs ebnamy = m = = 2j j, en, parathroOme iti prokOptoun allhlepidr’seic metaxO tri.n
(iroi O( ?)) kai tess™rwn (iroi  O( %)) swmatidDwiliggs.
Teloc, paraménei na apodojeb m"za sta fermiinia. Epeid 8U(2)_ ePnai geiralik summetrba,
den mporoOn na up“rgoun iroi m"zaBirac gia ta fermiinia, dhlad iroi thc morfc  mff | diiti
to dexiistrofo komm™i twn kumatosunart sewn ebnai singlet kai den metasghmatbzetai k“tw apo
metasghmatismoC®U(2), . Gia auti qgrhshmopoioOntai iroi Yukawa, y; f f , me tripo pou na sébetai
th summetrba thc jewrDac. Tétoiec allhlepidrseicYukawa metaxO fermionBwn kai bajmwt,n pedbwn
ePnai upeOjunec gia th génnhsh mazac twn fermionik,n ped®wn (twn leptonDwn, pl n twn netrBnwn kai
twn quarks), mésw thc sOzeux ¢ touc me to pedBimgs, kat™ thn aujirmhth jraOsh thc summetrDac
bajmbda&U(2) twn asjen,n allhlepidr’sewn.
Gia ta leptinia oi iroi pou prostbjontai ebnai
X
LY weawa = yvile lr+wilr YL (2.28)
|

ipou y; ePnai tayukawa couplings gia tic treic geOseic leptonbwnl = e; ; . H emfnish twn maz,n
met” to sp”simo thc summetrbac gbnetai mesw thc mh mhdenik ¢ anamenimenhc tim ¢ tou kenoO, dhlad
0"
e
5

api thn hoj jOi = . Gia par"deigma, sthn perbptwsh twn hlektronbwn pabrnoume

hL\e(ukawa i = Ye €L I’Oj joieR + Ye €rR mj jOiyeL

0
= Ve eeL u:PieR"'yeeRop% eeL
u
=yepE(QeR+eRQ)
u
= Ye P €€ (2.29)

to opoPo ePnai iroc m“zac. 'Etsi, prokOptei iti h m"za tou hlektronBou ePmai = ye u:Io 2, en, Epu

netrbnou epnai , = 0. Antbstoiqa, gia tic “llec dOo geOseic leptonbwn prokOpten =y u= 2,
m =y u= 2 kaam =m =0.
Api thn 7llh, gia ta  quarks, pou éqoun kai dexiistrofec sunist,;sec me mh mhdenikec m“zec,
grei“zetai kanebc mia diaforetik allhlepbdrash Yukawa gia thn paragwg m“zac tiso stic “nw iso
kai stic Ktw sunist,sec twn diplet,n  quarks, h opoba imwc ja exakoloujeb na perilamb™nei to bdio
pedbdiggs pou apokt™ imoia anamenimenh tim kenoO. Gia na epiteugjeP auti grhsimopoioOme to
migadiki suzugéc tou pedbou, to opobo metasghmatbzetai me ton Bdio tripo ktw api metasghmatis-
moOSU(2), kai dbnetai api th sqésh =i 2 | ipou 2 o deQteroc pPnakac toRauli kai me
sumbolbzetai to migadiki suzugéc. Tite h antbstoigh Lagkranzian twnquarks gr-fetai
X h i
Lgukawa = yt(ltj) qf(;LIJ_) qu(;Llj?) + yé?) qf(:(lj_) qf(??) + he (2'30)
O
ipou yq ebnai taYukawa couplings gia tic treic geniec quark, g = ¢; op; . Oi deDktequ) kai
(d) sumbolbzoun taip-type kai down-type quarks ebte thc diplétac ebte thc aplétac, en, toh:c:

sumbolDzei ton ermitiani suzug iro (hermitian conjugate). Oi m“zec twnquarks prokOptoun me ton
Bdio tripo pou perigr'fhke parap™nw gia ta leptinia.
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Keflaio 2 . Fusik Stoigeiwd,n Swmatidbwn Hlektrasjen ¢ Enopobhsh

MBa shmantik parat rhsh gia tic asjeneBc allhlepidr’seic twn quarks eBnai iti parathroOntai
diasp”seic ipou anameignOontai oi geniéc. Up“rqoun pPnakecYmi@wa couplings pou perigr-foun
autoOc touc mh diag,niouc irouc, to opoPo shmabnei iti oi katast’seic m“zac twiown-type quarks
q'¥ ebnai diaforetikéc api ekebnec twn geOsealyis; b O tripoc me ton opobo sundéontai ebnai mésw
enic monadiabou pPnaka pou onom”Z&dhibibo-Kobayashi-Maskawa(CKM) [11] kai gr-fetai

0o 1 01 0 10 1
do d Vud Vus Vub d

@A = v @A = @V, Ve VoA @sA - (2.31)
P b Vias Vs Vi b

Ta métra twn stoigePwn tou pPnaka autoO kat™ apiluth tim égoun metrhjeD iti ePnai

0 1 0 1
iVudi iVusi i Vb 0:974 Q225 Q004
@jVeaj jVesi jVenjA @0:230 0975 QO41A : (2.32)
iVidi  iVisi i Vib 0:008 Q040 Q999

H pijanithta éna quark tOpoui na metatrapeD se érguark tOpouj itan eklOei éna W mpozinio
ebnai an’logh thc posithtac jV; j. Ligw twn katast"sewn mbxhc parathrebtai igi mino parabbash thc
omotimPac, all” kai parabPash tou fortbo(CP-violation) stic allhlepidr’seic me allag geOshc.
Gia ta leptinia k’ti tétoio den sumbabnei sto KP, epeid ta netrbna jewroOntai "maza.

2.4.3 Lagkranzian HlektrasjenoOc AllhlepPdrashc

H sunolik Lagkranzian tou montélou thc enopoihmeénhc hlektrasjenoOc allhlepBdrashc sto
pliisio tou KP grfetai

SM — (Higgs ) .
I-electroweak - Lgauge * Lscalar + I-fermions . (2.33)

O pr,toc iroc ePnai o kinhmatikic iroc twn mpozonPwn bajmBdac kai isoOtai me

1 1 .
L gauge = 21F F ZG"" G* ; (2.34)
ipou F =@B @B kai G* = @G* @G"+g abe gbge,
O deOteroc iroc perigr-fei ton bajmwti tomeéa tou Higgs kai ebnai

LGmes) =(D ) YD ) V() (2.35)
ipou to dunamiki isoOtai meV( Y) = 2 Y4+ (VY)2 2R; > 0kaih sunallobwth
par’gwgoc pou dra sth dipléeta ebnaD = 1@ + igTaW?2 + igtan wYy 1B , meYy = +1

(I ebnai 0 monadiaboc pbnakac).
O trbtoc iroc perilamb’nei tic hlektrasjenebc allhlepidr'seic twn fermionbwn kai ePnai

X
Ltermions = il D I+ilg Dgrlr+yill lr+wlr VI
|
X X
+ gL Do G IR Do, &R
i q
x h (u) (u) (d) (d) !
+ vy o) Cor + Yy gl gm + hc (2.36)
A
ipou o debkthd = e; ; ajrobzei p'nw stic treic geOseic twn leptonBwn, o debkthe u; d; c; s; t; b

ajrobzei p"nw stic éxi geOseic twrquarks kai o debkthey = o; ip; gz ajrobzei p"nw stic treic geniéc
twn quarks. Oi sunallobwtec par"gwgoi dbnontai api tic sgéseic

DL:I@+igTaWa+i%tan wY®iB ;v = g
DR=|@+igtan wYIB ; vy = 2
Do, = 1@+igTaWea + i gtan wY @B ;Y@ =413
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Keflaio 2 . Fusik Stoigeiwd,n Swmatidbwn Hlektrasjen ¢ Enopobhsh

Do, = 1@+ igtan wYIB V(@ =+4 =3 (uptype) Y{? = 23 (down-type).
Sthn teleutaba parénjesh, me touc debkte@) kai (d) sumbolbzontai taup-type kai down-type
quarks ebte thc dipletac ebte thc aplétac, en, toh:c: sumbolbzei ton ermitiani suzug fermitian

conjugate) tou irou mesa sthn parénjesh.
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Kef'laio 3

O Anigneutc CMS

3.1 Eisagwg

O CMS - Compact Muon SolenoidePnai énac api touc kOriouc anigneutéc swmatidbwni_td@
sto CERN. Apiton CMS proérgontai ta dedomeéna pou grhsimopoioOntai sthn an"lush thc paroOsac
ergasbac kai gia ton ligo auti to sugkekrimeno kef'laio ja afierwjeb sthn perigraf tou anigneu-

t. Ja parousiasteD h dom tou CMS kai ja epexhghjeb o skopic kai h leitourgba twn epimerouc
susthm"twn kai anigneutik,n diat’xe,n tou. Pr ta, imwc, ja gbnei mBa sOntomh perigraf thc dom ¢
kai thc leitourgbac tou epitaqunt LHC.

3.2 LHC : Meg'loc Epitagunt ¢ Adronbwn

O Meg’loc Epitaqunt ¢ Adronbwn (Large Hadron Collider, LHC) ePnai o megalOteroc ston
kismo, api "poyh megéejouc all” kai energeiak ¢ kibmakac, epitaqunt ¢ swmatidbwn pou éqgei kata-
skeuasteD pot&[12] O LHC brbsketai kai leitourgeP stic egkatast'seic tou eurwpaikoO kéntrou
éreunac sthn purhnik fusik ( CERN), kont™ sth GeneOh. Kataskeu sthke sto toOnel ipou lei-
tourgoOse o epitaqunt ¢ LEP (Large Electron-Positron Collider) kai téjhke gia pr.th for” se
leitourgba to 2008. EPnai kuklikoO sq matoc me perbmetro 27 giliométrwn kai brbsketai 100 métra
k'tw api to édafoc sta Gallo-Elbetik™ sOnora. Oi uyhléc enérgeiec pou par'gontai ston  LHC
kajistoOn efikti na melethjoOn energéc diatoméc kaPriwn diadikasi,n se mPa klbmaka enérgeiac pou
den éqei proseggisteb poté prohgoumenwc. O skopic twn peiram™twn pou diex"gontai ekeb ebnai na
prosféroun apant seic se jemeli,dh erwt mata pou aforoOn ton kismo, na elégxoun thn isqO tou
Kajierwmenou ProtOpou, all” kai na anakalOyoun néa fusik .

Sqma 3.1: Sghmatik apeikinish twn toOnel tou LHC ipou epitagOnontai oi désmec swmatidBwn,
kaj,c kai twn tess"rwn shmebwn pou brbskontai oi anigneutikéc diat"xeic twn meg”lwn peiram™wn.
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Kef'laio 3. O Anigneutc CMS LHC: Meg’loc Epitaqunt ¢ AdronBwn

O LHC éqei sqediasteb na epitagOnei adrinia (prwtinia kai iinta). DOo aktPnebdamg api
désmec swmatidBwn uyhl ¢ enérgeiac epitagOnontai proc antbjetec kateujOnseic se dOo xeqwristoOc
agwgoOc. Oi dOo par'metroi pou diamorf,noun th leitourgba tolHC ePnai oi enérgeiec twn dOo
sugkrou,menwn desmewn, oi opobec kajorbzoun thn ofélimh enérgeia pou apodbdetai gia thn paragwg
swmatidbwn kai h fwteinitht™ touc, éna megejoc pou ekfr'zei ton rujmi twn pijan,n sunduasm,n
sugkroOsewn pou pragmatopoioOntai an~ mon“da epif'neiac thc désmhc.

Prokeiménou na epiteugjeD h anagkaba fwteinithta, ,ste na par'getai meg'lh posithta dedo-
meénwn gia tic analOseic, ja prépei h sugnithta twn sugkroOsewn, kaj,c kai o arijmic twn prwtonBwn
se k’je pakéto na ePnai arket” meg’loc. Sth sgediasménh fwteinithta twn 10°** cm ?s ! up“rgoun
2808 désmeclfunches, ipou h k’je mba periégei mésa the:15 10 prwtinia. H sugnithta twn
sugkroOsewn ebnéi = 40 MHz, dhlad ta prwtinia sugkroOontai klje  25ns. Met" api arketéc
Bnabaij)seic tou epitaqunt , &gei ft"sei pléon na epitagOnei ta prwt‘lpia se enérgeia kéntrou m“zac

s=14TeV. O LHC mporeb na par'xei kat” meso iro 20 sugkroOseic an” diastaur,menh désmh
kai 800 ekatommOriec sugkroOseic an” deuterilepto.

Sgma 3.2: H dom twn désmewn prwtonbwn stbRIC.

Gia thn kampOlwsh thc k'je désmhc kai thn estBas thc sta shmebBa pou pragmatopoioOntai oi
sugkroOseic grhsimopoiebtai éna sOnolo uperag,gimwn magnht.n (perBpou 1200 magn tec gia thn
kampOlwsh kai 400 gia thn estBash), to opoPo par’gei éna isquri magnhtiki pedbdeBla. Oi
magn tec diathroOntai se jermokrasPa 2713 C kat” th dirkeia leitourgbac tou anigneut kai gia
thn yOxh touc grhsimopoiebtai ugri lio. Sto eswteriki tou k’je magn th brbskontai dOo j’lamoi
kenoO meésa stouc opoPouc kinebtai h désmh.

Sq ma 3.3: To sOmplegma epitaquntik, n diat"xewn touCERN [13].
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Kef'laio 3. O Anigneutc CMS CMS: Compact Muon Solenoid

Gia thn epit'qunsh thc désmhc swmatidBwn, ®ERN diajétei éna sOmplegma mikriterwn epi-
taquntik,n diat"™xewn pou egoun wc skopi th merik epit"qunsh thc désmhc prin eiséljei ston
ketnriki epitaqunt , ton LHC, gia to teliki st’dio thc epit’qunshc kai th sOgkroush twn dOo
désmewn (Sq ma 3.3). Mba fi'lh me aério udroginou eisérgetai se isquri hlektriki pedbo ,ste na
afairejoOn ta hlektrinia api touc pur nec kai na prokOyoun ta prwtinia. To pr,to st'dio thc
epit’qunshc twn prwtonBwn gPnetai ston epitaquntLINAC 2, o opoPoc ePnai grammikic kai epitagOnei
ta prwtinia se enérgeia 50MeV . Sth sunegeia, h désmh eisérgetai storiProton Synchrotron Booster
(PSB) kai épeita ston Proton Synchrotron, ipou ta prwtinia apoktoOn enérgeia 26GeV. Teéloc,
epitagOnontai se enérgei@50GeV ston Super Proton Synchrotron kai eisérgontai ston LHC gia
to teliki st"dio epit"’qunshc.

Oi désmec prwtonBwn sugkroQontai se téssera prokajorisména shmeba tou daktulbou tou epita-
qunt , ipou brbskontai topojethménec oi anigneutikéc diat"xeic twn tess“rwn megalOterwn peira-
m’twn tou LHC: ATLAS - A Toroidal LHC Apparatus , CMS - Compact Muon Solenoid LHCb -
LHC Beauty kai ALICE - A Large lon Collider Experiment . O K'je anigneut ¢ swmatidbwn éeqgei
kataskeuasteD gia th meléth diaforetik,n toméwn sth fusik uyhl.n energei.n. Oi dOo pr,toi
anigneutéc,ATLAS kai CMS, aforoOn peirmata genikoO endiaférontoc kai epikentr, nontai sthn
anaz thsh néac fusik c kai jewri,n ektic tou KP. Api thn “llh, to LHCb egei sgediasteb gia th
meléth tou b quark kai th diereOnhsh thc asummetrDac Olhc kai anti-Olhc sto sOmpan, epidi_kontac
thn akrib metrhsh thc parabbBashc thcCP summetrDadcCP violation). Teloc, to ALICE ebnai éna
pebrama pou diereun” to pl"smauark-glouwnbwn, to opobo par’getai se sugkroOseic baréwn iintwn
all” kai baréwn iintwn - prwtonBwn kai aposkopeb epBshc sth meléth thc dom ¢ tou sOmpantoc sta
pr.ta 10 19 deuterilepta.

3.3 CMS: Compact Muon Solenoid

To CMS [14] ePnai éna api ta shmantikitera peirmata pou pragmatopoioOnai stdrHC Kai
aposkopeb sth meleth swmatidbwn fusik ¢ sthn energeiak kibmaka tWeV, ipou proseggbzontai
diergasbec me mikr energi diatom . ApartDzetai api €éna sOnolo anigneutik,n uposusthm™twn ta
opoba ebnai sgediasména ,ste na prosdiorbzoun me akrbbeia tic trogiec twn swmatidiing),
tic enérgeiéc touc galorimetry) kai na gbnetai h tautopobhs toucidenti cation ) [15] [16]

Sg ma 3.4: O anigneut cCMS
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Kef'laio 3. O Anigneutc CMS CMS: Compact Muon Solenoid

O anigneut ¢ éqgei kulindriki sg ma, m kouc 21:6 m kai aktbnac7:5m kai zugbzei perbpdd4 000
tinouc. Ta epimérouc anigneutik™ sust mata ebnai topojethména se diadoqik™ epPpeda omoaxonik™
ston "xona thc déesmhc, se mba ditaxh san baréelbérrel). K'jeta ston “xona thc désmhc kai sta
“kra tou barelioO ePnai topojethmeénoi dOo dbskeindcaps, étsi ,ste o anigneut ¢ na ePnai ermhtik”
kleistic kai na ePnai efiktic o entopismic ilwn twn swmatidBwn pou par“gontai kat™ th sOgkroush
twn désmewn.

Gia thn perigraf tou anigneut grei“zetai na grhsimopoi soume éna sOsthma suntetagménwn,
ipou wc arg twn axinwn orDzetai to shmePo sOgkroushc twn désmewR: (interaction point ). Se
éna kartesiani sOsthma suntetagménwn o “xonax deBgnei proc to kéntro tou daktulDou touwHC,

0 “xonacy debqgnei proc ta p"nw, k'jeta ston “xona thc désmhc kai 0 “xonaaz ebPnai par’llhloc me
ton “xona thc désmhc. Wstiso, to kulindriki sq ma tou anigneut eunoeb th gr sh twn kuliknrik,n
suntetagmeénwn(r; ; ), ipou r ebnai h apistash api ton "xonaz, ebnai h azimoujiak gwnba h
opoba metr'tai sto epbPpedq xekin ntac api ton "xona x kai ebnai h posithta = Intan(=2)
kai onom’zetai yeudowkOthta gseudorapidity). H gwnba ePnai h polik gwnbPa pou metr'tai sto
epPpedwm xekin,ntac api ton "xona z. To epPpeday pou brbsketai k'jeta sthn kateOjunsh thc
désmhc anaféretai wec egk’rsio epbpedo kai oi metablhtéc pou metr ntai p"nw se auti sumbolbzontai
me debkth (transverse.

Sq ma 3.5: To sOsthma suntetagménwn toGMS

Sto Sq ma 3.6 fabnetai h eswterik dom tou anigneut CMS kai ta str,mata upoanigneut,n
api ta opoba domebtai. To k'je epPpedo t6MS apotelebtai api éna anigneutiki uposOsthma, to
opobo proorbzetai gia th sullog enic sugkekriménou mérouc thc plhroforbac pou proérgetai api
th sOgkroush twn dOo désmewn prwtonBwn. Api ton sunduasmi aut,n twn plhrofori.n enérgeiac,
orm c kai trogi,n prokOptei h tautopoPhsh twn swmatidBwn pou dhmiourg jhkan kat” th sOgkroush.

Oi téssereic anigneutikec diat"xeic api tic opobec apartbzetai 6MS ebnai oi akiloujec:

V Anigneutéc Trogi“c - Tracker Detector : SOsthma anbgneushc trogi,n pou dbnei plh-
roforbec gia to eDBdoc kai thn orm twn swmatidPwn pou proérgontai api th sOgkroush twn
désmewn.

V Hlektromagnhtiki Jermidimetro - Electromagnetic Calorimeter (ECAL)
Jermidimetro gia thn anbgneush kai meleth fwtonBwn kai hlektronBwn.

V Adroniki Jermidimetro - Hadronic Calorimeter (HCAL) : Jermidimetro gia thn
anbgneush kai meléth oudeterwn all” kai fortisménwn adronbBwn.

V Anigneutéec Mionbwn - Muon detectors : 'Ena anigneutiki sOsthma uyhl ¢ apidoshc
gia th meléeth kai anBgnesuh mionbwn.

Shmantiki komm“ti tou anigneut ebnai epbshc o Swihnoeid ¢ Magn th&dlenoid Magne) ston

opobo ofePlei en mérh to inoma touaMS. O magn thc par"gei magnhtiki pedbo éntashc perbpbdli

parilihla ston “xona thc désmhc me apotélesma na kampul, nei tic trogiec twn swmatidbwn K’jeta
ston “xona aut c.
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Sgma 3.6: H dom tou anigneut CMS. Ta anigneutik” uposust mata api ta opoba apotelebtai
brbskontai se omoaxonik™ epPpeda gOrw api ton "xona thc désmhc.

Weight Length Radius
(t) (m) (m)
CMS 14000 21.6 7.5
coverage Radius/Distance Purpose
injj (m)

Solenoidal 4 layers - 2.95-3.25 bending of charged
Magnet particle trajectories
Tracker pixel < 24 0.05-0.11 measurement of

strip <24 0.20 - 1.16 charge and momentum
ECAL barrel < 1.479 1.24 - 1.86 energy measurement
endcap 1.479-3.0 3.2 of electrons and photons
HCAL barrel <14 1.77 - 2.95 energy measurement
endcap 1.3-3.0 3.9 of hadrons
forward 3.0-52 11.2
Muon barrel <12 3.8-7.38 idedti cation and
System endcap 09-24 5.0 measurement of muons

PPnakac 3.1: Ta gewmetrik™ qarakthristik™ tou anigenut CMS kai twn anigneutik,n upodiat™xe,n
tou. Katagrfetai gia kje uposOsthma h k’luyh pou prosférei se mondec thc  pseudorapidity,
j j» h eswterik kai h exwterik aktbna tou, rinner louter Kai h apistash z tou endcap api to
shmebo sOgkroushc.
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Me afethrDa to shmebo thc sOgkroushc twn désmewn sto eswteriki tdearrel, brbskontai me thn
paratijemenh seir” o tracker, to ECAL kai to HCAL . Oi treic autéc diat"xeic perib”llontai api ton
swlhnoeid magn th. Sth sunégeia, sunant'me to sOsthma twn anigneut,n mionbwn, to opobo brbske-
tai éxw api ton magn th. 'Ena meéroc thc k'je anigneutik ¢ di“taxhc up’rqgei kai stouc dbskouc pou
klebnoun to bareéli, dhlad sta endcaps Stic upoenithtec pou akoloujoOn parousi“zontai oi dia-
t'xeic autéc me perissiterec leptoméreiec. Ston PPnaka 3.1 fabnontai ta gewmetrik™ garakthristik™
tou CMS kai twn anigneutik,n upodiat™xe,n tou [17]

3.3.1 Anigneut ¢ Trogi,n ( Tracker Detector )

To sOsthma anbgneushc trogi,n katagrfei th diadrom pou akoloOjhsan ta fortisména swma-
tbdia mesa sto magnhtiki pedbo pou par"gei o magn thc. O tripoc pou katagr-fetai h trogi” twn
swmatidbwn ebnai upologbzontac tic suntetagmenec touc se orisména shmeba {kleddi pdints).
K’je meétrhsh egei qwrik diakritik ikanithta 10 m . 'Oso pio kurt ebPnai h diadrom pou akoloujeb
to swmatbdio, tiso pio mikr ebnai h orm tou, en, api th for” thc k"'myhc tou diapist,netai to
fortbo tou. 'Etsi, api tic trogiéc twn swmatidbwn mporeb na prosdioristeB me apotelesmatikithta
kai akrbbeia to fortbo, h jesh kai h orm touc.

Epiprisjeta, h plhroforba pou pabrnoume api thn trogi~ grhsimopoiebtai gia thn anakataskeu
thc kOriac kai thc deutereOousac koruf ¢ allhlepBdrashc tou swmatidDou, ipwc kai thc paramétrou
priskroushc. H kOria koruf ePnai to pragmatiki shmebo allhlepbdrashc, dhlad h jésh sthn opoba
sugkroOontai ta swmatbdia O prosdiorismic thc ePnai h b’sh gia thn anakataskeu tou shmebou
ipou oi désmec prwtonbwn epikalOptontabéam spo). H deutereOousa koruf grhsimopoiebtai
gia thn tautopobhsh barewnquarks kai leptonBwn . H par"metroc priskroushc orbzetai wc h
egk’rsia apistash api to anakataskeuasmeno Bgnoc tou swmatidbou éwc to shmebo allhlepbdrashc
kai grhsimopoiebtai gia na diakrbnei ta kosmik™ miinia.

Sq ma 3.7: Sghmatik apeikinish tou Anigneut Trogi,n tou CMS. O sunduasmic twn éxiTracker
Outer Barrel (TOB) , twn tess'rwn Tracker Inner Barrel (TIB) kai se k'je endcap twn tri,n
Tracker Inner Disk (TID) kai twn ennéaTracker End Caps (TEC) exasfalbzei kluyh trogi,n se
periog j j< 24.

O Anigneut ¢ Trogi,n apotelebtai api doméc puritbou éilicon) kai periéqgei 75 ekatommOria hle-
ktronikéc suskeuéc an"gnwshc, oi opoPec mporoOn na anigneOs6UswmatDdicn?=s. 'Eqei m koc
5:2m, aktbnar < 1:2m kai kalOptei periog j j < 2:4. H gewmetrDa tou fabnetai sto Sq ma
3.7. Ligw thc meg’lhc fwteinithtac tou LHC, o anigneut ¢ prépei na éqei polO kal diakritik
ikanithta kai antoq sthn aktinobolba, éqontac sugqrinwc iso to dunatin ligitero uliki  ste

5To pragmatiki shmebo allhlepBdrashc ( real interaction point ) diaférei api to onomastiki shmebo allhlepBdrashc
(nominal interaction point ). To deOtero orbzetai wc h sgediasménh jésh thc sOgkroushc twn swmatidbBwn.

21



Kef'laio 3. O Anigneutc CMS CMS: Compact Muon Solenoid

na mh dhmiourgeD shmantikéc ap,leiec sta swmatbdia pou ton diapernoOn. Kont™ sto shmebo thc
allnlepbdrashc, ipou h ro swmatidbwn ePnai h uyhliterh, grhsimopoioOnt&ilicon Pixel anigneutég

en, se megalOterh apistash api to shmebo allhlepBdrashc h anBgneush pragamtopoiebtabifiven

Micro Strip anigneutéc Oi anigneutéc autoD kalOptoun tiso tobarrel, iso kai ta endcaps

Sugkekriména, gOrw api touc anigneuté8ilicon Pixel, megéjoucl00 150 m 2, pou brbskontai
sto kéntro thc di“taxhc up’rqoun déka str,mata api anigneutéc Silicon Micro Strip sto barrel,
sunarmologhmeéna se floioOc. Ta pr.ta téssera str, mata anigneut,n, me lwrbdec puritbou megeéjouc
10cm 80 m, apoteloOn to eswteriki baréli (Tracker Inner Barrel - TIB) , en, ta upiloipa
sunjetoun to exwteriki bareli (Tracker Outer Barrel - TOB) kai oi lwrbdec puritbou se autéc
tic periogéc éqoun megejo@5cm 180 m . Sthn periog met’bashc api to barrel sta endcaps
up’rgoun epiprisjeta treic eswterikob dbkoi (Tracker Inner Disk - TID) kai ennéa exwterikob dbskoi
(Tracker End Caps - TEC) diatetagménoi omikentra staendcaps Sunolik™ oi anigneutéc Silicon
Strip apoteloOntai api 15400mon“dec m200m? energ epif'neia puritbou.

'‘Otan éna swmatbdio diapern™ ton anigneut, égei arket energeia ,ste na diegebrei ta “toma
tou puritbou, me apotélesma na apob’lloun hlektrinia kai na dhmiourg soun zeOgh hlektronbBwn
kai op,n. Ta fortba pou ekpémpontai sullégontai api k’je pixel, sunjétontac éna mikri palmi
hlektrikoQ s matoc, o opoPoc sth sunégeia enisqOetai api tsipAPV25 (Analogue Pipeline Voltage
Chip). K’je tétoioc palmic katagrfetai we {qtOphma} (  hit) itan éna swmatBdio diérgetai api ton
anigneut kai api ton sundasmi twn hits anakataskeu“zetai h trogi” tou swmatidbou. Oi anigneutéec
puritbou egoun gr gorh apikrish kai qwrik diakritik ikanithta 10 20 m . Gia thn elagistopobhsh
thc diataraq ¢ tou puritbou, ligw thc uyhl ¢ aktinobolPac pou par“getai api tic sugkroOseic, to
sugkekriméno shmebo tou anigneut diathrebtai se stajer jermokrasba20 C.

3.3.2 Hlektromagnhtiki Kalorbmetro ( ECAL )

To Hlektromagnhtiki Kalorbmetro [18] metr"ei thn enérgeia twn diergimenwn hlektronbwn kai
fwtonbwn. O tripoc me ton opobo epitugg netai auti ebnai aporrof,ntac pl rwc to diergimeno
swmatbdio kai metatrépontac thn enérgeia pou enapojetei sto jermidimetro se apikrish tou ani-
gneut. To ECAL apotelebtai api 80000 krOstallouc molObdou bolframBou, P bW Oy, 0i opoboi
leitourgoOn wc spinjiristéc. Auti shmabnei iti itan éna hlektrinio uyhl ¢ enérgeiac  éna fw-
tinio sugkroOetai me &nan pur na touECAL krust'llou, par"getai hlektromagnhtikic kataigismic
fwtonBwn, pozitronBwn kai hlekronPwn éwc itou h enérgeia tou argikoO swmatidDou metatrapeD se
enérgeia fwtonbwn. Ta fwtinia pou eqoun paragjeb api ton spinjirismi lamb™nontai sth sunéqeia
api fwtopollaplasiast , ipou enisqOetai to s ma touc ,ste na upologisteb h argik enérgeia tou
prospbptontoc swmatidbou.

Sq ma 3.8: Sghmatik anaparstash tou HlektromagnhtikoO KalorDmetrou (ECAL) tou CMS.
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To uliki tou krust'llou tou ECAL eégei epilegjeD ligw orisménwn polO gr simwn garakthri-
stik,n tou, ta opoPa ePnai h uyhl h puknitht” tou (= 8:3g=cn?), to mikri m koc aktinobolPac
(Xo = 0:89cm) kai h mikr aktbnaMoliere (R, = 2:5cm). 'Ola aut™ ta stoigeba sundr'moun
sthn paragwg sOntomwn (mikr ¢ di‘rkeiac) kai kal~ orisménwn (mikroO eOrouc) kataigism,n, to
opobo ebnai shmantiki gia thn apotelesmatik enapijesh kai métrhsh thc energeiac tou diergimenou
swmatidbou.

To ECAL gwrbzetai se dOo tm mata, tECAL Barrel kai ta ECAL Encaps:

! To ECAL Barrel (EB) apartbzetai api domec pou onom”zontsiipermodules ipou h K’je
mba apotelebtai api tésseranodules me to pr,to na €gei 500 krust'llouc kai ta upiloipa
400. Oi krOstalloi égoun sq ma kommeénhc purambdac me m2&mn kai embadi pleurc
2.2 2:2cm?, to opobo kajorDzei th diakritik touc ikanithta kai ePnai strammeénoi me gwrba
proc to shmebo sOgkroushc gia thn kalOterh anbgneush tou hlektromagnhtikoO kataigismoO.
Sunolik™ uprgoun 26 supermoduleskai arijmoOntai 61200 krOstalloi sto EB, oi opoboi
kalOptoun thn periog 1:2m<r< 1:8mkaij j< 1:48.

! Apithn’llh,ta ECAL Encaps (EE) apoteloOntai api dOo hmikOklia, ipou h domik mon“da
tou kajenic periégei 5 5 krust’llouc pou onom"zontai supercrystals O k’je krOstalloc sta
endcapségei mhko@2cm kai embadi2:86 2:86¢cm?. Sunolik™ sto k'je EE up“rqoun 3662
krOstalloi, oi opoPoi epektebnoun thn Kluyh touECAL meqri thn perioq j j < 3. Teéloc,
mprost™ api ta EE up’rgei €na tm ma pou onom"zetalECAL Preshower (ES)  kai kalOptei
thn perioq 1:65< j j < 2:6. Apotelebtai api aporrofhtéc molObdou exoplisménouc mslicon
strip anigneutéc, pou éqoun akrbbeia embatt0@ 61mm?2. To komm’ti auti égei mikri p"qoc
pou antistoigeD se 3X, kai o riloc tou ePnai na diagwrizei th diadikasPa’ ! , exaitbac
thc polO mikr ¢ gwnbac metaxO twn dOo fwtonBwn se meg’la

Sg ma 3.9: Tm ma thc diam kouc diatom ¢ to&ECAL .

3.3.3 Adroniki Kalorbmetro ( HCAL )

To Adroniki Kalorbmetro metr“ei thn enapijesh enérgeiac twn fortisménwn all” kai oudéeterwn
adronBwn ston anigneut . Epipleon, metr,ntac thn asummetrba sto egk’'rsio epPpedo paregei mba
émmesh meétrhsh twn diergimenwn swmatidDwn pou den allhlepidroOn me to uliki tou anigneut ,
ipwc ta netrbna. Se antistoigba me to hlektromannhtiki kalorBmetro, sttHCAL itan éna adrinio
allhlepidr’sei me to uliki tou anigneut prokalebtai adronikic kataigismic, o opoboc diaferei se
sgésh me ton hlektromagnhtiki kataigismi wc proc ton grino pou grei"zetai gia na exeligjeb,
to m koc diebsdhshc kai ton tripo pou katanal netai h enérgeia tou swmatidbou. Ta fainimena
pou kajorbzoun thn an’ptuxh enic adronikoO kataigismoO ebnai h paragwg adronBwn, h purhnik
apodiégersh kai h aposOnjesh pionbwn kai mionBwn.

To HCAL ebnai éna deigmatolhptiki kalorbmetro, prosdiorbzei dhlad th jésh, thn enérgeia kai
th gronik stigm “fixhc tou swmatidbou ston anigneut . QrhsimopoioOntai enallassimena str,ma-
ta api puknoOc aporrofhtéc kai spinjhristéc fjorismoO, ulik” ta opoPa allhlepidroOn me ta adrinia
par"gontac deutereOonta swmatBdia pou odhgoOn sth dhmiourgba adronikoO kataigismoO. Kaj.c o
kataigismic exelbssetai mesa ston anigneut , ta swmatBbdia diérgontai mésa api ta difora str,mata
spinjhrist,n par"gontac énan tagO palmi fwtic. Eidikéc optikéc Pnec diamétrou mikriterhc tou
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1 mm sulleégoun to fwc auti kai to metaféroun sta hlektronik™ an“gnwshc ipou up“rqoun fwto-
anigneutéc gia thn enbsqush tou s matoc. Api thn oloklhrwménh “jroish p"nw sta optik™ s mata
pou anigneOontai, prokOptei h diadrom pou akoloOjhse to eisergimeno swmatDdio mésa EIGAL ,
en, tautigrona prosdiorbzetai h energeia kai to eBdoc tou swmatidbou.

Kat™ th di"spash twn swmatidbwn par"gontai kai swmatbdia ta opoPa den af noun kanéna Bgnoc
meésa ston anigneut tou CMS. H anbgneus touc basbzetai sto gegonic iti blepoume swmatbdia na
bgabnoun api th mba pleur” tou anigneut all” igi api thn antidiammetrik thc. Api thn anisorropba
sthn enérgeia kai thn orm sumperabnetai iti éqoun paragjeb {airata} swmatbdia.

Sq ma 3.10: Tm ma thc diam kouc diatom ¢ tou AdronikoO KalorbmetroHCAL ) tou CMS.

To HCAL apartbzetai api tessera tm mata, to Hadronic Barrel (HB) , ta Hadronic Endcaps
(HE), to Hadronic Outer (HO) kai to Hadronic Forward (HF) , ta opobo fabnontai sto Sq ma 3.10.
Sto HB up“rgoun 36 azimoujiakéc sf nec (wedge$, 26 tinwn h k’je mPa, pou sghmatbzoun dOo
half-barrels. K'je sf na apotelebtai api epPpedouc glkinouc aporrofhtec par’llhlouc ston “xona
z - 0 pr,toc kai o teleutaDoc ePnai atslinoi - metaxO twn opoPwn enall’ssontai plastikoD spinjiri-
stéc. Parimoia ebnai kai h diamirfwsh twnHE. Oi doméc autéc égoun stéiB diakritik ikanithta

= 0:087 0:.087 kai K'luyh j j < 1:4, en, sta HE ebnai = 0:017 0:017 kai
1:3<j j< 30. To HO, h exwterik pleur” tou barrel, apotelebtai api epipléon spinjiristéc kai
ebnai kataskeuasmeéno se pénte daktulbouc, parimoia me th dom tou sideréniou skeletoO kai tou
mionikoO sust matoc anbgneushc gOrw api ton anigneut . EPnai topojethméno exwterik” tou swih-
noeidoOc magn th, me skopi na entopbzei ta swmatbdia pou diéfugan api touc eswterikoOc anigneutéc
tou HCAL, exasfalbzontac étsi iti den ja up“rxoun diarroéc enérgeiac. Teloc, sthn emprisjia ka-
teOjunsh ePnai topojethmeéno t¢F, prosférontac epipléon gwniak k'luyh, 3:0<j j< 52. Auti
to komm’ti dégetai pol® meg’lh aktinobolPa, ligw thc mikr ¢ gwnbac we proc ton “xona thc désmhc
sthn opoba brbsketai kai gia auti grhsimopoioOntai anjektikéc optikéc Pnec, pou diatréqoun par’l-
Ihla ton aporrofht kai sullégoun ta optik™ s mata. O riloc tou HF ebnai shmantikic tiso gia
thn anakataskeu twn forward jets iso kai gia thn kalOterh métrhsh thc elleipoOsac egk’rsiac
energeiac.

3.3.4 Swlhnoeid ¢ Magn thc

'Ena api ta shmantikitera mérh tou anigneut ebnai 0 magn thc, eéna uperag,gimo swlhnoeidéc
phnbo me téssera str,mata perielbxewn kai m kd@m, to opobo par"gei axoniki magnhtiki pedbo
3:8T kai kalOptei mba periogj j < 1:5. Ta fortisména swmatBPdia pou anadOontai api to shmebo
thc allhlepBdrashc déqgontai thn epPdrash tou magnhtikoO pedbou kai wc apotélesma k*mptwntai oi
trogiec touc an’loga me to fortbo touc. Me autin ton tripo metrtai h orm twn swmatidbwn. Gia
na epiteugjeb h epijumht akrbbeia ston prosdiorismi thc orm ¢ twn kinhtik,n mionBwn, h opoba ebnai

p=p 10%gia orm p =1 TeV, o magn thc prépei na prosarmizetai sto sq ma tou anigneut .
Gia to ligo auti éqgei epilegjeP na égei sq ma swihnoeidoOc, par’lihlo ston “xona thc désmhc. Sto
eswteriki tou ebnai topojethména ta trba pr,ta anigneutik™ sust mata tou CMS, en, exwterik”
perib’lletai api to sOsthma twn mionik,n anigneut.n. To teleutaDo ePnai embaptisméno se siderénio
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skeleti ,ste na epistréfei th magnhtik ro, en, tautigrona krat’ei touc anigneutéc se téssera
omokentrik” str,mata. To magnhtiki pedbo se auti to shmeBo ePnai antbjethc kateOjunshc api
auti tou kOriou magn th kai epoménwc oi trogiéc twn mionBwn sto exwteriki tm ma tou anigneut
kampul nontai me antbjeth for".

Sg ma 3.11: Egk’rsia diatom tou anigneut CMS, ipou fabnontai ta di“fora anigneutik™ uposu-

st mata api ta opoPa apotelebtai kai brBskontai se omoaxonik™ epPpeda gOrw api ton “xona thc
désmhc. Sto sq ma diakrbnontai oi trogiec diaforetik,n swmatidbwn kai o tripoc me ton opobo
af noun thn upograf touc stouc anigneutéc. Ta arnhtik™ fortisména swmatbdia, ipwc hlektrinia

kai miinia, K"'mptwntai proc mPa kateQjunsh api to magnhtiki pedbo pou dhmiourgeD o magn thc, en,
ta jetik” fortisména swmatBdia, ipwc adrinia, k"'mptwntai proc thn antbjeth kateOjunsh. Ta hle-

ktrik™ oudétera swmatbdia, ipwc fwtinia kai glouinia, den ephre”zontai api to magnhtiki pedbo kai
anagnwrbzontai api tic mh kampulwmeénec trogiéc touc.

3.3.5 Anigneutéc mionbwn ( Muon Detectors )

To mioniki sOsthma anbgneuskit9] apartbzetai api téssereic stajmoOc oi opoboi apoteloOntai
api jal"'mouc ionismoQO aerbou kai kalOptoun energ epif'nei25000m2. 'Otan &na miinio diérgetai
api ton jlamo aerbou ionBzei thn Olh, diegebrontac ta hlektrinia twn atimwn tou anigneut Kai
prokal, ntac gionostoib“dec hlektronbwn, ta opoba sullegontai sthn "nodo dhmiourg,ntac hlektri-
ki sma. Me autin ton tripo gbnetai h anbgneush kai anakataskeu twn mionBwn, ta opoba ebnai
dieisdutik™ kai den allhlepidroOn me tic upiloipec anigneutikéc diat"xeic tou CMS. To sOsthma twn
anigneut,n mionbwn brbsketai exwterik™ tou swihnoeidoOc magn th kai kalOptei sunolik™ periog

< 24 kai 38m <r < 7:38m. H eswterik dom tou sust matoc twn mionik,n anigneut,n
fabnetai sto Sq ma 3.12.

Sthn kentrik perioq , sto mioniki  barrel (MB), ipou h ro mionBwn ebnai gamhl kai to magnh-
tiki pedbo den ePnai isquri, ebnai topojethmeénoi j’lambiift Tubes (DT) . EPnai éna sOsthma api
omikentrouc kulindrikoOc anigneutéc diamétrod cm, omoaxonikoOc me ton “xona thc désmhc, ipou
kajénac apotelebtai api téssereic stajmoOc diaforetik ¢ aktbnac (MB1-MB4). Sto eswteriki tou
k'je swlna ( tube) up’rgei meBgma aerbwn argoO kai dioxeidDou tou “njraka, to opoPo ionDzetai itan
di¢ljei api mésa tou miinio. Ta hlektrinia pou dhmiourgoOntai kateujOnontai ligw tou hlektrikoO
pedbou pou up’rgei sto eswteriki tou swl na se éna sOrma anidou. Api to shmebo p“nw sto sOrma
sto opobo prospbptoun kai ton grino olPsjhshc upologbzetai h trogi” tou mionbou.

Stic periogéec twn endcapsh aktinobolba kai to magnhtiki pedbo ebnai uyhlitera opite qrsimopoi-
oOntaiCathode Strip Chambers (CSC)oi opoboi parégoun akribebc qwrikéc kai gronikéc plhroforbec
gia thn kbnhsh tou swmatidbou kai éqoun mikri grino apikrishc. Diajetoun plégma anidwn Kai
kajidwn topojethménwn mesa se aério, to opobo ionbzetai kat” th dieleush swmatidbwn me apotelesma
ta paragimena hlektrinia na dhmiourgoOn gionostoib da. Api to s ma pou par"getai prosdiorDzetai
h trogi” twn diergimenwn mionbwn.
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Tiso sto barrel, iso kai sta endcapstwn mionik,n anigneut,n up“rqoun oi Resistive Plate
Chambers (CSC) epiprisjetoi jlamoi aerbou apotelloOmenoi api dOo par’lihlec fortisménec
pl'kec kataskeuasménec api uyhl ¢ antBstashc uliki pou leitourgoOn we “nodoc kai k“jodoc.
'‘Eqoun kal diakritik ikanithta kai o skopic touc ePnai na paréqoun sumplhrwmatikéc metr seic
gia th jesh kai ton grino diéleushc twn mionbwn, all” kurbwc diadramatbzoun shmantiki rilo wc
skandalistéc.

Sqg ma 3.12: Diatom tou sust matoc mionik n anigneut,n. Sto barrel kai endi"mesa ston siderénio
skeleti brbskontai 250 j"lamoi Drift Tube (DT) , en, sta endcapsebnai topojethménoi 468athode
Strip Chambers (CSC), oi opoboi aposkopoOn ston prosdiorismi thc trogi'c kai thn tautopoPhsh
mionbwn. Gia th beltistopobhsh thc métrhshc the jéshc twn monbwn, all” kai thn parog plhroforbac
gia ton skandalismi, ePnai egkatesthménoi kai stic dOo periogécResistive Plate Chambers (RPC)
oi opoboi arijmoOn 250 stbarrel kai 432 sta endcaps

3.3.6 SOsthma SkandalismoO (  Trigger )

H sugnithta me thn opoba oi anigneutéc katagrfoun gegonita kat™ th di“rkeia leitourgbac
tou LHC ebna#lOMHz, par"gontai dhlad k'je deuterilepto 40 Mega Bytes dedoménwn. Pera
tou gegonitoc iti h suntriptik aut posithta plhroforbac den ebnai efikti na apojhkeuteb me ta
fusik”™ meésa pou diatbjontai, meg-lo méroc twn dedoménwn pou katagr fontai den prikeitai kan na
grhsimopoihjoOn gia an’lush kaj,c den féroun fusiki endiaféron. Epoménwc, up’rgei h an"gkh
enic sust matoc skandalismoO (Trigger System) pou ja beltistopoieP ton rujmi katagraf ¢ gego-
nitwn kat™ th sullog dedomenwn api touc anigneutéc, epilégontac na krat sei ta gegonita pou
parousi“zoun fusiki endiaferon.

Sto CMS grhsimopoiebtai wc sOsthma skandalismoOTRIDAS (Trigger and Data Acquisition
System) [20] H epilog twn gegonitwn pou ja diathrhjoOn exarttai api th stigmiaba fwteinithta
tou anigneut kai mporeb na prosarmosteD kat” th di"rkeia thc leitourgbac tou. To sOsthma skanda-
lismoO grhsimopoieb éwaline trigger menu, to opobo perilamb™nei poll” diaforetik™ trigger paths
- dhlad sullogéc krithrDwn epolog ¢ - pou mporoOn na efarmistoOn kat™ th di*rkeia | yhc twn
dedoménwn. H diadikasPa eléggou kai epilog ¢ twn gegonitwn ePnai diamorfwmeénh se dOo st'dia. Ta
dedoména pern’ne pr.ta api tonLevel-1 Trigger kai sth sunégeia api ton High Level Trigger.

Sto pr.to st'dio tou sust matoc skandalismoO, ta dedoména diérgontai api ton Level-1 Trigger
(L1T) . ApojhkeQontai se bu ers meéqri o skandalist ¢ na apofasDsei an to gegonic aporrbptetai
gbnetai dekti. OL1T apotelebtai apokleistik™ api hardware, to opobo brbsketai topojethméno iso
to dunati pio kont” ston anigneut , ,ste na mhn up“rgei kajusterhsh sth met"dosh thc plhroforbac
api ton anigneut ston skandalist. QrhsimopoieD dedoména api ta kalorDmetra kai to sOsthma
anbgneushc mionbwn wste na pragmatopoi sei mPa el gisth anakataskeu tou gegonitoc kai sth
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sunégeia efarmizei proepilegmeéna krit ria gia thn apirriyn  mh autoO. O grinoc pou apaiteBtai gia
ton élegqo tou gegonitoc ebnail s, en, sunolik™ gia th sullog kai epexergasba twn dedoménwn
apaitoOntai3:2 s . O L1T epitugqnei na mei_sei ton igko twn dedoménwn se perDpbi 100kHz.
'‘Osa gegonita epibi,noun metaférontai ston HLT gia peraiterw an’lush.

Sqma 3.13: H argitektonik tou Level-1 Trigger. Par"gontai topik™ antikePmena skandalismoO
grhsimopoi, ntac plhroforbec api thn kat'jesh enérgeiac sta kalorbmetra. Par’lihla, anakata-
skeu"zontai ta Bgnh twn mionDBwn topik™ stoudTs kai CSCs en, api touc RPCs kataskeu"zontai ta
upoy fia miinia. Oi plhroforBec api touc anigneutéc sundu“zontai ston kajoliki skandalist kai

en telei gbnetai h epilog thc apirriyhc mh tou gegonitoc, opite pern“ei ston HLT gia peraiterw
an’lush.

O High Level Trigger (HLT) [21] apotelebtai apokleistik™ api software kai to trigger menu
tou ebnai gwrisméno seigger paths pou exart,ntai api ta fusik™ antikebmena kai garakthrbzontai
api sugkekriména kinhmatik™ krit ria. Oi algirijmoi pou grhsimopioOntai gia na filtr'roun ta
gegonita ebnai katanemhmeénoi se trba epbpeda. Arqgik”, sto epbpedo anakatadkevetl (L1)
grhsimopoioOntai ta dedomeéna api ta kalorPmetra pou éqei sulléxeildT. Sto deOtero epPpedo,
Level-2 (L2), kataskeu"zontai memonwmena miinia grhsimopoi, ntac tés stouc anigneutéc mionbwn,
en, sto trbto epbpedolevel-3 (L3), sunupologbzontai dedomeéna api ton anigneut trogi,n gia thn
anakataskeu tou Bgnouc tou kaje memonwmeénou mionbou. Téloc, sunduzetai ilh h plhroforba kai
gPnetai anakataskeu oliklhrou tou gegonitoc. Kat" thn olokl rwsh thc diadikasPac skandalismoO
ta dedoména pou diathroOntai sto sOsthma ePnai pléon thc t'xhc td@0Hz .
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Kef'laio 4

Fusik SugkroOsewn PrwtonBwn
ston LHC

4.1 Sked'seic prwtonbou - prwtonbou

4.1.1 H dom tou prwtonbou

H dom tou prwtonbou ebnai kabriac shmasbac gia thn katanihsh kai meléth thc fusik ¢ twn
sugkroOsewn prwtonBwn. To prwtinio ePnai mPa désmia kat stash trignarks, dOcup kai enic down
(uud), ta opoba onom”zontajuark sjenouc (valence quark3. H periplokithta thc dom c tou egkeitai
sto gegonic iti diamorf netai peraitérw api mPa dunamik kat'stash api glouinia kai zeOgh qg, ta
legimena sea quarks Ta sea quarkssghmatbzontai api diadikasPec diagwrismoQ glouonfykuroi
splitting ), en, api thn antbstrofh diadikasba, thn exadlwsh zeug,n qq (annihilation), par‘gwntai
glouinia. 'Etsi, mésa sto prwtinio up“rgei énac ter"stioc arijmic api 0, g, q se suneqg dunamik
allnlepbdrash metaxO touc, pou onom”zontai partinia fgartons). H dom tou prwtonbBou anaféretai
ston tripo pou ebnai katanemhmeéna ta partinia mesa sta prwtinia.

Sqg ma 4.1: Oi katanoméc twn puknot twn pijanithtac twn partonBwn sto eswteriki tou prwtonbou
se akrbbeidNNLO (next to next to leading order) api thn om™da MSTW [22]. Perilamb”nontai
oi mp™ntec abebaiithtac se eOrocl (68%). Sta meg’la x kuriagrnoOn ta quarks sjénouc,
en, sta mikr" ta glouinia, kaj,c égoun megalOterh pijanithta emf'nishc ta soft glouinia kai

éqoun megalOtero par“gonta qr,matoc (color factor) api ta zeOghqgg. Ta pio bari® quarks égoun
mikriterh pijanithta emf nishc gia auti kai oi katanomeéc touc diaféroun. Stic uyhliterec enérgeiec

oi diaforéc autéc mikrabnoun, en, epipléon ebnai pio pijan h emf'nish zeuggq kai glouonbwn.
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To kOrio garakthristiki pou ePnai sgetiki me tic sugkroOseic prwtonbwn ePnai h katanom thc
tetraorm ¢ tou prwtonPou sta di‘fora partinia [23]. Gia partinio tOpou glouonPou kai elafri,n
quarks (i = g;u;u;d;d), h puknithta pijanithtac na metaferjeb se auti ena kI'sma x thc ormc
tou prwtonbBou ebnéj(x; ), ipou ¢ ePnai h kiPmaka paragontopoPhsfactprization scale). H
kibmaka ¢ diagwrbzei to komm™ti thc sklhr ¢ skédashc twn partonbwn, pou mporeb na upologisteb me
diataraktikéc mejidouc, api to komm’ti gamhl ¢ enérgeiac ipou paQei na isqOei h jewrba diataraq,n
kai perigr-fetai api tic puknithtec pijanithtac. Katégei dhlad an’logo rilo me thn par"metro R
stic jewrDec epanakanonikopoBhshc, me th diafor” iti anaféretai se apeirismoOc gamhl,n energei,n
infrared (IR), kai igi ultraviolet (UV) pou afor” thn epanakanonikopobhsh. Polléc forec tbjetai

F = Rr = Q,ipou Q h garakthristik klPmaka thc diadikasbac pou melettai.

Gia ton prosdiorismi twn puknot twn pijanithtac gbnetai prosarmog se dedoména, kurbwc api
sugkroOseic hlektronbou - prwtonbou, se gamhiQ?, oi opoPec sth sunégeia epektebnontai se uyh-
litera Q2 mésw twn exis,sewnDGLAP . Oi exis seic autéc prokOptoun api thn apabthsh ta para-
throOmena megéjh na mhn exart ntai api thn aujabreth kiIPmaka. K'je om"da pou asqoleBtai me
thn exagwg touc grhsimopoieb diaforetikec parametropoi seic kai ex"gei diaforetik™ apotelésmata,
pou prépei wstiso na ePnai statistik™ sumbat™ metaxO touc. Sto Sq ma 4.1 fabnontai oi puknithtec
pijanithtac gia ta di*fora eDdh partonPwn gia Q? = 10 GeV? kai Q? = 10* GeV?.

4.1.2 Sklhr skédash partonbwn

Sta peir'mata sugkroOsewn swmatidbwn, mBa shmantik posithta ePnai h enérgeia kéntrou m"zac
s, h opoba ebnai h enérgeia pou diatbjetai gia th dhmiourgba swmatidbwn kai thn apidosh kinhtik ¢
enérgeiac se aut”. Ston LHC, h posithta s kajorbzetai api tic tetraorméc Py, P, twn eiserqimenwn
prwtonBwn pou sugkroOontai, mésw thc sqéshc

s=(P1+ Py)?
= P2+ P{+2P;:P;

=(EZ p®)+(EF ®)+2(EiE2 pm); (4.1)

ipou E1, E, kai p, # 0i enérgeiec kai oi triorméc twn prwtonBwn antbstoiga. Epeid oi dOo désmec
prwtonbwn eqoun epitaqunjeb se Bdia enérdeias E» = Eproon Kai €qoun antbjetec kateujOnseic
B B2, h enérgeia kéntrou m"zac ebnai

p_
s=2 Eptoton : (42)

Kat" thn anelastik sOgkroush d@o prwtonBwn me tetraorméd®; kai P,, h sOgkroush pragmato-
poiebtai sthn pragmatikithta metaxO dOo partonbwn twn prwtonE]Mnai j, me tetraormécpi = X Py
kai pp = Xx;P2. Oi egk'rsiec sunistsec twn partonbwn jewroOntai amelhtéec. SOmfwna me
to je,rhma paragontopobhshc (actorization theorem) [24] h energic diatom gia mba diadikasba
P1P, ! X, mporeb na analujeb mésw thc energoO diatom ¢ twn partonBywny , kai twn pukno-
t twn pijanitht’c touc, f(x; 2), wc ex ¢ (Sq ma 4.2)

x Z z
PiPyl X = dxifip,(xi; B)  dXifip, (X5 E)MNi x (XiPuXiP2; s F): (4.3)
ij =g:a:q

Sq ma 4.2: Sghmatik anaparstash thc sklhr ¢ skédashc partonbwn se sugkroOseic pp.
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To kommti the sklhr ¢ skédashc twn partonbwn upologbzetai sto plabsio thc jewrbDac diatara-
g.n. H sgésh aut ePnai polO shmantik gia ektim seic energ,n diatom n se sugkroOseic prwtonbou
- prwtonbou. Gia ta partinia, ta opoba diajétoun éna mikri posostix;, X;j thc argik ¢ orm ¢ twn
prwtonBwn, h enérgeia tou kéntrou m"zac den ePnai ekeBnh twn prwtersD{@8 T eV)?. An upojései
kanebc iti oi m“zec touc ebnai mikréc se sgésh me thn orm touc, h enérgeia kéntrou m“zac thc sklhr c
skédashc partonbwn ebnai

$=(p+p)=pi+p +2p P =2xixPiP2) 8= XX s (4.4)

Me th metatrop aut mporeb kanebc na melet sei ti ePnai pio pijani wc proc ta argik™ partinia se
mba sugkekriménh kinhmatik periog . Gia par"deigma, e'n jelei kanebctépaquark sthn telik
kat'stash prépei §>m?) xix; > 1:8 10 *

4.1.3 Energic diatom

H sunolik energic diatom gia thn allhlepPdrash dOo prwtonbwn ebnai 100mb, ipwc fabnetai
sto Sq ma 4.3. Api aut éna méroc thc mino parousi“zei endiaféron gia th fusik twn sugkroOsewn
ston LHC, kaj.c epikentr netai stic anelastikéc skedseic ipou ta dOo prwtinia sp™ne kai allh-
lepidroOn ta partini” touc. 'Etsi, afair,ntac to méroc twn elastik,n difractive allhlepidr"sewn,
h energic diatom gia tic sked"seic pou mac endiaféroun ebnai perbpdmb. Parilo pou to noOmero
auti ebnai meg’lo, parathreb kanebc api to Bdio sq ma iti oi energéc diatomec gia diadikasbec ipwc
h paragwg top quark mpozonPoiliggs ePnai polO mikréc. Gia ton ligo auti kai prokeiménou na
par"getai arketic igkoc gegonitwn me endiaférousa fusik qrei“zetai oi sugkrouimenec désmec
prwtonBwn na apoteloOntai api pakétgbunches) me poll” prwtinia.

Sq ma 4.3: Energéc diatoméc an” enérgeia kéntrou m”zac gia orisménec tupikéc diergasbec pou pro-
kOptoun se sugkroOseic prwtonbou - prwtonbou.
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4.1.4 Fwteinithta

H fwteinithta L (Luminosity) ePnai mPa posithta pou grhsimopoiebtai sth fusik twn epitaqu-
nt,n gia na posotikopoi sei thn apidosh kai thn éntash twn sugkroOsewn [25]. Exart'tai api ta
garakthristik™ tou epitaqunt kai ekfr"zei ton rujmi R paragwg ¢ N arijmoO swmatidbwn api mPa
diadikasba me energi diatom an™ mon“da qrinou dt,

dN
R=—= L: 4.
at (4.5)
Stic analOseic grhsimopoiebtai h oloklhrwménh fwteinithta (integrated luminosity ), h opoba dbnetai
api th sgésh
z
Linn =  dtL: (4.6)

Sthn perbptwsh dOo sugkrou,menwn aktin,n apiN, désmec swmatidBwn h kajemPa kahme,
prwtinia h k'je désmh, h fwteinithta ebnai

Nning
4 Xy

L=1fNgy F; 4.7)

ipou jewroOme gkaousian” profBl stic X, y diast’seic thc désmhc me apokiDsei,  kai sugnithta
peristrof ¢ f. O par"gontac F ebnai énac gewmetrikic diorjwtikic par"gontac. H posithta aut
debqnei pisoi pijanob sunduasmob sugkroOsewn uprgoun an™ mon“da epif'neiac thc désmhc kai an”
mon“da grinou. Gia na diathrhjeb h apodotikithta tou peir'matoc gia mba dedomenh enérgeia
fwteinithta thc di"taxhc prépei na aux"netai wec E?, kaj,c h energic diatom eBnai 1=E?2.

4.1.5 Underlying Event

Kaj,c ta prwtinia ePnai sOnjeta swmatbdia mporoOn na prokOyoun pollapléc allhlepidr seic
partonbwn se mPa sOgkroush prwtonBwn. Ta gegonita ipou pollapl” partinia twn dOo sugkrouime-
nwn prwtonBwn allhlepidroOn metaxO touc anaférontai me ton irtinderlying Events [26]. Epipri-
sjeta, tiso prin api th sklhr skédash twn partonbwn iso kai met”, mporeb na ekpemfjeb aktinobolba
pou anaferetai wc initial-state kai nal-state radiation , en, up“rqoun kai merh twn prwtonBwn pou
den allhlepidroOn (beam reamnantd. Efison oi diadikasPec autéc égqoun koini shmebo sOgkrou-
shc, den mporoOn na diagwristoOn metaxO touc kai sunep,c ila ta partinia kai ta prodinta twn
sugkroOse,n touc ja emfanistoOn sthn telik kat'stash kai prépei na sumperilhfioOn stic pro-
somoi_seic twn gegonitwn. Oi sunist,sec tou underlying event pou emfanbzontai se mPa sOgkroush
prwtonbwn fabnontai sto Sq ma 4.4.

Sq ma 4.4: Underlying event kat” th skihr skédash dOo prwtonBwn.
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416 Pile Up

O skopic tou LHC ebnai h paragwg meg’lou igkou dedoménwn ,ste na mporesoun na parathrh-
joOn akima kai polO sp’niec diergasPec, exoO kai o meg’loc rujmic sugkroOsewn pou pragmatopoi-
oOntai. H auxhmeénh aut fwteinithta tou epitaqunt shmabnei iti kat" tic pollapléc allhlepidr’seic
prwtonbou - prwtonPou pou pragmatopoioOntai an™ diastaur,menh désmh, prokOptoun poll” epipléin
gegonita pou parousi“zoun endiaféron (kurbwcsoft QCD diadikasbec). To fainimeno kat™ to opobo
katagr-fontai ston anigneut perissitera api éna gegonita onom“zetai  pile up. Stic sugkroOseic
prwtonBwn touLHC h kat’stash aut perilamb™nei dOo epimérouc tm mata, toin time kai to out of
time pile-up. To in time pile-up anaféretai sthn kat'stash ipou sth sOgkroush dOo désmewn api
prwtinia gbnontai parap™nw api mPa sked"seic prwtonBwn. O arijmic tétoiwn sugkroOsewn akolou-
jeb katanom Poissonme mésh tim = L=Ny jnq 23 gia energi diatom anelastik,n sked"sewn

inel 70mb. To out of time pile-up ePnai o epipléon arijmic sugkroOsewn pou katagrfontai
tautigrona itan o grinoc apikrishc tou anigneut ebnai megalOteroc api ton grino metaxO dOo
diadogik,n désmewn. Tepile up ePnai mba par'metroc sth fusik twn sugkroOsewn h opoBa prépei
na upologbzetai kai na afairebtai api ta dedoména, kaj,c diaforetik™ oi metr seic thc enérgeiac den
perilamb“noun mino ta swmatbdia pou proérgontai api th diadikasba thc sklhr ¢ skédashc pou mac
endiaféerei, all” kai api epiprisjetec koruféc allhlepbdrashc.

4.2 Adronik™  Jets
4.2.1 Anakataskeu Adronik,n Jets

To jet ePnai éna sOnolo adronBwn kai “llwn swmatBdiwn pou par"gontai api thn adronopoBhsh

enic quark enic glouonbou kai brbskontai mésa se enan diagwrisméno k no kajorismenhc aktbnac
R. Ta quarks kai ta glouinia pou par"gontai api thn anelastik skédash, ta opoPa apoteloOn

éggrwmec partonikéc katast'seic, den mporoOn na up“rxoun wc eleOjera swmatbdia iI@CD pe-
riorism,n, par” adronopoioOntai se "qgrwmec désmiec katast'seic kai metatrépoun thn enérgei” touc,
prokal ntac énan steni kataigismi swmatidbwn. 'Enajet perilamb™nei ila aut™ ta mh suggrammik™
swmatbdia, ta opoba mporeb na ebnai piinia, kainia, akima kai prwtinia, netrinia kai férei to apo-
tOpwma twn argik,n partonbwn. Ja mporoOsame, étsi, na poOme itijms ebnai topik clusters
enérgeiac sunodeuimena api troq|ec swmatidbwn. jEts qwrbzontai se dOo kathgorbec: fErompt
jets pou proérgontai api thn kOria sOgkroush kai ta pile up jets pou proérgontai api deutereOousec
sugkroOseic (twn Bdiwn diastaur,menwn désmewn).

'Ena polO krbsimo komm™ti thc an”lushc twn telik n adronik n katast’sewn ePnai h anakataskeu
twn adronik n jets (Jet Reconstruction), kaj,c aut™ feroun thn plhroforba gia ta arqik™ partinia.

'Opwc fabnetai sto Sq ma 4.5 énget gwrbzetai se trba epbpdda]:

1. To partoniki epbpedo - Parton Level , pou apoteleb to arqiki partinio ( quark glou-
inio) api to opobo pro lje to  jet,

2. To swmatidiaki epbpedo - Particle Level |, sto opobo an koun ta swmatbdia pou par“go-
ntai api to arqiki partinio met” thn adronopobhs tou kai

3. To epbpedo tou anigneut - Detector Level , to opobo anaféretai sto jet pou anti-
lambanimaste ligw thc allhlepPdrashc twn swmatidBwn tou kataigismoO me ta anigneutik®
sust mata.

O skopic thc anakataskeu ¢ tou jet ePnai na ekmaieOsei api tic plhroforbec pou katagr fontai
sto epbpedo tou anigneut thn pragmatik plhroforba gia to arqgiki partinio. Ligw thc diadika-
sbac kataigismoO, mikréc allagéc sthn arq thc diadikasPac adronopoBhshc mporoOn na odhg soun
se arket” meg'lec apoklbseic sta antikebmena pou metr'me. Ta telik™ apotelésmata ephre“zontai
epiprisjeta api hlektroniki jirubou, kajist,ntac th diadikasba tautopobhshc akima duskoliterh.
'Etsi, gia thn apotelesmatik anakataskeu kai meleth twn jets egoun anaptugjeb di*foroi algi-
rijmoi, oi opoPoi sundu”zoun plhroforDec api ta kalorPmetra kai to sOsthma anBgneushc trogi,n
,Ste na tautopoi soun to jet [27].

6 AdronopoPhsh - Hadronization : H diadikasPa kat™ thn opoPa quarks kai glouinia, ta opoPa sthn eleOjer touc
morf ebnai astaj, sundu”zontai se désmiec stajeréc katast'seic sghmatbzontac adronba.
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Sq ma 4.5: Anapar“stash enic gegonitoc, ipou fabnetai to shmebo thc sOgkroushc twn désmewn
prwtonbwn, h paragwg twn argik,n partonBwn, o kataigismic pou prokalebtai api thn adronopob-
hs touc kai en télei h anbgneus touc mésw thc allhlepbdrashc twn stajer,n swmatidbwn me tic

anigneutikec diat’xeic.

DOo ebnai oi kOridathgorbec algorbjmwn anakataskeu ¢ twn jets pou grhsimo-
poioOntai. H pr,th kathgorba ePnai cCone Type algirijmoi  [28], stouc opoPouc empPptourd @iPR
(Iterative Cone with Progressive Removal), IC-SM (Iterative Cone with Split-Serge procedure) kai
SIScone (Seedless Infra-red Safe cond) deOterh kathgorba ePnaisgiquential clusteringalgirijmoi
[29], stouc opobouc an koun oi algirijmoi kt, anti-kt kai Cambridge/Aachen.

Orismeéna koin™ stoigePa pou garakthrbzoun touc algorDjmouc autoOc ePriosdiorismic tou
meégejoc toujet kai h idiithta na ebnailRC safe (Infrared and Collinear). To mégejoc kai h perioq
K'luyhc tou k,nou mésa ston opoBo orDzetai énget kajorDzoun thn euaisjhsPa tou se anepijOmhth,
soft aktinobolba. MPa meg’lh aktbna tou k ,nou toget epitrépei na sumperilamb™netai se auti
arket” meg’lo meroc twn adronopoihménwn swmatidbwn kai étsi o upologismic thc m"zac kai thc
enérgeiac toujet gbnetai me megalOterh akrBbeia. Api thn llh, o orismifet mikriterwn aktBnwn
ebnai gr simoc gia th mePwsh tou arijma@derlying events kai pile-up pou sullamb™nontai sto
jet, ,ste na apotrépetai h uperektbmhsh thc m“zac kai thc enérgei“c tou. Peraiteérw, eéna gegonic
garakthrbzetai wclRC Safeitan sto irio mPac di"spashc kat™ thn ekpomp enic soft swmatidbou,
to parathroOmenchard jet paraménei amet’blhto. H gr sh enic collinear unsafealgorbjmou &gei wc
apotélesma thn diaforopobhsh tou arijmoQ kai tou perieqoménou tget kat™ th di"spash enic hard
swmatidbou. Parimoiec epipt,seic éqei kai h gr sh eniénfrared unsafealgorbjmou itan prostbjetai
sto sOsthma énasoft glouinio. 'Etsi, mésw thc idiithtac IRC Safe o algirijmoc eggu’tai akOrwsh
pragmatik, n kai eikonik,n apoklbsewn se upologismoOc irwn uyhliterhc t"xhc.

H anakataskeu twn jets xekin“ei api thn an"gnwsh twn enapojésewn enérgeiac pou kata-
grfoun ta dOo jermidimetra ( ECAL kai HCAL) kai twn jésewn twn kataigism_n, plhroforBec oi
opobec grhsimopoioOntai we eDsodoc ston algirijmo anakataskeu c. H diadikasPa aut exelPssetai
se tessera st'dia. Pr,ta, efarmizontai energeiak”™ kat flia sta jermidimetra ,ste na diagwrbzo-
ntai ta counts api ton metroOmeno jirubo. 'Epeita, oi plhroforDec pou lamb™nontai memonwmeéna
api ta jermidimetra ECAL kai HCAL, sundu“zontai. 'Ena epiprisjeto cut epiblletai ,ste na
gbnei katastoll thc sullog c enérgeiac api  Pile Up kai Underlying Events sto jermidimetro. Sth
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sunegeia, o algirijmoc sugkentr nei ilh thn enérgeia pou brbsketai sta jets gqrhsimopoi,ntac mba
sugkekriménh firmoula kai efarmizetai éna cut sthn egk’rsia enérgeia, kaj,c ta jets me gam léc
enérgeiec den ebnai kal” orisména. Telik", ta anakataskeuasmgets bajmonomoOntai me th bo jeia
kal” orisménwn fusik,n gegonitwn. Se auti to b ma prokOptoun diaforetikéc pijanithtec gia

na IhfieD h akrib ¢ enérgeia tou jet, kaj,c kanebc diakrbnei metaxO diadikasi.n bajmonimhshc me
exwterik™ (p.q. test beamg kai eswterik™ (p.q. in situ) dedomeéna.

'Ena shmantiki méroc thc anakataskeu c twnjets ebnai lenergeiak touc bajmonimhsh ,
dhlad h rOjmish thc susgétishc metaxO thc enérgeiac tou swmatidDou kai tou s matoc pou epistréfei
0 anigneut c. Pr ta, h bajmonimhsh twn anigneut,n gbnetai me dokimastikéc desmgest beams) me
gnwst™ swmatbdia kai energeiec. 'Epeita, pragmatopoiebtai epipléon bajmonimhsh kat™ th di“rkeia
leitourgbac tou peirmatoc, grhsimopoioOntai arket™ melethménec kai gnwstéc fusikéc diergasbec
(gia par"deigma gia th bajmonimhsh touECAL grhsimopoiebtai h di"spastz ! €*e en, gia th
bajmonimhsh touHCAL grhsimopoioOntai + jets gegonita).

Epiprisjeta, to  CMS éqei anaptOxei éna sOsthreaergeiak ¢ diirjwshc twn jets polla-
pl.n epipedwn. Oi diorjwtikoB par"gontec lamb™nontai api prosomoi,seic basisménec se dedoména
api test beams se dedoména pou proérgontai apeujePac api sugkroOseic kai api prosomoi seic
suntonisménec me dedomeéna sugkroOsewn. H seir” me thn opoPa efarmizontai oi diorj,seic ePnai h
akiloujh: pr.ta gbnetai h diijwsh O set ligw pile-up kai hlektronikoO jorObou, sth sunégeia
diorj,netai to sgetiki , ,Ste na gbnei h apikrish tou jet epbpedh sunart sei tou j; gia mba sugke-
kriménhpy kai téloc, pragmatopoiebtai diirjwsh sthn apiluth pr gia na gbnei h apikrish toujet
epbpedh sunart sei touprjet -

4.2.2 Tautopobhsh twn b quarks - b-tagging

H diadikasba eOreshc kai tautopoPhshc tj@i pou proérgetai api énabottom quark onom”zetai

b-tagging [30] [31] O diaqwrismic twn b jets api ta “lla  jets pou proérgontai api elafri” quarks

glouinia ePnai exairetik® shmantikic gia th di*krish metaxO s matoc kai upob’jrou se polléc
analOseic. Ligw thc mikr ¢ tim ¢ twn suntelestn  Vy, kai Vg, tou pPnakaCabibbo-Kobayashi-
Maskawa, ta b adrinia éqoun arket™ uyhli grino zw ¢ ( 1:5ps) kai se sunduasmi me thn tagOtht"
touc taxideOoun merikmm mésa ston anigneut meégri na diaspastoOn. 'Eqoun dhlad embéleia
pou ePnai mPa t'xh megeéjouc megalOterh api th qwrik diakritik ikanithta tou anigneut trogi’c.
Auti dbnei th dunatithta sto sOsthma anBgneushc tol€MS gia diagwrismi me polO uyhl akrbbeia
metaxO thc kOriac koruf c(primary vertex) api anelastik skédash kai thc deutereOousac koruf ¢
(secondary vertex) pou proérgetai api di"spash tou b quark. O algirijmoc pou efarmizetai ebnai
0 CSV (Combined Secondary Vertex) o opoboc grhsimopoieb sunduastik™ plhroforbec trogi,n api
ton Tracker pou sth sunegeia pern"ne api pollapl” krit ria epilog c. Epbshc, to kI'sma thc
enérgeiac api fortisména adrinia se énajet kai h anallobwth m"za ilwn twn swmatidbwn pou egoun
antistoighjeb se deutereO-ousa koruf lamb nontai upiyh étsi ste na gbnetai h di"krish touc api
non b tagged jets dhlad jets pou den periegoun prodinta api di"spashb quark. O CSV algirijmoc
dbnei mba suneq éxodo, metaxO 1 kai 0 upodeiknOontacjeh eébadb-tagged iqgi, antbstoiga. H
el"gisth tim tou b-tag scorepou mporeb na éqei gBa gia na jewrhjeb b-tagged exart'tai api to
working point twn metr sewn.

4.3 Algirijmoc Ro ¢ Swmatidbwn

O algirijmoc anakataskeu c thc ro ¢ swmatidbwn (Particle Flow Algorithm ) grhsimopoiebtai
sgedin se ilec tic analOseic sto  CMS [32] 'Eqei skopi thn anagn, rish kai thn anakataskeu k’je
swmatidbou pou prokOptei api tic sugkroOseic prwtonDou - prwtonBou sto kéntro tou anigneut ,
sundu“zontac ilec tic plhroforBec pou proérgontai api ta anigneutik™ uposust mata. To apo-
telesma pou prokOptei api ton algirijmo ro ¢ swmatidbwn odhgeD se mba beltiwvménh apidosh sthn
anakataskeu twn jets, all” kai sthn tautopobhsh hlektronBwn, mionBwn kai tau swmatidbwn.

O algirijmoc ro ¢ swmatidbwn basbzetai se mba apotelesmatik kai kajar anakataskeu trogi“c,
se enan algirijmo sumplégmatoc (luster) pou égei thn ikanithta na aposunarmologeb epikaluptime-
nouc kataigismoOc swmatidDwn kai se mPa apotelesmatik diadikasPa sOndeshc pou mporeD na sundései
tic enapojéseic energeiac tou k'je swmatidbwn se k’je upoanigneut[33]. Sunoptik”, o algirjmoc
mporeD na perigrafeD me ton akiloujo tripo. Oi trogiéc prokOptoun mésw twn jermidomeétrwn, an
brejoOn mésa sta iria enic api ta poll”  clusters, ta opoPa sqetDzontai me thn ek stote troqi”. To
sOnolo twn trogi.n kai twn clusters apoteloOn éna fortisméno adrinio kai ta stoigePa kataskeu ¢
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tou swmatidBou autoO paOoun na grhsimopoioOntai ston algirijmo. Ta miinia anagnwrbzontai nw-
rbtera, ste oi trogiéc touc na mh mporoOn na mperdeutoOn me éna fortismeéno adrinio. H diageBrish
twn hlektronBwn ePnai pio dOskolh. Ligw thc aktinobolDac pédhshc pou ekpémpoun ta hlektrinia,
grhsimopoiebtai mba sugkekrimenh anakataskeu thc trogbac touc, kaj,c kai mba sugkekriménh diadi-
kasPa gia th sOndesh twelusters fwtonBwn me ta hlektrinia, étsi ste na apofeugjeD h métrhsh
thc enérgeiac dOo foréc. 'Otan ilec oi parap™nw trogiéc égoun anakataskeuasteD, ta enapomebnanta
clusters antistoigbzontai se fwtinia ison afor™ to hlektromagnhtiki jermidimetro (  ECAL) kai se
oudétera adrinia ison afor” to adroniki jermidimetro ( HCAL).

'Otan ilec oi enapojéseic enic swmatidbou éqgoun susgetisteD mporeD na ektimhjeD h fOsh tou kai
oi plhroforBec api ta anigneutik™ uposust mata sundu”zontai gia ton upologismi thc tetraorm c
tou me meg’lh akrbbeia. Se perbptwsh pou h bajmonomhmeénh enérgeia twn jermidometreladtens
pou sgetbzontai me mba troqgi~ uperbeb thn orm thc trogi“c perissitero apl , tite h diafor™ aut
apodbdetai se éna epikaluptimeno oudétero swmatbdio (fwtinio adrinio), pou éqei enérgeia pou
antapokrbnetai sth diafor” twn dOo metr sewn. H telik IDsta twn swmatidbwn apotelebtai api
fortisména adrinia, fwtinia, oudétera adrinia, hlektrinia kai miinia kai grhsimopoiebtai gia thn
anakataskeu twn jets kai thc elleDpousac egk'rsiac enérgeiac.

4.4 Kinhmatikec Metablhtec

Ston LHC h eikina thc sOgkroushc twn prwtonBwn se enérgeia kéntrou m"zd8TeV égei wc
ex c: ta dOo prwtinia epitagOnontai se energeie&E poron = 6:5T eV to kajéna kai sugkroOontai me
antidiametrikéc ormec kat™ m koc tou “xonaz. 'Etsi oi tetraorméc twn prwtonBwn gr-fontai

Py =( E ptoron ; 0; 0; E ptoron ); P, =( Eptoron 3 0;0;  Eptoron ):

ipou se autéc tic enérgeiec h m“za twn prwtonBwn ebnai amelhtéec se sqgésh me thn kinhtik touc
enérgeia. Wstiso, h pragmatik sOgkroush gbnetai metaxO twn partonBwn, ta opoPa féroun éna tugabo
kI’'sma thc orm c tou prwtonbou, to opobo den gnwrbzoume. Sunep,c, ta prodinta miac partonik ¢
sklhr ¢ skédashc éqoun epbshc “gnwsth orm stonz “xona. Prokeiménou na ergastoOme me megéjh
pou aforoOn ta prwtinia, boleOei na epiléxoume posithtec pou den diaforopoioOntai metaxO tou
sust matoc tou ergasthrbou kai tou kéntrou m“zac twn partonBwn. Tétoiec kinhmatikéc posithtec
ebnalorentz anallobwtec se diam keic prowj seic [34], [35]

Stic sugkroOseic prwtonBwn grhsimopoiebtai éna kartesiani kai dexiistrofo sOsthma suntetag-
ménwn (Sq ma 4.6), ipou oi sugkrouimenec désmec kinoOntai kat™ m koc tou “xangbeam axis) kai
to egk’rsio sthn sOgkroush epPpedo ePnai oy epPped(ransverse plane) H arq tou sust matoc
suntetagménwn orDzetai wc to shmebo sOgkroushc twn désmewn. Ligw tou kulindrikoQ sq matoc
twn anigneut,n sunhjbzetai na qrhsimopoioOntai oi gwnBec twn kuliknrik,n suntetagmeénym ; ),
ipou r ebnai h apistash api ton "xonaz, ebnai h azimoujiak gwnba h opoba metr'tai sto epPpedo
Xy xekin ntac api ton "xona x kai ebnai h polik gwnba pou metrtai sto epbpedo xekin ntac
api ton "xona z.

Sq ma 4.6: SOsthma suntetagménwn stoBMS
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H triorm tou k'je swmatidbou p = (px;Py;Pz) analOetai sth diam kh sunist,;sa, p,, kat®
m koc tou "xona z kai sthn egk’rsia sunist,sa tou, pr. To di"nusma thc egk’rsiac orm c
(transverse momentum ) kai to métro thc dbnontai api tic sgéseic

q
pr (P Py; 0)=(prcos;prsin; 0) kai pr jprj= P2+ P2 (4.8)

ipou h azhmoujiak gwnba grifetai sunart sei twn sunistws,n thc orm ¢ wc
=tan * P . (4.9)
Py

Tiso h egk’rsia orm  pr iso kai h gwnba ebnaiorentz anallobwtec se diam keic prowj seic, se
antbjesh me th sunist,sa p,. Epbshc, mh anallobwth ebnai h polik gwnba

=tan ' P . (4.10)
Z

Prokeiménou na emfanBsoume mPa metablht pou ja k@neaitz anallobwth antikajistoOme th
me thn posithta

y LpEfP

SN (4.11)

ipou E h enérgeia tou swmatidbou. 4 onom”zetaiwkOthta ( rapidity ), apoteleD éna métro thc
sqetikistik ¢ taqOthtac tou swmatidbou kai éqgei thn idiithta se mPa diam kh pro jhsh na all*zei
mino kat™ mba stajer” kai étsi oi metabolec y na paraménoun anallobwtec. Sthn perbptwsh "mazwn
swmatidbwnnf = 0) ePnap, = jpjcos = Ecos , opite h (4.11) pabrnei th morf

1, E+p, 1 _1+cos 1, 2cos =2
= Zln =ZIn>——=ZIn=—""C"=Incot = ; 4.12
Y= 3" E 5, T 2"1T cos 2" 2sinz=2 2 (4.12)

ipou fabnetai h susgeétis thc me thn polik gwnba . Api th sgésh aut orbzetai h gewmetrik
posithta , h opoPa onom’zetgieudowkOthta (  pseudorapidity ),

= In tan 3 : (4.13)

Gia "maza swmatBdia isoOtai me thn wkOthta, en, sthn perbptwsh swmatidbwn me m“za oi metaboléc
den ebnai anallobwtec K'tw aplLorentz prowj seic. Sto Sq ma 4.7 fabnontai oi timéc thc gia
diaforetikec gwnbec .

Sqg ma 4.7: Hpseudorapidity wc sun’rthsh thc gwnbac j.
Grifontac th gwniak metrik gia swmatbdia mem = 0 sunart seithc  pabPrnoume thn euklebdia
metrik

d 2=d?+sin?d ?) dzzﬁ(d2+d2): (4.14)
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'Etsi, orbzoume thgwniak apistash ( angular seperation )
p
R="( )»2+( )% (4.15)
h opoba ebrlairentz anallobwth se prowj seic. Gia stajeri R, iso megalOtero ePnai to sto

opobo briskimaste tiso mikritero ebnai to gwniaki "noigma . To gegonic auti ebnai shmantiki
kaj,c ta fainimena twn underlying events kai tou pile-up teBnoun na prokalésoun megalOtero ek-
fullismi sthn prisjia periog , dhlad ekebnh me megia , api iti sthn kentrik , me apotélesma
sto epbpedo aut na ebnai perbpou omoiimorfh.

Stouc anigneutéc ilec o parathroOmenec posithtec sgetDzontai me thn enérgeia kai thn orm
twn paragimenwn api th sOgkroush swmatidbwn. Idanik” ja jelame na mporoOme na metr soume thn
tetraorm p = (E; p) kK'je swmatidbou tou gegonitoc, all” praktik™ kti tétoio den ebnai reali-
stiki. Oi enérgeiec prosdiorbzontai api tic enapojéseic enérgeiac twn swmatidbwn sta kalorbmetra
kaj,c diergontai api ton anigneut , en, oi orméc api thn kampulithta twn trogi,n touc. Wstiso,
up“rgoun swmatbdia ta opoPa den kataférnoun na anigneutoOn api to sOsthma anigneutik,n mondwn.
Tétoia ePnai ta netrbna, pou exérgontai api ton anigneut gwrbc na allhlepidroOn kajilou me autin
kai ta miinia, ta opoPa ton diapernoOn qwrbc na enapojésoun p°nta ilh touc thn enérgeia. Gia autin
ton ligo, gia ton entopismi twn mionbwn kai thn anakataskeu thc orm c touc grhsimopoiebtai h
kampOlwsh twn trogi,n mésa stouc mionikoOc anigneutéc (exoO kai o spoudaboc riloc tou magn th
tou anigneut ). Péra api ta netrBna kai ta miinia, mh anigneOsima ebnai kai ta en dun"mei swmatBdia
neéac fusik ¢ pou allhlepidroOn asjen,c kai étsi den entopPzontai api tic anigneutikéc diat"xeic.

H orm twn swmatidbwn pou den anigneOontai api to sOsthma anigneut,n upologbzetai émmesa

mésw thcelleipoOsac egk’rsiac orm ¢ (missing transverse momentum) , h opoba iso0-
tai me to arnhtiki dianusmatiki “jroisma ilwn twn epimérouc egk’rsiwn orm.n  Pr; enic gegonitoc,
_ X
prmss = Bri; i = leptons, jets: (4.16)

I
Onom’zetai eleipoOsa kaj,c kanonik™ oi egk’rsiec orméc twn telik,n swmatidBwn prépei na ajrob-
zontai sto mhdén, ligw diat rhshc thc orm c.
AntBstoiga, orDzetai helleipoOsa egk’rsia enérgeia ( missing transverse energy -
MET ), Et™ss  wc h enérgeia pou g netai api to gegonic ligw twn mh anigneOsimwn swmatidbwn kai
isoOtai me thn apiluth tim tou arnhtikoO ajroBsmatoc p nw se ila ta swmatBdia pou anigneQontai,

X
j= pri i = leptons, jets. (4.17)

miss

EPS |

Epiprisjetec posithtec pou grhsimopoioOntai sth fusik twn sugkroOsewn ebnai to bajmwti
“jroisma twn egk’rsiwn orm n twn adronik,n jets,

X X _ o
Hr = Prj Hr = Il j = jets (4.18)
i ]
kai to bajmwti “jroisma twn egk’rsiwn orm.n ilwn twn anigneOsimwn swmatidBwn, adronik ¢ kai
leptonik ¢ fOshc,

X
St = pri i = leptons, jets. (4.19)
i
Téloc, shmantiki mégejoc ebnai Anallobwth m“za ( invariant mass ), m, h opoba gia éna
swmatbdio me tetraormp = (E; p) isoOtai me th m"za hremPac tou swmatidbou kai orbzetai wc

[ O
m:ppp = EZ2 #& (4.20)
H katanom thc anallobwthc m"zac enic sunilou swmatidbwn sthn telik kat"stash mbac di"spashc
itan upologisteb gia meglo arijmi gegonitwn ja prepei na emfanbzei koruf sth m"za hrembac tou
swmatidDou pou diasp”sthke. 'Etsi, gia par"deigma, sth di"spashiz ! 1*| h anallobwth m"za twn
dOo leptonBwn ja ePnai

X p
my = pp = (E1+E2)? (p+ )? (4.21)

37



Kefllaio 4 . Fusik SugkroOsewn PrwtonPwn ston LHC Kinhmatikéc Metablhtec

kai h katanom thc metablht ¢ my ja parousi"zei megisto sthn tim mz thc m"zac tou mpozonbdu.
Up“rgqoun wstiso peript,seic ipou sthn telik kat“stash thc di"spashc enic swmatidbou den

ePnai ila ta prodinta anigneOsima swmatbdia. K'ti tétoio sumbabnei stic diasp™seic pou perilamb™noun

netrbna, ipwc gia par"deigma sth di"spashivV ! | 1. Tite den mporeb na prosdiorisjeb h anallobwth

m"za kai sth jésh thc grhsimopoioOme éna antBstoiqo mégejoc, thgkrsia m°za (transverse

mass), mr, h opoba upologbzetai mino api tic kjetec sunist,sec thc orm ¢ sOmfwna me th sgésh

q
mr = (Era+ Et2)2 (Pria+ pri)% (4.22)

H posithta Et = P m2 + pT? ebnai kat™ analogba bgk’rsia enérgeia ( transverse energy ).
An mt = m tite oi orméc p;, p. brbskontai kajar” sto egk’rsio epbpedo ( =0), en, an mt =0
0i ormécp;, p2 ebnai diam keic. Stic upiloipec peript,seic0 mt m.
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Kef'laio 5

An’lush

To kef'laio auti ebnai to kOrio méroc thc paroOsac ergasbac kai perilamb™nei thn anlush
dedoménwn api to pePraB&IS me skopi ton prosdiorismi twn "nw orbwn thc energoQ diatom ¢
thc diadikasbadhz ! a(bha(bbhll. H exwtik di"spash tou mpozonbolHiggs gbnetai se susqeétish
me th di"spash tou Z sto leptoniki kan’li. To h diasptai se dOo mpoziniaa, mhdeniko@pin,
ta opoPa dbnoun sthn telik touc kat'stash éna zeOgobottom quark - anti-quark to kajéna. Ta
dedorrbéna pou grhsimopoioOntai ePnai api sugkroOseic prwtonbou - prwtonbou se enérgeia kéntrou
m°zac s =13 TeV, ta opoba katagr'fhkan me ton anigneut CMS ston LHC, kat"to Run Il 2017
kai antapokrbnontai se41:5fb ! oloklhrwmeénh fwteinithta.

Sthn upoenithta 5.1 parousi“zetai sunoptik™ o sqediasmic thc an’lushc kai oi statistikec
meéjodoi pou ja efarmostoOn. IdiaBterh shmasPa égei na paratejoOn oi ligoi pou &na tétoio exwtiki
montélo swmatidbwn proselkOei to endiaféron mac kai epidéqgetai peraitérw meléth, to opobo gbnetai
sthn upoenithta 5.2. 'Epeita, parousi"zontai oi diadikasbec s matoc kai upob’jrou, mazb me ta
stoigeba pou tic garakthrbzoun kai akolojeb h ektélesh twn statistik,n mejidwn.

5.1 Mejodologba

O gn,mwnac thc an’lushc ebnai na prosdioristeD k™poia arket™ diaqwristik metablht gia na
mporésoume na anagnwrbsoume gegonita s matoc mésa api to suntriptiki upibajro. To pr,to
b ma ebnai na dialéxoume kat'llhla krit ria epilog ¢ twn gegonitwn sta set dedomemwn pou epe-
xergazimaste, ,ste na mac apodisoun th béltisth analogBa metaxO posostoQ apirriyhc upobjrou
kai apidoshc s matoc. To deOtero ePnai h efarmog statistik,n mejidwn kai sugkekriména tou t
megisthc pijanof’neiac (ML t ).

Gia na douléyei kal” grei*zetai na IhfioOn upiyh dOo par"gontec. O énac ePnai iti to ML t
prépei na gbnei p'nw se mPa arket™ diaqwristik metablht , diaforetik™ ja anaptugjoOn isquréc
susgetbseic an"mesa sto s ma kai sto upibajro kai h megistopobhsh thc pijanof°neiac den ja ebnai
kal” orisménh. Gia na to petOgoume auti ja efarmisoume polumetablht an’lush (MVA) me th
meéjodo twn enisqumeéenwn déntrwn apifashcBDT ), h opobPa ja p’rei tic di"forec metablhtéc pou
ja kataskeu"soume kai ja tic sundu“sei ,ste na mac d,sei mba metablht me th megisth dunat
diaqwristik ikanithta. O deOteroc ePnai iti gia na égei to ML t sunépeia kai kal sumperifor®
ja prépei na mhn up“rqgoun statistikec diakum™nseic kai h ektbmhsh pou ja dbnei na garakthrbzetai
api amerolhyba. Gia ton ligo auti ja grhsimopoi soume th mejodologba twnMonte Carlo Toys,
dhlad par”gontac pollapl” set yeudodedoménwn p"nw sta opoPa ektelebtai toML t , éqoume éna
statistik® meg’lo sOnolo ektim sewn kai mporeb na diapistwjeb iti to t douleOei kal".

Téloc, h mejodologba thc an”lushc perilamb™nei ton élegqo upojésewn, ipou wc mhdenik upije-
sh jewroOme thn Oparxh mino diadikasi,n upobjrou (diadikasi,n pou problépontai sto KP) kai wc
enallaktik thn epipléon Oparxh s matoc (epipléon diadikasPec ektic tou KP). 'Eqontac mPa arket”
diagwristik metablht kai meg’lo deBbgma dedomenwn gia na efarmisouié t , kataskeuzoume
api thn apikris tou - sugkekriména grhsimopoioOme ton ligo pijanofneiac - tic katanomeéc twn
dOo upojésewn. O éleggic touc gbnetai grhsimopoi ntac th méjod€Ls, h opoba ePnai éna sOnhjec
ergaleDo sth fusik uyhl n energei n. 'Etsi, api thn allhlepik’luyh twn dOo katanom,n upolo-
gbzontai ta epPpeda empistosOnhc gia diaforetikéc energoOc diatomeéc kai gia k'je upijesh m"zac tou
jewrhtikoO montelou. H sunj kh thc periog ¢ apirriyhc tDjetai se epPpedo empistosOnhc 95%, api
thn opoba ex"gwntai en télei kai ta iria apirriyhc sthn energi diatom tou montélou.
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5.2 Motivation

Ta dedomeéna pou sullégjhkan api sugkroOseic prwtonDou-prwtonbou staHC api ta peir'mata
ATLAS kai CMS od ghsan to 2012 sthn anak’luyh enic mpozonboldiggs me m°zal25GeV. To
swmatbdio auti ePnai sumbati me to mpoziHiggs, h, pou problépei to Kajierwmeéno Pritupo (KP)
the swmatidiakpg fusik c. B"sei twn dedoménwn pou pro ljan api sugkroOseic pp me enérgeia
kentrou m"zac” s = 7 kai 8TeV, to irio gia to branching fraction twn diasp”sewn tou h se
swmatBdia ektic tou KP ePnai éwc k&i(30%), se 95% epPpedo empistosOniB6]. To axioshmebwto
auti branching fraction twn exwtik,n diasp”sewn tou mpozonbotiggs, ipwc kai to steni pl“toc
di"'spasc tou ( ' 4:07MeV) af noun shmantiki perij,rio gia thn anak’luyh neac fusik c.
M’lista ta dedoména pou sullégjhkan api touc LHC7 kai LHC8 mporoOn eOkola na periégoun
O(50; 000) exwtikec diasp”seic tou Higgs an™ pebrama.

Up“rgoun polléc prot'seic jewrhtik.n montélwn, proekt’sewn tou KP, pou problépoun exw-
tikec diasp”seic tou mpozonbotliggs [37] Se autec perilamb™nontai montela ipou to h diasp™tai
se kruf" swmatBdia (idden sector particle9 - ta opoPa mporoOn gia par"deigma na ermhneutoOn
wc swmatBdia skotein ¢ Olhc - kai aut™ me th seir” touc dbnoun mpozinia bajmbdac kai fermiinia
tou KP. An perioristoOme se peript,seic ipou h di"spash xekin"ei me diadikasba dOo swm’twn,
dhlad h! XX, meX;; X, na ebnai swmatidiakéc katast'seic ektic tou KP (pijanin kai tau-
tishmec), oi dunatéc topologbec ebnai arketéc. Gia par"deigma,Haygs mporeb na diasp™tai wc
h! ss%aa® ViVo;avp | (xx)(yy), ipou ta s kai s° (antBstoiga ta a kai a° Vi kai V) den ePnai
aparabthta diagwrDshma bajmwt” (yeudobajmwt”, dianusmatik”) pedPa, en xgy mporoOn na ePnai
quarks, leptinia, fwtinia glouinia. Tetoiec topologbec emfanbzontai se montéla ipwc to 2HDM
(two-Higgs-doublet-model), NMSSM (next-to-minimal super-symmetry), Little Higgs Models pa-
rimoia montéla pou proektebnontai me epiprisjetec bajmwtéec apletec tou KRadditional SM singlet
scalars)

Sthn teleutaba kathgorba an kei to montélo2HDM+S [38], to opoPo problépei ept™ fusik™
mpoziniaHiggs trba bajmwt™ (h1.2.3), dOo yeudobajmwt™ @y; a,) kai dOo fortisména swmatbdia
(H ). Sthn sugkekriménh an’lush h prosoq mac esti"zetai se éna yeudobajmwti mpozinio"a",
to opobPo mporeD na ebnai arket” elafrO ste na ePnai kinhmatik™ epitrept h di"spash aa.

5.3 Fusikec Diergasbec

Se aut thn upoenithta anaférontai ta qarakthristik™ twn fusik,n diergasi,n pou ja apote-
lésoun to s ma kai to upibajro thc an”lushc. Api aut™ kajorbzontai oi upografec twn gegonitwn
ston anigneut kai epoménwc o tripoc pou ja sthjeb h an’lush.

5.3.1 Diergasba S matoc

H diergasba pou melet'tai se aut thn an’lush kai ja anaféretai wc s ma ebPnai h exwtik di"spash
tou mpozonbadiggstwn 125GeV se zeOgoc yeudobajmwt,n mpozonBayripou to kajéna diasp tai
me th seir” tou se éna zeOgobottom quark - anti-quark , h ! aa! bblb. H paragwg tou h gbnetai
se susqeétish me to leptoniki kan’li di"spashc tou mpozonbouZ, dhladh Z ! |l,  ste na ebnai
apotelesmatikiterh h epilog gegonitwn api to sOsthma skandalismoO kat” th diéleus touc api

Sq ma 5.1: Antiproswpeutiki di\gramma Feynman se epPpedo dentrou gia th diadikasba tou s matoc
hz ! a(bha(bhll, mel = , ipou fabnetai h anamenimenh telik kat"stash.
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tic anigneutikec diat"xeic, all” kai diiti leitourgeb wc isquri krit rio apirriyhc diergasi,n upo-

bjrou tou KP. Sugkekriména, dialégoume ta leptinia na ePnai mionikoO qarakt ra, kaj,c to Bgnoc
pou af noun ebnai diakritiki kai epomenwc h anbgneus touc pio apodotik se sgesh me aut twn
hlektronbwn.

Gia na ebnai kinhmatik™ epitretpt h di"spash pou melet'me ja préepe2m, < my = 125 GeV,
dhlad h m“za m, tou mpozonbaoana ebnai mikriterh api to misi thc m"zaan;, tou mpozonbadiggs.
'Etsi, upeisérgetai o periorismic h m“za m, na ePnai mikriterh api perbpd0GeV. Ta debgmata tou
s matoc pou grhsimopoi jhkan eégoun paragjeb gia m"zem, = [15; 20; 30; 40; 50, 60]GeV.

Dialegoume h telik kat’stash tou s matoc na apotelebtai api  4b quarks (b-jets) diiti ePnai to
kurbarqo kan’li di*spashc itan h m"za tou mpozonboa ePnai megalOterh api to dipl"so thc m“zac tou
b quark, dhlad gia m, > 2mp 10GeV. Auti faPnetai sta diagr'rmmata tou Sq matoc (5.2)7, ta
opoba éqoun proéljei api prongoOmenec éreufi@s] pou eéqoun asqolhjeb me th diadikasPa di"spashc
h! aa! XXYY,meX;Y swmatbdia tou KP kai éqoun debxei iti gia; > 10GeV to branching
ratio ebnaBR(a! bbh ' 1. Shmei netai, epbshc, iti gia tobranching ratio thc di"spashc h! aa
k’noume thn paradoq iti BR(h! aa)' 18 giato eOroc twn maz,n pou mac endiaféroun se aut
thn an”lush.

(ab) (bb)

(gp) (dp)

Sq ma 5.2: Branching ratios thc di“spashc enic yeudobajmwtoO mpozonPaista di“fora swmatBdia
tou KP sunart sei thc m“zac m,. Ta diagrmmata (a'), (b"), (g, (d) aforoOn montéla2HDM+S
gia Yukawa suzeOxeic tOpou I, II, Ill kailV antbstoiga, en, oi skiasménec periogéc dhl noun ta
shmeba ipou h adronopoBhsh twn swmatidBwn mporeb na diaforopoi sei touc upologismoOc.
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Sg ma 5.3: Oi epikratésterec telikec katastseic thc exwtik ¢ di"spashc tou mpozonbou Higgs,
h! aa! 2X2Y, an’logath m"za tou mpozonboa.

Sunep,c, h diergasba s matoc gia to montélo pou epexergazimaste ebnaizh! a(bha(bhll, me
energi diatom

— 2 .
model — hz Z! |l h! aa a! bb- (5-1)

Gia th di"spash tou h se susgétish me to mpozinioZ grhsimopoioOme thn energi diatom pou égei
kajoristeb sto KP gia th diadikasba pp! hzZ kai ebnaiz; = 0:8839ph en, gia th leptonik
di"spash tou Z to branching ratio ebnaBR(Z ! II) = 0:10099[10]. 'Opwc anaférjhke sthn
parap’nw par'grafo éqoume BR(h! aa)' 1lkaiBR(a! bh' 1. Epoménwc, h energoc diatom
tou montélou ebnai

model = 0:8839 0:10099 1 12 )

model = 0:0893 pb : (5.2)

5.3.2 Diadikasbec Upob7jrou

Wc upibajro jewroOme diergasbPec tou KP oi opoPec qarakthrbzontai api thn Pdia parimoia
telik kat'stash me aut tou s matoc. Sthn paroOsa an’lush oi diergasPec pou ja sumperilhfjoOn
wc upibajro ePnai h paragwg Drell Young mazb rjess (DY+jets ) kai kan’lia di"spashc tou zeOgouc
top - anti-top quark (tt).

H paragwg Drell Young pragmatopoiebtai kat™ th skedash adronBwn kai perigr-fei thn exadlwsh
enic zeOgouquark - anti-quark se mpozinioZ , to opoPo me th seir” tou diasptai se zeOgoc antbjeta
fortisménwn leptonBwn. Sthn perbptwsh pou par"gwntai epipléoguarks (jets) api ta sugkrouimena
gg (meéswgluon spliting) eqoume th diadikasBlaY +jets , to di"grammaFeynman thc opobac fabnetai
sto Sq ma 5.4.

Sqg ma 5.4: Di"grammaFeynman se epPpedo déntrou gia th diadikasbeell Young + jets .

Epbshc, mac endiaféroun wc diadikasPec upob’jrou trba kan’lia di"spashc tou zeOgtucto
adroniki, to leptoniki kai to hmileptoniki. O diaqwrismic autic gbnetai an’loga me to ebdoc twn
swmatidbwn pou ja p“roume sthn telik kat"stash api th di"spash tou kK'je W mpozonbou pou éqgei

7Ta montéla 2HDM + Scalar perilamb™noun téssereic tOpouc jewrin ( Type | to IV ) an’loga me to eBdoc thc
Yukawa sOzeuxhc twn fermionBwn. Stouc diagwnopoihménouc pPnakec m“zac twn bajmwt n kai yeudobajmwt,n pedbwn

pou prostbjontai sta montela eInperiéqetai h gwnba stréeyhc , h opoba orbzetai wdan = vi=vp, mevi; vy tic
anamenimenec Eiméc tou kenoO pou éqoun oi bajmwtéec dipléteeil; H2. H gwnba aut epire“zei ta branching ratios
gia ta montela tOpou Il - IV , ta opoba empBbptoun sto montelo tOpou | itantan =1.

8H paradoq aut gbnetai ;ste na ex’goume éna apotélesma iso to dunatin pio anex’rthto api to montélo, gia
na mporesoume na eqoume ena shmebo anafor’c sthn éreuna. O periorismic aut ¢ thc paramétrou mporeb na gbnei api
akiloujec analOseic, me anagwg se eidikiterec peript,seic an’loga thn upijesh m"zac tou montélou.
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prokOyei api to top kai anti-top quark. Sto adroniki kan’li diaspintai kai ta dOo W se quarks,
sto leptoniki kan’li diaspintai se leptinia, en, sto hmileptoniki diaspintai to éna se quarks kai
to “llo se leptinia. Ta antbstoiga diagrrmmata Feynman fabnontai sto Sq ma 5.5.

(ap) (bb)

(gb)

Sqg ma 5.5: DiagrrmmataFeynman tt diasp”sewn me telikéc katast’seic pou moi"zoun me aut tou
s matoc. Sto di"gramma (a') fabnetai to adroniki kan’li di"spashc, sto di"gramma (b') to leptoniki
kai sto di\gramma (g") to hmileptoniki.

5.4 Debgmata Monte Carlo kai Set dedoménwn

Gia na mporesei na gbnei opoiad pote an’lush p"nw sta peiramatik™ dedomena pou katagr-fontai
ston anigneut eBnai aparabthto na up“rgoun proc sOgkrish, tiso gia to s ma iso kai gia tic
diadikasbec upob’jrou, montelopoihménec oi katanoméc diafirwn metablht,n pou metr ntai api ta
anigneutik™ sust mata, ipwc h enérgeia kai h orm twn swmatidbwn. ExBPsou shmantiki ebnai na
gnwrbzoume mBa argik ektbmhsh tou arijmoO gegonitwn thc k'je diadikasbac, dhlad thn ek stote
energi diatom . Gia autin ton skopi grhsimopoioOntai genn torec dedoménwhilonte Carlo (MC),
logismik™ pakéta pou mac epitrépoun na prosomoi,soume gegonita thc swmatidiak ¢ fusik ¢ uyhl.n
energei n, par'gontac me tugabo tripo sugkroOseic swmatidbwn ipwc autéc pou pragmatopoioOntai
meésa stouc epitaquntec.

To K'je set dedomenwn perilamb™nei énan arijmi paragimenwn gegonitwn, ta opoba ligw thc
tugabac fOshc touc garakthrbzontai api statistikéc diakum™nsei€. 'Oso megalOteroc ePnai o arijmic
gegonitwn pou periéqontai sto debgma, tiso perissitero periorbzontai oi statistikec diakum’nseic
kai epoménwc aux'netai h akrbbeia sto sq ma twn katanom,n twn metablht.n. Epb thc ousbac,
prépei oi statistikec diakum™nseic twn prosomoiwmenwn gegonitwn na ebnai mikriterec api autéc
twn peiramatik,n dedoménwn, dhlad prépei o arijmic twn paraglmenwn gegonitwiMonte Carlo na
ebnai arket™ megalOteroc api ton arijmi gegonitwn pou anigneQontai api ta pragmatik™ dedomeéna.
Pio sugkekriména, auti ja prépei na sumbabnei gia to tm ma tou fasikoO g,rou pou apoteleD thn
perioq endiaférontoc thc K'je éreunac. Gia par"deigma, gia th diadikasB®Y h diaforik energic
diatom mei netai ragdaba me thn enérgeia. Gia na epilujoOn tétoiou eBdouc probl mata, qwrbzei
kanebc ton fasiki q,ro se upotm mata, krat,ntac stajer k"poia metablht kai par"gei dedoména
se k'je éna upotm ma xeqwrist".

9'Ena debgma dedoméntdionte Carlo garakthrbzetai kai api “llec abebaiithtec pou proérqontai api thn akrbbeia
thc energoO diatom ¢ pou grhsimopoiebtai, api th diamirfwsh twn kataigism,n twn swmatidbwn, ta garakthristik™
tou montelou adronopobhshc, ton anigneut k.t.l.. Se aut thn an’lush den ja mac apasgol soun tetoiou ebBdouc
sfllmata.
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H paroOsa an’lush gbnetai p'nw se deBgma##onte Carlo dedoménwn api epPshroat argeba
pou éqoun parjeP api to pePran@MS tou CERN, Ta dedoména aut™ proékuyan api sugkroOseic
prwtonbPou-prwtonbou se energeia kentrou m"zas = 13 TeV, ta opobPa eqoun paragjeB me ton
anigneut CMS kat” to Run Il 2017 kai antapokrbnontai set1:5fb ! oloklhrwménh fwteinith-
ta. Ta debgmataonte Carlo pou grhsimopoi jhkan gia k'je diadikasPa upob’jrou, mazb me tic
energoOc diatoméc pou touc antistoiqoOn, fabnontai ston PPnaka 5.1. Gia to s ma ta dedoména
par"gjhkan me ton genn tora Madgraph5_ aMC@NLO se pr,th t"™xh megéjouc ( leading order -
LO), me shmeba gamhl c m"zag = [12; 15; 20; 25]GeV, b matoc 5GeV kai shmeba uyhl ¢ m“zac
m, = [30; 40; 50, 60]GeV, b matoc 10GeV [39]

Process  Dataset (pb)

Z! /DYJetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8/S17 4895
/TTTo2L2Nu_TuneCP5_PSweights 13TeV-powheg-pythia8/S17 88:29

tt /TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8/S17 36534
/TTToHadronic_TuneCP5_PSweights_13TeV-powheg-pythia8/S17 377.96

PPnakac 5.1: LPsta twn deigm“twhionte Carlo mazPb me tic antbstoigec energoOc diatoméc, pou
grhsimopoi jhkan wc diadikasBec upob’jrou sthn an”lush. H suntomografbaS17 antistoigeb sto
RunlIFall17MiniAODv2-PU2017_12Apr2018(_new_pmx)_94X_mc2017_realistic_v14(_ext*)-

v* [39].

5.5 Epilog Gegonitwn

O prwtargikic mac stigoc ePnai na epitOgoume iso to dunatin pio kajari s ma. Argik”, epi-
legoume kat’llhla ton fasiki g,ro ston opobo ja douléyoume, ,ste na egoume to perissitero
s ma kai na periorBsoume to upibajro. Efarmizoume periorismoQOc stic metablhtéc twn deigm™twn
MC - periorismoOc pou an k“poio gegonic den touc ikanopoieb tite to aporrbptoume api to debgma -
oi opoboi ja ebnai Bdioi gia ilec tic diadikasbec kai onom”zdrdseline cuts

Gia na diamorf,soume to leptoniki komm™ti tou s matoc apaitoOme na up’rgoun sto gegonic
akrib,c dOo leptinia, mionikoO garakt ra kai antbjetou hlektrikoO fortbou. Epipléon, apaitoOme h
pr tou prwteQontoc'® mionbou na ebnai megalOterh2§GeV, en, h pr tou deutereOontoc mionbou
na ebnai megalOterh ag0GeV. Akima, prosjétoume ton kinhmatiki periorismi h anallobwth m“za
twn dOo leptonBwn na ePnai me®8GeV kai 100GeV, dhlad se eOroc 10GeV api th m"za tou
Z mpozonbom; =91 GeV, ,ste na meiwjeb tott upibajro.

Gia to adroniki komm’ti, apaitoOme o arijmic twnjet (multiplicity ) pou up“rqoun sto gegonic
na ePnai toul"giston trba kai to kK'je jet na éqgei el"qgisth egk’rsia orm 20GeV?!!. Téloc, prépei
toul"giston dOo jets na ePnédi-taggedsOmfwna me tenedium working point, to opoBo garakthrbzetai
meb-tag score> 0:4941gia th groni” tou 2017.

H epilog twn sugkekrimenwn cuts sthn pollaplithta twn  jets kai b-jets ofebletai sthn kinhma-
tik tou s matoc. Sto di"gramma (a") tou Sq matoc 5.6 fabnetai h katanom thc el gisthc egk’rsiac
orm ¢ pP2™" twn b-jets, gia th diadikasPa s matogp! Zh; h! aa! 4b Auti pou parathroOme
gia ilec tic upojéseic m“zac ePnai iti h p.?;m'” ePnai polO mikr , dhlad tajets pou anakataskeuzo-
ntai ebnasoft, to opobo ePnai anamenimeno ligw thc gamhl ¢ kibmakac m“zac twn gegortiiggs.
Ta 125GeV thc m“zac tou swmatidbotliggs pou diasp™tai katanémontai sta 4 b-jets thc telik ¢
kat"stashc, dbnontac proseggistik™ sto kajena 1254  30GeV (h kinhtik enérgeia tou h den
suneisférei idiabtera kaj,c h di"spas tou gbnetai sqedin se kat"stash hrembac). Gia to ligo auti
grhsimopoiebtai to kat,fli twn 20GeV sthn egk’rsia orm twn jets sta MC debgmata dedomenwn
kai ebnai anamenimeno sth sullog twiets tou kje gegonitoc na mhn éqei katametrhjeb to tetarto

10To prwteGon miinio ebnai ekebno me th megalOterh orm . AntBstoiga, to deutereOon miinio ePnai to améswc epimeno
me th megalOterh orm .

110 periorismic autic ebnai dh efarmosmeénoc sta root les wc Kat,fli sthn orm twn jets pou anakataskeuzontai.
O skopic tou ebnai na periorbzei to fake ratio, dhlad to pososti twn antikeiménwn pou lanjasména katagrfontai
wc jets.
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jet. Epoménwc, epitrépoume na epibi,soun api tauts kai gegonita me trba mingets, sta opoba
m’lista up“rgei shmantiki meroc tou s matoc.

(ap) (bb)

Sq ma 5.6: Oi katanomeéc twn kinhmatik,n metablht,n p?mm kai Rpp gia th diadikasba tou s ma-
toc, gia upojéseic m"zacm, = 15; 30; 50GeV. Ta diagrmmata éqoun parjeb api prosomoi,seic
tou CMS gia to kan’li di"'spashc pp! Zh;h! aa! 4b[39]

Parllhla, énac akima ligoc pou ePnai pijani na mh metrhjoOn téssera jets sto gegonic ePnai
iti gia tic upojéseic twn gqamhl.n maz,n, m, < 30GeV, ta b quarks pou proérgontai api ton Bdio
gonéa tebnoun na ePnai eujugrammisména metax@atimated). Auti fabnetai sto di\gramma (b')
tou Sg matoc 5.6, ipou anaparist'tai h katanom thc gwniak ¢ apistashc R metaxO twn dOb
quarks. ParathroOme iti gia mikriterec m"zec m, h gwnPa Ry, paPrnei mikriterec timéc. Kaj,c
sthn an’lush grhsimopoiebtai h sunjkh R < 0:4 gia ton prosdiorismi thc aktbnac tou k,nou pou
orbzei énget, h parat rhsh aut shmabnei iti gia gamhléc m“zec uprgei ekfullismic kai se polléc
peript,seic ta dOo b quarks katat’ssontai se €na jet (se aut thn perBptwsh api ta dedoména mac
den g"netai méroc thc enérgeiac tou sust matoc, apl” apodbdetai se éna antD gia dOo antikeDmena).
O ligoc pou den elatt,noume to irio pou kajorbzei ton k,no twn jets ebnai epeid h an’lush ebnai
beltistopoihménh gia tic megalOterec mzec, oi opobec eunooOntai api megalOtdRa

Baseline Cuts

Leptons 2 opposite-charged muons
piuen -1 > 25GeV
pipuen -2 > 10GeV

80GeV <m < 100GeV

Jets Njets 3 (P 20GeV)

Nbjets 2 (medium WP)

PPnakac 5.2: To sOnolo twn krithrDwn epilog ¢ pou efarmizontai sthn anlush.

'‘Ola ta cuts pou efarmizontai sthn an’lush fabnontai ston PPnaka 5.2. Kat™ thn efarmog
K'je krithrbou epilog ¢ epibi,nei éna méroc mino twn argik,n gegonitwn, o arijmic twn opobwn
anaparist™tai se éna di"gramma ro ¢ gegonitwn (Event Flow). Paraktw fabnontai ston PPnaka
5.3 oi sgetikob arijmob gegonitwn, tiso gia to s ma, iso kai gia tic téssereic diadikasbec upo-
bijrou. 'Opwc eégei anaferjeb éqoume éxi peript,seic s matoc, mba gia k'je upijesh m“zac tou mpo-
zonboa, m, =[15; 20; 30; 40; 50; 60]GeV. Epiprisjeta, paratbjetai to di"gramma ro ¢ gegonitwn
(Sq ma 5.7), ipou anaparisttai to event ow tou s matoc gia tic upojéseic m“zac m, = 60 GeV
kai m, = 15 GeV énanti twn event ows tou K'je upobTjrou.
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Selection steps
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signal_amass60 377038 127065 125009 108713 57693 50672
signal_amass50 378360 127121 125008 108805 57766 50761
signal_amass40 375604 125479 123400 107122 56062 49467
signal_amass30 376716 124873 122701 106295 53389 47267
signal_amass20 378474 124994 122765 106133 43794 38027
signal_amass15 379633 124596 122267 105489 37653 32800
DYJetsToLL 31901042 | 13657586| 13061681| 11287640 596057 245831
TTTo2L2Nu 45359641 | 7609997 | 7122438 | 894940 521152 381415
TTToHadronic 1410951 379315 241454 13762 12498 4529
TTToSemiLeptonic 17236420 | 943314 812750 76467 60936 32405
Pbnakac 5.3: Ston pbnaka fabnetai o arijmic gegonitwn pou epibi,noun met™ api thn efarmog tou

k'je cut gia thn antbstoigh diadikasba s matoc upobTjrou.

Sqma 5.7: Diagrammatik anapar’stash tou Event Flow tou s matoc se sOgkrish me auti twn
Fabnontai oi peript,seic s matoc gia th mégisth kai thn el’gisth upijesh m“zac,

upob”jrwn.
ma = 60 GeV kai 15GeV.
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'Opwc anaferjhke kai prohgouménwec, ebnai shmantiki na eqoume mba ektbmhsh tou anamenime-
nou arijmoO gegonitwn, Neyp,, K'je diadikasbac. Autic ex"getai api to pososti twn gegonitwn
pou éqoun per'sei epitug,c api ta krit ria epilog c, kanonikopoihméno me thn energi diatom
thc ek’stote diadikasbac kai thn oloklhrwménh fwteinithta Lj, tou anigneut kat™ thn perbodo
sullog ¢ twn dedoménwn. 'Etsi, 0 anamenimenoc arijmic gegonitwn upologbzetai api th sgesh

N
Nexp = Lint —0s (5.3)
Ngen
ipou Ngen ePnai o sunolikic arijmic twn gegonitwn pou éqoun paragjeb kaiN,a.ss ePnai o arij-
mic twn gegonitwn pou epibBwsan tauts. H posithta Lint =Ngen me thn opoba kanonikopoioOme
ton teliki arijmi gegonitwn ( yield) garakthrbzetai wc b“roc (weight) thc k'je diadikasbac.

Process (pb) weight N exp (eVEnts)
signal_amass60 10) 0.084 4241
signal_amass50 1 0.084 4244
signal_amass40 1 0.084 4160
signal_amass30 1 0.084 3967
signal_amass20 1 0.084 3178
signal_amass15 1 0.084 2739

DYJetsTolLL 4895 2.08 511379
TTTo2L2Nu 88.29 0.0535 1473860
TTToHadronic 377.96 0.121 171360
TTToSemilLeptonic 365.34 0.35 3411250

Pbnakac 5.4: Oi anamenimenoi arijmob gegonitwn k’je diadikasbac (met” thn efarmog twis),

mazD me ta brh kai tic energoOc diatoméc touc, ipwc prokOptoun api th sgésh (5.3), me
Lin =41529:152pb 1.

() Oi upologismob gbnontai me energi diatom s matoc Bsh me th mon“da ,ste na mhn grhsimopoi-
soume k"poion pollaplasiastiki par"gonta. Argitera ja epiléexoume di“forec timéc gia thn energi

diatom tou s matoc kai ja tic efarmisoume sthn kanonikopobhsh.

5.6 Katanomec Metablht,n

Sthn upoenithta aut ja perigrafoOn oi metablhtéc thc an’lushc kai ja parousiastoOn oi
katanoméc touc, afoO éqoun efarmosteb ila tauts kai éqgei gbnei kanonikopobhsh sthn energi diatom
(to b’roc thc K'je diadikasbac me to opobo pollaplasi“zontai oi katanoméc fabnetai ston PPnaka 5.4).
Ta diagrmmata pou akoloujoOn aforoOn tic upojéseic m"zacm, = 60 GeV kai 15GeV. Gia tic
upiloipec m*zec oi katanoméc égqoun endi"mesh sumperifor” se sgésh me aut twn dOo akraBwn tim,n
m°zac. Ston PPnaka 5.5 katagr-fontai oi deka metablhtéc me thn onomasba pou grhsimopoi jhke gia
k'je mPa, mazb me mba sOntomh perigraf touc.
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Variable Description
1. njets multiplicity of jets per event
2. nbjets multiplicity of b-tagged jets per event (medium working point)
3. Pt Z transverse momentum of Z boson
4, phi_HZ angle nz between H and Z boson in center of mass
5. M_3j_hbtag invariant mass of the 3 jets with the highest b-tag score

6. M_4j_hbtag invariant mass of the 4 jets with the highest b-tag score

7. M_jj_max maximum value of invariant mass out of the two pairs in each combo
8. M_jj_min minimum value of invariant mass out of the two pairs in each combo
9. M_4j_combo invariant mass of the 4 jets with the minimum 2

10. p_value p value of the combination with the minimum 2

Pbnakac 5.5: Oi metablhtec endiaférontoc thc an“lushc.

" njets, nbjets : o arijmic twn jets kai o arijmic twn b-jets pou perilamb’nontai se k'je
gegonic.

Sto Sg ma 5.8 fabnetai h katanom thc pollaplithtac twn jets (arister”) kai to disdu”stato isti-
gramma tounbjets sunart sei tou njets (dexi”). ParathroOme iti h perioq tou fasikoO q,rou me
njets = 3 periégei to megalOtero pl j joc gegonitwn, parilo pou to s ma mac apoteIeDtau jewrhtik”
api téssera jets. EpBshc, parathroOme iti stic perissiterec peript,seic mino dOo trba api ta jets
anagnwrbzontai wo-jets.

(ap) (bb)

Sq ma 5.8: Arister” fabnetai o arijmic twn gegonitwn an” kathgorba pollaplithtac twn jets
(kikkinh gramm ) kai twn b-jets (pr'sinh gramm ), en, dexi" fabnetai o arijmic twn b-jets an”
gegonic se k'je kathgorba pollaplithtac twn  jets. Ta posost™ ebnai upologisména an” st |h kai
dhl,noun to pososti twn gegonitwn pou perieqoun nbjets an™ kathgorba pollaplithtac twn jets.

'Opwc exhg jhke prohgoumenwc (upoenithta 5.5), ta kinhmatik™ garakthristik™ tou s matoc kaji-
stoOn dOskolh thn katagraf tou tétartou jet, wstiso h perioq njets = 3 periéqgei shmantiki posi
plhroforbac kai gi auti thn sumperilamb™noume sthn an’lush. Auti, se sunduasmi me to gegonic
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iti periorbzontac thn pollaplithta twn  jets mei, netai aisjht” to DY+jets upibajro, ebnai o ligoc
pou epiléxame to sugkekrimenout se aut th metablht. Parimoia, epilexame na efarmisoume to
cut nbjets 2, diiti tite eBgame th megisth mePwsh upob”jrou gqwrbc na g"noume shmantiki pososti
tou s matoc.

Pt_Z : h egk'rsia orm tou mpozonboi .

Gia na thn upologbsoume ajroBzoume dianusmatik” tic tetraorméc twn dOo mionPwn kai pabrnoume thn
egk’rsia probol touc. Sto Sq ma 5.10 (a') fabnontai oi kanonikopoihménec sth mon“da katanoméc
gia k'je diadikasba, epitrépont’c mac na diakrBnoume th diagwrisimithta sto sq ma twn katanom n.

" M_3j_hbtag, M_4j_hbtag . h anallobwth m“za twn tri,n kai tess"rwn, antbstoiga, jets
me to mégalOterdy-tag score

Efison égoume to cut sthn pollaplithta twn  b-jets (nbjets  2), toul"qiston dOo api ta jets pou
fti"gnoun tic anallobwtec m“zec ja ebnai kaib-tagged Sthn perbBptwsh twn gegonitwn ipou h pol-
laplithta twn  jets ebnai akrib,c Bsh me trbadts = 3), h anallobwth m™za twn tess"rwn jets den
egei k"poio nihma kai sthn metablht M_4j_hbtag dbnetai htim 1. Oi katanoméc twn metablht,n
aut,n fabnontai sta Sq mata 5.10 (g') kai (d"), ipou ta upibajra ePnai sqediasména sestack morf ,
en, ta s mata ePnai pollaplasiasména me énan par"gont&00 gia na mporoOn na diakrbnontai.

Sto di"gramma thc katanom thc metablht ¢ M_4j_hbtag parathroOme iti gia thn upijesh m"zac
m, = 60 GeV, emfanBzetai koruf gOrw sthn tim thc m"zac tou Higgs, sta 125GeV, ipwc ana-
meénetai. To Pdio parathroOme kai sta Sq mata 5.9 (b") kai (g'), ipou anaparPstatai gia to s ma
h kanonikopoihménh katanom tht_4j_hbtag , qwrbc kai me diaqwrismi twmbtag kathgori,n
(kathgoriopoPhsh bsei tou arijmoOb-jets pou grhsimopoioOntai gia thn anakataskeu thc m“zac).
M’lista, diapist,noume iti isa perissitera api ta téssera jets ePnab-tagged tiso megalOterh
ebnai h akrbbeia me thn opoba pabrnoume th mE@ggsu Epiprisjeta, se ila ta sqetik™ dia-
grrmmata mporoOme na diakrPnoume iti oi katanoméc thc metabit dj_hbtag gia to s ma ePnai
metatopisménec proc tic megalOterec enérgeiec antb na ePnai gkaousianéc gOrwi@gsGaV. Auti
sumbabnei diiti tdets pou analOontai eBnai polO energhtikbposted kai metatopbzoun to energeiaki
f'sma pou katagr'foume proc tic megalOterec timéc (up’rqgei kat fli Tet 20GeV).

Sthn katanom tou s matoc thc metablht ¢ M_3j_hbtag up’rgei epBshc koruf gOrw sta 100GeV,
parilo pou lebpei to énajet. K'ti tétoio ebnai logiki efison to tetarto  jet pou den eqei katagrafeb
sth sullog tou gegonitoc ebnai soft kai h energeiak suneisfor” tou ebnai arket™ mikr ste h
anakataskeu twn jets na proseggbzei th m“za toidiggs. Téloc, mporoOme na parathr soume iti h
koruf tou s matoc metatopPzetai proc megalOterec enérgeiec iso mikrabnei h mfaa.

~ phi_HZ : h gwnba ekpomp ¢ 4z metaxO tou mpozonBidiggs kai tou mpozonbox.

Gia na upologBsoume th gwnba, brbskoume tic azimoujiakéc gwnBedwn tetraorm n twn dOo
mpozonbwn kai tic afairoOme, vz = j w z]j. Pabrnoume thn tetraorm touZ ajrobzontac

tic epimerouc tetraorméc twn dOo mionbwn, en, gia thn tetraorm tdd ajroDzoume tic tetraormeéc
twn tess’rwn jets me to megalOterdb-tag score Sthn perBptwsh pou to gegonic égenjets = 3
ajrobzoume tic tetraormec twn tri,n jets. H metablht phi_HZ pabrnei timeéc apd ewc2 . 'Opwc
fabnetai sto Sq ma 5.10 (b'), gia to s ma h ekpomp twn dOo mpozonPwn gPnetai epi to pl stwn
antidiametrik”.

Ektimht ¢ 2

Sth sunégeia thc an’lushc kataskeu"zoume énan ektimht 2 _ste na prosdiorDsoume poioc sunduas-
mic api ta jets tou k'je gegonitoc anakataskeuzei kalOtera thn anallobwth m"za tou mpozonBou
Higgs, en, tautigrona ikanopoieD me megalOterh akrBbeia thn upijesh tou montélou mac iti to
diasp’tai se dOo tautishma swmatbdia. ParathroOme iti ta gegonita twn deigm’twn mac periégoun
megalOtero arijmi jets api aut™ pou up“rgoun sto montélo tou s matoc, to opoPo mac odhgeb sthn
er,thsh poia api aut”™ proérgontai api thn exwtik di“spash pou melet'me. Idanik™ ja jelame ta
téssera jets thc telik ¢ kat'stashc na éqoun anallobwth m“za, My, Bsh me th m"za totdiggs,
My = 125GeV. Epipléon, égoume dOo zeugrifets, éna gia k'je a swmatbdio pou diasp tai.
Efison ta swmatBdia a ePnai tautishma, ja jélame oi anallobwtec m"zec k’je zeOgouets na ebnai
Psec metaxO touc, dhladM §) = M), "Etsi, o ektimhtc 2 paBmei th morf
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2 . L2
My My g g
= + - - > (54)
MH2 Mé;)+|\/|2(]”)

kai zht'me thn perbptwsh ekebnh pou ton elagistopoieb.

Profan,c, h an”lush aut den afor” gegonita me njets = 3, kaj,c apaiteD sunduasmi tess“rwn
toul"giston jets. Se k’je gegonic menjets = 4; 5 6 grhsimopoioOme ila tajets, en, se gegonita
menjets > 6 epilégoume ta éxjets me to megalOterdy-tag score PaBrnoume ilouc touc dunatoOc
sunduasmoQOc twiets an” téssera kai gia k'je tetr’da touc sunduasmoOc an™ dOo. ApaitoOme,
epipléon, o k’je sunduasmic pou dokim“zoume na apotelebtai toulgiston api dOb-jets. Auti to
k"noume diiti me tocut nbjets 2, pabrnontac 4 api ta 6jets mporeb kanéna api aut”™ na mhn ebnai
b-tagged Sunep.c, upologbzoume thn posithta (5.4) kai brbskoume ton sunduasmi pou dbnei thn
el"gisth tim tou ektimht 2, thn opoPa sumbolDzountg,, .

(ap) (bb)

(gb) (dp)

Sqma 5.9: Ta diagr'mmata (a') kai (b") anaparistoOn tic kanonikopoihménec sth mon“da katano-
meéc twn metablht.nM_jj_max, M_jj_min  kai M_4j_hbtag, M_4j combo antbstoiga, oi opobec
aforoOn th diadikasba s matoc me, = 60 GeV. Sta diagr'mmata (g') kai (d) fabnontai oi teleutab-
ec dOo metablhtéc an™ kathgorbabtag (kathgoriopoPhsh b"sei tou arijmoOb-jets pou grhsimopoi-
oOntai gia thn anakataskeu thc m“zac).
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" M_4j_combo : h analloPwth m"za twn tess“rwn jets pou dPnoun to el"gisto 2.

H metablht aut den upologbzetai gia gegonita menjets = 3, par” pabrnei thn tim 1. Oi sqetikéc
katanomec gia tic di“forec diadikasbec s matoc kai upobjrou fabnontai sto Sq ma 5.10(z"), en,
sta Sg mata 5.9(b") kai (d) anaparbstantai gia to s ma m“zacm, = 60 GeV oi kanonikopoihménec
katanoméc gwrbc kai me diagwrismi twbtag kathgori,n. Ta Bdia sqilia pou shmei jhkan gia th
metablht M_4j_hbtag isqOoun kai ed,. ParathroOme, wstiso, iti h katanom thc M_4j_combo
égei pio sten koruf gOrw api ta 125GeV. Api thn “llh ebnai ligitero diagqwristik metaxO

s matoc kai upob’jrou api iti h metablht M_4j_hbtag .

M_jj_max, M_jj_min . oi anallobwtec m"zec twn dOo zeug,jets pou prokOptoun api
ton sunduasmi twn tessrwn jets me to el'gisto 2. H pr,th metablht ePnai h m"za me th
megalOterh tim kai h deOterh ePnai h m"za me th mikriterh tim ek twn dOo.

'Omoia me th m"zil_4j_combo , oi metablhtéc autéc den aforoOn gegonita mejets = 3 kai paPrnoun
thntim 1 se autéc tic peript,seic. Oi katanoméc twn diafirwn diadikasi,n fabnontai sta Sq mata
5.10(e") kai ("), en, oi kanonikopoihménec katanoméc touc gia to s ma mg = 60 GeV fabnontai sto

Sq ma 5.9(a"). Se aut” mporoOme na parathr soume iti emfanBzontai koruféc gOrw api thn tim twn
60GeV ipwc anaménoume, efison ta dQjets proérgontai api th di’spash tou a. Gia tic upiloipec
upojéseic m“zac oi koruféc twn katanom,n emfanbzontai epbshc se autéc tic enérgeiec, pou ebnai
uyhliterec api th m“za tou swmatidbou a. 'Opwc anaférjhke kai gia tic m“zec twn tessrwn jets,

auti ofebPletai sto gegonic iti ePnai energhtik™ kai metatopbzoun ta diagr'mmata stic uyhliterec
enérgeiec tou f'smatoc.

" p_value : to p value thc katanom ¢ ? twn sunduasm,n twnjets sthn tim 2. .

To p value ePnai to olokl rwma thc katanom c tou statistikoO test ( test statistic) 2 api thn
parathroOmenh tim thc metablht ¢ éwc to “peiro. EPnai dhlad h ouriaba pijanithta na prokOyei mba

tim tou 2 megalOterh api to 2 < To olokl rwma api to opobo upologbzetai ebnai to akiloujo

Zl
p value=  f( 2d 2 (5.5)

min

Gia gegonita menjets = 3, ipou h metablht aut den mporeb na upologisteb, dbnoume thn tim.
Oi kanonikopoihmenec sth mon“da katanomec gia tic di“forec diadikasbec s matoc kai upob”jrou
fabnontai sto di"gramma tou Sq matoc 5.10(h").

(ab) (bb)
Sq ma 5.10
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(gb) (dp)
(eb) (b)
(zb) (hb)

Sqg ma 5.10: Oi katanomeéc twn diafirwn metablht,n thc an"lushc gia to s ma me m, = 60 GeV kai
15GeV kai gia tic diadikasbec upob’jrou. Sta diagr'mmata (a'), (b), (h") fabnontai oi kanonikopoih-
menec sth mon~da katanoméc t#t_Z, phi_HZ, p_value . Sta diagr'mmata (g'), (d'), (€"), (), (2)
fabnontai oi katanoméc twrM_3j_hbtag, M_4j_hbtag, M_4j_combo, M_jj_max, M_jj_min ,
ipou ta upibajra anaparist,ntai se  stack morf kai ta s mata ebnai pollaplasiasména me énan

par"gonta 500 gia na diakrbnontai. )
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5.7 Polumetablht An“lush Dedomeéenwn

To epimeno b ma thc an"lushc ePnai na anaptOxoume émaltivariate discriminator , mPa meéjodo
pou sundu”zei plhroforbec api pollaplec metablhtec me skopi na beltistopoi sei th diagwrisimith-
ta metaxO kajorisménwn klI"'sewn. O skopic aut ¢ thc mejidou ePnai na mporésoume na diagwrDsoume
tic diadikasbec tou s matoc api to suntriptiki upibajro twn diadikasi,n tou KP.

5.7.1  Multivariate Analysis - TMVA

Ja grhsimopoi soume to TMVA (Toolkit for Multivariate Analysis ) [40], mPa ergaleioj kh pou e-
Pnai prosarmosmeénh se perib lloROOT kai apotelebtai api éna set mejidwn statistik ¢ an”lushc
gia thn tautigronh epexergasba, axioligish kai efarmog kathgoriopoi sewn pollapl,n metablh-
t,n. Oi tegnikéc pou periegei katat"ssontai sthn oikogeéneia twn Supervised LearningalgorBjmwn.
Auti shmabnei iti grhsimopoioOn deBgmata dedoménwn, gia ta opoPa to epijumhti apotélesma ePnai gnw-
sti (ipwc gia par"deigma mba prosomobw$hC tou s matoc kai tou upobTjrou), ,ste na k'noun
p'nw se aut” ekpaBdeusht(aining) thc mejidou. AfoO dokimasteD totraining p"nw se éna meéroc
tou debgmatoc kai gbnei axioligish thc apotelesmatikitht™c tou, omultivariate discriminator mporeb
na efarmosteb se kainoOrgia argePa dedoménwn kai na katal xei sto sumpérasma to opoBo ekpaideO-
thke na ex"gei. Sthn perbptws mac auti to sumpérasma ebPnai poia gegonita eqoun proeljei api
diadikasbec s matoc kai poia api diadikasbec upob”jrou. ParadebgnididA mejidwn ebnai ta ex c:
Neural Networks, Decision Trees, Fisher Discriminant, Rectangular Cut Optimazation.

Sq ma 5.11: Sunoptiki di"gramma ro ¢ twn dOo f'sewn tou TMVA : Training & Application
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5.7.2 BDT Discriminator

O multivariate discriminator pou epilegoume na grhsimopoi soume ePnaiB@osted Decision
Trees (BDT). H méjodoc aut perilamb™nei éna sq ma ro ¢ apof°sewn se dentroeid di“taxh, ipou
se k'je diakl"dwsh upeisérgetai éna krit rio diagwrismoO pou afor” se mPa api tic diajésimec
metablhtec. To K'je gegonic odhgebtai dexi” arister™ thc diakl"dwshc an“loga me to an ikanopoieb
to kritrio  igi. AfoQ éqoun per’sei api mPa allhlougba api tétoiec diaklad,seic, ta gegonita
tou training dePbgmatoc katal goun sta {fOlla} tou déntrou, upog.rouc tou fasikoO q.rou pou
orBzoun oi metablhtéc thc an’lushc. Teloc, ta fOlla anagnwrbzontai we katast'seic s matoc
upob’jrou, an’loga me to an h pleioyhfba twn gegonitwn proéergetai api to debgma tou s matoc
tou upobTjrou.

Sqg ma 5.12: Sghmatik anaparstash enic Decision Tree Xekin ntac api th rbza sto p"nw méroc

tou diagr'mmatoc, efarmizetai sto training debgma dedoméenwn mba allhlougba api krit ria diaqwris-
moO, to kajéna me b’sh th diaqwristik metablht x;. K'je diakl"dwsh grhsimopoieD th metablht

ekebnh pou garakthrDzetai api th megisth diagwristik ikanithta metaxO s matoc kai upobjrou sto
sugkekriméno b ma upodiabreshc. Auti shmabnei iti mba metablht mporeb na grhsimopoihjeb epanel-
lhména Kkai kajilou. Oi periogéc twn {fOllwn} sto k’tw méroc tou diagrmmatoc epishmabnontai

wc"S" (sma) "B" (upibajro) an’loga me to poO an kei - sto deDgma tou s matoc tou upo-

bYjrou - h pleioyhfba twn gegonitwn sto fOllo auti.

H diadikasPa touboosting pragmatopoiebtai metaxO twn diadogik Decision Treespou dhmiour-
goOntai. Ta déntra proérgontai api to Bdio sOnolo toutraining debgmatoc, ipou égoun imwc epana-
prosdioristeb ta b'rh tou K'je gegonitoc kai h telik apikrish ex"getai api ton stajmisméno méso
iro twn déntrwn. To boosting stajeropoieb thn apikrish tou Decision Treelamb”nontac upiyh tic
statistikec diakum™nseic tou training debgmatoc, me apotélesma na beltistopoieb thn apidosh thc
mejidou. O tripoc me ton opoPo douleQei &inai mésw mPac sun’rthshc, h opoPa kataioing tou
epimenou déntrou prosun’ptei megalOtero broc se gegonita ta opoba katat'gjhkan lanjasména
sto prohgoOmeno déntro.

O BDT discriminator pou kataskeu”same sth sugkekriménh an’lush grhsimopoieb 4@@cision
Trees me megisto b7joc tri,n diaklad,sewn, grhsimopoi,ntac th mejodo Gradient Boost. H pa-
r"metroc Shrinkage orbsthke sto 0.1. O riloc thc ePnai o e€leggoc twn bar,n tou k’je dentrou kai
sqgetbzetai me ton rujmi ekm’jhshc tou algorbjmou. Mba mikr timShrinkage (0:1 0:3) apaiteb th
dhmiourgba perissiterwn déntrwn, all” mporeb na belti,sei shmantik™ thn akrbbeia thc ektbmhshc
se dOskola shmeba. Gia ton diagwrismi metaxO {fOllwn} s matoc kai upob’jrou grhsimopoiebtai
o debkthdGini. Peraiterw, h parmetroc nCuts, h opoba rujmbzei to b ma eléggou twn tim n twn
metablht,n ste na efarmostoOn ta krit ria diagwrismoO, téjhke sto 200. Oi timéc ilwn aut,n
twn paramétrwn epilegjhkan met” api di“forec dokimec sunduasm,n kai b"sei ekebnou pou édine thn
beéltisth kampOlh ROC.
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5.7.3 Training Metablhtec

(ap) (bb) (gb)
(dp) (eb) (h)
(zb) (hp) (ib)

(ib)

Sqma 5.13: Oi katanoméc twn déka metablht,n pou grhsimopoioOntai gia twaining tou BDT
discriminator. Me kikkino gr,ma fabnetai to “jroisma twn upob’jrwn, en, me mple gr,ma dPnetai
to s ma gia thn upijesh m"zac tou mpozonboa, m, = 60 GeV, p"nw sthn opoba gbnetai tvaining .

Oi metablhtéc p°nw stic opobec gbnetai tmaining epilégjhkan étsi ,ste na éqoun arket dia-
kritik ikanithta an"mesa se s ma kai upibajro, all” epipléon na ebnai iso to dunatin anex’rthtec
api thn upijesh m“zac tou mpozonBowa. Me autin ton tripo exasfalDzoume iti mporoOme na grhsi-
mopoi soume enaBDT discriminant gia ilec tic peript,seic s matoc. Epoménwc, to training gbnetai
sto deBgm#MC tou s matoc mem, = 60 GeV, en, gia to upibajro ajrobzontai ila ta debgmata
mazb. Na shmeiwjeDb, epipléon, iti up“rqoun ta gegonita sto debgmanjats = 3, ipou éqoume jései
thn tim orisménwn metablht,n Bsh me 1, ipwc égei anaferjeb prohgouménwc. Efison oi timec
twn metablht,n aut,n ePnai tautishmec metaxO s matoc kai upobjrou, oi sugkekriménec metablhtéc
apl.c den ja prosferoun kti sto  BDT, epitrépontac imwc sta gegonita na suneisféroun me tic
upiloipec metablhtéc touc.
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Sto Sq ma 5.13 anaparist,ntai oi katanomec tou training debgmatoc twn metablht,n, ipou me
mple fabnetai to s ma kai me kikkino to sunoliki upibajro. Api touc pPnakec susqétishc pou fab-
nontai sto Sq ma 5.14 parathroOme iti oi metablhtéc ePnai ikanopoihtik™ anex’rthtec metaxO touc,
to opobo ofeleb thn apidosh touMVA . Ston PPnaka 5.6 fabnetai kai h kat"taxh twn metablht,n wc
proc th diaqwristik touc ikanithta kai th shmantikitht™ touc.

(ab) (bb)

Sq ma 5.14: PPnakec susqeétishccprrelation matrices) twn metablht.n pou grhsimopoioOntai sto
training gia to s ma (arister”) kai to upibajro (dexi").

rank  Training variable Importance
1 Pt Z 17.7 %
2 M_3j_hbtag 16.0 %
3 phi_HZ 12.7 %
4 nbjets 10.0 %
5 M_jji_max 8.6 %
6 M_4j_hbtag 8.1 %
7 p_value 8.1%
8 M_jji_min 7.7 %
9 M_4j_combo 6.6 %
10 njets 4.6 %

Pbnakac 5.6: Kat'taxh twntraining metablht,n wc proc th diagwristik ikanithta kai th shmanti-
kitht™ touc ( importance).
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5.7.4 Apikrish tou BDT

To apotelesma tou MVA pou efarmisame fabnetai sto p"nw di"gramma tou Sq matoc 5.15, ipou
anaparist'tai h apikrish tou BDT (BDT responsd. Ta mple shmeba antistoigoOn sthn katanom
tou s matoc kai ta kikkina sthn katanom tou upob’jrou. Sto Bdio di"gramma éqoun sgediasteb oi
katanomec twn deigm™twn elégqgou, ta opoba ebnai anexrthta api ta debgmata pou grhsimopoi jhkan
gia to training. To gegonic iti den parousi’zoun apiklish api ta shmeba twn katanom,n tou
BDT epibebai,nei iti den égei gPnavertraining ston discriminator. To overtraining prokOptei se
machine learning mejidouc itan oi bajmoP eleujerbac tou sust matoc ePnai polO IDgoi, epeid oi
par"metroi tou algorBjmou éqoun prosarmosteb uperbolik™ kal” sta shmeba tou debgmatoc. Me “lla
ligia gbnetai uperdiirjwsh kai o discriminator leitourgeP apotelesmatik™ mino gia to sugkekriméno
debgma p"nw sto opobo eginettaining .

Sto k“tw di"gramma tou Sg matoc 5.15 faPnetai gia sOgkrish h apikrish tou Fisher discriminator
pnw sto Bdio debgma. ParathroOme iti ®BDT ePnai pio diagqwristik meéjodoc, ipwc problépetai,
kaj,c ebnai énac mh grammikic taxinomit ¢, se antbjesh me f&isher. To Bdio sumpérasma mporeb na
exagjeb kai api th sOgkrish twn kampul,n ROC pou faPnontai sto Sq ma 5.16. H kampOIROC
(Receiver Operating Characteristic curve) ekfrzei th sqésh metaxO thc apirriyhc upob’jrou kai
thc apidoshc tou s matoc gia ta di*fora krit ria diagwrismoO enic  discriminator.

Sg ma 5.15: H apikrish tou BDT discriminator (p"nw) kai tou Fisher discriminator (k“tw) gia
tic katanoméc tou s matoc kai tou upob’jrou. Sta Bdia diagr'mmata fabnontai kai oi katanoméc twn
deigm’twn eléggou api ta opobPa epibebai,netai iti den égei sumtmi@rtraining.
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Sq ma 5.16: Oi kampOleROC (Receiver Operating Characteristic curve)gia tic mejidouc BDT Kai
Fisher. 'Opwc fabnetai sto di"gramma, t8DT wc mh grammikidiscriminator éqgei kalOterh sumpe-
rifor” kaj,c parousi“zei th beéltisth analogba metaxO apidoshc s matoc kai apirriyhc upobjrou.

Sto Sq ma 5.17 fabnetai to apotélesma thc efarmog ¢ touBDT pou ekpaideOthke p nw staoot les
twn diadikasi,n s matoc kai upob’jrou, ipou ta yields ebnai kanonikopoihména sthn energi diatom .
Ta di“fora debgmata upob’jrou éqoun sgediasteb xeqwrist™ kai sestack morf, en, gia to s ma
anaparist,ntai oi katanomec gia tic upojéseic m“zac m, = 60 GeV kai 15GeV, pollaplasiasménec
me énan par"gonts500 gia na diakrbnontai. 'Eqontac gwrbsei to di"gramma se dékas eOrouc0:2
mon“dwn to kajéna, parousi“zetai ston PPnaka 5.7 h an’lush an"bin twn yields pou prokOptoun
api thn katanom thc apikrishc tou BDT gia k'je diadikasba s matoc kai upob~jrou.

Sq ma 5.17: Apikrish tou BDT gia tic peript,seic s matoc me m, = 60 GeV kai 15GeV kai gia
tic diforec diadikasbec upob’jrou. Oi katanomec ebnai kanonikopoihménec sthn energi diatom .

58



Polumetablht An"lush Dedoménwn

An’lush

Kef'laio 5 .

¢ ssadoud N

d

‘noil_.godn no} ysuewoQxelp Y1 1I9z_ipe e@odo Y ‘no) ez@l yi ooid ey pjaik punolboeq
reyuol@rered exeu@d no) oswwelb d8@eInalsl oQp 1S “umil godn umi ewsioll, pjijouns o) eif rey 9°fey “eifeqidn eloj Ip €} ey dojew s d1es 1duad 1x9 on elb

pjijouns 01 20id A99 09 = ®w ®Ib pjalf reubis noj 1061 10

1/'G deyeudd

sseooud | gyyysod Y sulqg ide ep_wio uig ol y eib rejau@ed "9100s 1 Agno) woueey uy) ide unoxdQxo.d nod spjalA umi uig ue ysnj uy
% €19 %O0LT % 96 % 99 % Ly % SC (09) g &S
% 8¢ % v¥'0 %020 %<ZT°0 % €0°0 % TO0 (09) g=s
9¥Z 65209 Z8€ VI2ovi v.¥ 1.,0S¢¢ LE€S 69988¢ ¥0E€T <ZZS00.LT V..T ZT99VTE Bxg rexoL
/8T €00S€ €0€ 8v8T6 /8E TVS6vT TEV ¥¥098T 6€0T ¥896.0T L9€T ¢CET698T oluoydaIWasoL 1 L
GZ¢ 9719 or 9./9T ey Gv8l1 ¥9 vEOY L/T 602TE €9€ ¢280¢cET dluoipeHol 11
GET vveEST L6T ¢Z6.8€ Z€C¢ 9¢8ES T.Z 86vEL ¢89 6E0S9Y 806 8GEVZ8 NNZ120L11
Z¢8 1619 8TT 666€T VT 659861 83T ¥60S¢ €G€ T6SvcT 19S5 0v0Tce J7ol1s1ecAd
T €TT 9T €9¢ 6T €vE 8T O€€ T€ 896 l¢ €l GTssewe [eufis
6T vveE 0¢ Lov T¢ ¢<cv 6T LSGE ¢€ €66 9¢ G99 ozssewe [eufis
2€ 2so1 G¢ €09 T¢ 6Sv 6T 2.LE 0c LT6 vz G9S ogssewe [eubis
LE 09€T G¢ €19 ¢ 62v 6T /LG€ 6Z 698 €¢ €S ovssewe [eufis
8¢ VovT GZ G929 ¢ Svy 6T <¢29¢€ 6Z 9€8 €¢ 21§ ogssewe [eufis
6E€ OTST GZ 879 ¢ vSv 6T 9G€ 6Z 68 ¢ vov ogssewe [eubis
0T uig 6 uig g uig L ug [9'v] uig [e'T] ug sse20.d

59



Kef'laio 5. An’lush 'Eleggoc Upojésewn

5.8 'Eleggoc Upojéesewn

'Eqontac mBa metablht me ikanopoihtik diagwristik ikanithta metaxO s matoc kai upob’jrou,
mporoOme t,ra na k'noume td thc meégisthc pijanof'neiac (Maximum Likelihood t ) [41] Argik’,
ja jésoume to plabsio mésa sto opobo prokOptei h gr sh aut ¢ thc mejidou. To zhtoOmeno ePnai na
gbnei éleggoc twn ex ¢ upojesewn:

4 Mhdenik upijesh Ho: Up“rgoun mino oi fusikec diergasbec pou perigrifei to KP,
dhlad up’rgei mino upibajro (B).

a Enallaktik upijesh H1: Up“rgoun epipléon fainimena ektic tou KP, dhlad up~rqei
mazb me to upibajro kai s mgS + B).

H Kje upijesh antiproswpeQetai api &éna montélo. Eléggoume tic dOo upojéseic k’nontac t twn
antbstoigwn montelwn p“nw se dedomena kai sugkrbnontac thn sumbatitht™ touc me tic peiramatikec
timec. Ta dedomena proérgontai agvionte Carlo toys, dhlad par"goume api tic jewrhtikec kata-
noméc twn montélwn poll” set api yeudotugabouc arijmoOc. Me autin ton tripo mporeb na ektimhjeb
h sunépeia kai h amerolhyba toti kai na meiwjoOn oi statistikéc diakum nseic tou apotelésmatoc.

5.8.1 Toy MC & Maximum Likelihood t

Oi jewrhtikéc katanoméc twn montélwn dbnontai api to ginimeno twn parameétrwn kanonikopobhshc
Nprocess €PD thn puknithta pijanithtac P DF ocess the K'je diadikasbac, ajroisména gia ilec tic
diadikasbec. 'Etsi, to montélo gia thn upijesh Hy ebnai

X
model_0=  Npg PDFpkg(X)

bkg

= NDYjets l:)DFDYjets (X)+ NTThadronic l:)DFTThadronic (X)

+ NTTIeptonic I:)DFTTIeptonic (X)+ NTTsemiIeptonic PDFTTsemiIeptonic (X) (5-6)

kai to montelo gia thn upijesh H; ebnai

X
model 1 = N signal P DF signal x) + Nbkg P DFpig (%)
bkg

= Nsignal I:)I:)Fsignal (X)
+ NDYjets PDFDYjets (X)+ N T T hadronic P DF 11 hadronic (X)

+ I\ITTIeptonic PDFTTIeptonic (X)+ NTTsemiIeptonic F>DFTTsemiIeptonic (X): (5-7)

H tugaba metablht x p“nw sthn opoba gbnetai t6 ebnai t8DT_score, epomenwc, oi puknithtec
pijanithtac twn diafirwn diadikasi,n dbnontai api tic katanoméc tou BDT_score kanonikopoihmenec
sthn energi diatom , ipwc fabnontai sto di"gramma tou Sq matoc 5.17. AntBstoiga, oi par"metroi
kanonikopobhshbl process dPnontai api to olokl rwma twn katanom,n aut n, ekfr'zontac touc ana-
menimenouc arijmoOc gegonitwn k'je diadikasPaexpected yields.

Gia na kataskeu™soume to set dedoménwn par"goume gia k'je diadikasba yeudotugabec timec
thc metablht c BDT_score, oi opoPec akoloujoOn tic antbstoigec jewrhtikéc katanoméc kai tic
prosjétoume se éna sOnolo yeudodedoménwn. Jétoume to pljoc twn gegonitwn pou par’goume
na ePnai Dso me to “jroisma twn argik,lyields tou montélou. H parathroOmenh tim ja ePnai to
olokl rwma thc katanom ¢ twn dedoménwn, dhlad toyield N §2 .

Sth sunegeia, efarmizoumeaviaximum Likelihood t sto set twn yeudodedoménwn. H sun“rthsh
pijanof"neiac ebnai to ginimeno twn puknot twn pijanithtac enic sunilou tim,n  fx;g miac tugabac
metablht ¢ X, dedoménwn twn paramétrwntou probl matoc,

LXj)= p(xij ): (5.8)
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H ektbmhsh thc paramétrou antistoige® sthn tim " h opoPa megistopoieb thn pijanof neia tou
sunilou fx;g, dhlad " = argmax L(Xj ). H megistopoPhsh thc pijanof'neiac dbnetai api ton

mhdenismi thc pr,thc parag,gou % L =0:

JewroOme iti o arijmic N twn anex’rthtwn gegonitwn x; akoloujoOn katanom Poissonme ana-
menimenh tim (), pou exarttai api tic parametrouc tou probl matoc kai puknithta pijanithtac
N

Poisson(N; )= —- H pijanof neia ja isoOtai me to ginimeno thc pijanithtac parat rhshc N
gegonitwn kai thc pijanithtac tou k'je gegonitoc  x;. Sunep,c, h sun’rthsh me thn opoBa k’noume
to t ebnaih
2 3
F (x) = Poisson(Ngata ; Ngaé ) 4Nsigna| P DFsignaI (x)+ kag PDF bkg (X)5 ; (5.9)
bkg

ipou oi par"metroi tou t ebnai tayields Nprocess twn diafirwn diadikasi,n s matoc kai upob~jrou,
ipwc kai to yield Ngaa twn yeudodedoménwn. Gia thn akrbbeia efarmizolxiended Maximum
Likelihood t , opite prostbjetai san periorismic h sunj kh kanonikopobhshc

X
Ngata  Nsigna = N kg )
bkg
Ndata Nsignal = NDYjets + NTThadronic + NTTIeptonic + NTTsemiIeptonic : (5-10)

Oi par'metroi tou t pabrnoun wc argikéc timéN;?eld , ta anamenimengields twn katanom_n tou
BDT_score. Gia tic paramétroucNgkg orbzoume to eOroc touc na kumabPnetai metaxO tou mhdenic Kkai
the dipl”siac tim ¢ tou anamenimenouwyield thc antbstoighc diadikasbac upob’jrou. Api thn “lih,
h par'metroc Nsignar pabrnei timéc sto disthmg 3Ny . 5 ANS ) 1.

Téloc, gia na posotikopoi soume tic dOo upojéseic, greiazimaste éna statistiki 2. Sth fusik
uyhl.n energei,n to poio diadedoméno statistiki ePnai to Neyman-Pearson test statistic pou dbnetai

api ton tOpo

Ls+B

= 2| :
Q nLB,

(5.11)

ipou Ls+pg=Lg ebnai o ligoc pijanof'neiac. Eidikitera, Ls:+g ePnai h tim thc meégisthc pija-
nof'neiac itan to t egei gbnei me to montelo thc enallaktik ¢ upijeshc, en, Lg ebPnai h tim thc
megisthc pijanof'neiac itanto t égei gbnei me to montélo thc mhdenik c upijeshc. Gia na kataskeu-
“soume tic katanoméc tou statistikoO sOmfwna me th mhdenik kai thn enallaktik upijesh, f (QjH)

kai f (QjH 1), tic opoPec ja sugkrbnoume gia na ex"goume ta epPpeda empistosOnhc, greiazimaste dOo
set yeudodedoménwn. To éna ja proergetai api tic jewrhtikéc katanomec pou perilamb™noun mino
upibajro ( Data B) kai to “llo api tic jewrhtikec katanoméc pou perilamb™noun s ma kai upibajro

(Data S+B). Epomeénwec, se k’jetoy ja upologBzontai dOo timéc tou statistikoO,

Ls+B Ls+B

Qju, = Qo= 2In kai  Qju, = Q1= 2In

(5.12)
Le Data B Le Data S +B

Sunoybzontac, ta b mata pou akoloujpOme ePnai epigrammatik” ta ex c:

¢ Ta jewrhtik” montela perigr fontai api tic puknithtec pijanithtac (5.6) kai (5.7), tic opobec
ex"goume api tic katanomec tolBDT_score (Sq ma 5.17).

¢ Par"goume api ta jewrhtik® montéla dOo set yeudgdedoménwn, t@ata B kai to Data S+B,
gia kajéna api ta opoba ex"goume mba parathroOmenhNigs .

¢ EkteloOmeExtended Maximum Likelihood t tou k’je montélou sto k'je set dedoménwn
(sunolik™ tessera  t), grhsimopoi,ntac th sun“rthsh (5.9). Oi par'metroi tou t ebnai ta
yields twn katanom,n (Nsigna , Nk')kg, N gata )-

1270 statistiki ( test statistic ) ePnai mPa sun’rthshQ(f xg) twn dedoménvynfxg, pou sumperiféretai wc tugaba
metablht . Sumperiféretai wc énac arijmic, upologisménoc b"sei k“poiou statistikoO test, o opoboc perigr-fei piso
apoklbnoun ta dedomeéna api th mhdenik upijesh.
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c Met” api K'je t pabrnoume tic timec twitted yields , N;:feld , mazb me ta sflimat” touc,

¢ ApitadOo t sto set dedoménwrData B upologDzoume thn timQg, en, api ta dOo t sto
set dedomenwbata S+B upologbzoume thn timQ;.

O parap’nw algirijmoc apoteleb to éna toy. Ta diagrmmata twn tess'rwn t gia aut th
memonwmeénh perbptwsh parousi“zontai sto Sq ma 5.18. Sta diagr'mmata fabnontai me diakekommeénec
grammec oi katanoméc twn anamenimeyiitds upob’jrou kai s matoc (gia m"za m, = 60 GeV
kai gia energi diatom = 1 pb) gia sOgkrish. Oi maOrec koukDdec ePnai ta peiramatik™ shmeba twn
yeudodedomenwn kai me mple gramm anaparist taittqpou efarmizetai se aut™. Sto k“tw méroc twn
diagramm”™twn fabnontai kai tgulls tou k“je shmebou, dhlad h posithta pull = (Nt  Nij, )= N .

(ap) (bp)

(gb) (db)

Sg ma 5.18: Extended Maximum Likelihood t sto BDT_score gia enatoy. Me diakekommeénec
grammec fabnontai oi katanoméc twn anamenimeielals upob’jrou kai s matoc. Ta téssera dia-
grrmmata anaparistoOn: (a) tot tou model_1 sto set dedoménwrData S+B, (b') to t tou
model_0 sto set dedoménwrData S+B, (g') to t tou model 0 sto set dedoménwrData B kai (d')

to t tou model_1 sto set dedomenwrData B.
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H diadikasba aut epanalamb’netai gia ilec tic upojeseic m“zaen, = f 15; 20; 30; 40; 50; 60g GeV
kai gia pénte diaforetikéc energoOc diatoméc tou s matoc an™ m“za (h energic diatom upeisérge-
tai sthn kanonikopobhsh twn katanom_ n touBDT_score stic anamenimenec timec twnelds). Gia
k'je mba api autéc tic peript,seic ekteloOntai 10000toys, ,ste na égoume arket™ meg’lo stati-
stiki debgma kai na exaleifjoOn iso to dunatin perissitero oi statistikéc diakum’nseic. 'Etsi,
kataskeu"zontai gia k'je perbptwsh m"zac kai energoO diatom c oi katanom&¢QjH ) kai f (QjH1).

'Opwc anaferjhke kai prohgouménwc, to statistiki Q = 2In(Ls+g=Lg) posotikopoieb tic
dOo upojéseic pou jeloume na elégxoume grhsimopoi ntac ton ligo pijanof'neiac. 'Otan to Q
upologbzetai gia to set dedomenwbData B, ipou den up'rgei s ma, anaménountg;.g = Lg )

Qo = 0. Kat" antistoigba, itan o upologismic gbnetai me to set dedoménwbata S+B anamenoume

Lssig >Lg ) Qi< 0, ligw tou arnhtikoO pros mou ston tOpo. 'Oso perissitero ePnai to s ma

pou up’rgei sto set dedoménwn, dhlad iso megalOterh ePnai h energic diatom thc diadikasbac tou
s matoc, tiso pio arnhtik ja ePnai h tim tou Q kai epoménwc ja ePnai megalOterh h diagwrisimithta
twn katanom,n f (QjH,) kai f (QjH1). Tite Iéme iti to s ma éqei megalOterh euaisjhsDa.

Gia thn perbptwsh m°zaen, = 60 GeV efarmisame thn parap’nw mejodologba gia energoOc
diatoméc = f0:10; 0:15; 0:22; 0:30; 0:40g ph oi opoPec égqoun mikr euaisjhsba, kaj,c to zhtoOmeno
ebnai na prosdiorbsoume ta iria sthn energi diatom . Oi katanom®@g¢ pou proékuyan gia k'je energi
diatom s matoc anaparist,ntai kanonikopoihménec sth mon“da sto Sq ma 5.19, se sOgkrish me thn
katanom Qg tou upob’jrou.

Sq ma 5.19: Oi kanonikopoihménec sth mon“da katanomé®jH;) gia th m"zam, = 60 GeV kai
energoOc diatoméc s matoc = f0:10; 0:15; 0:22; 0:30; 0:4gph se sOgkrish me thn katanom upo-
bijrou f (QjHo).

Peraitérw, gia na elegxoume thn apotelesmatikithta tou t , fti"gnoume tic katanomec tou tted
yield tou s matoc kai tic antBstoigec pull katanomec tou,(Nf . N, )= N . Profan,c h

par"metroc N;';na, pabrnei tim mino stic peript,seic pou to t gbnetai me tonodel_1, to opobo
perieqgei thn par'metro tou s matoc. 'Otan prosarmizetai sto set dedomenwn qwrBc s ma tite h
par"metroc N;';nal egei mhdenik anamenimenh tim, en, itan prosarmizetai sto set dedoménwn me
s ma anaménoume na plhsi“zei tblgi‘gna, . Prigmati, oi katanomec tou N;';nal itan to t gbnetai
sta Data B ebnai gkaousian me mesh tim gOrw api to O kai itan t¢ gbnetai staData S+B
ebnai gkaousian me mesh tim kont™ sthn anamenimenh tim y@ld tou s matoc. Antbstoiga kal
sumperifor” parousi“zei kai to pull, to opobo moi“zei na akoloujeb tupopoihménh kanonik katanom ,
me meésh tim 0 kai tupik apiklish bsh me th mon“da. Endeiktik”, paratbjetai sto Sq ma 5.20 to
di"gramma me tic katanoméc tdu ™ gia thn perbptwsh m“zaen, = 60 GeV kai energi diatom

signal
smatoc =0:4ph
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(ah) (bh)
Sqg ma 5.20: Oi katanoméc tOUN;“ na (@rister’) kai oi antbstoigec katanomecpull (dexi”), oi opobec
égoun paragjeD apil0000toys. H mple kampOlh afor” to t tou model_1 sto set Data S+B, en,
h roz kampOlh afor" to t tou model_1 sto set Data B. H anamenimenh tim toyield tou s matoc
isoOtai meN G°. = 1696 gegonita itan sta dedomena up’rgei kai s ma, en, ebnall g0, =0 itan
sta dedomena up“rgei mino upibajro. Ta diagr'rmmata proergontai api thn perbptwsh me s ma m“zac

m, = 60 GeV kai energi diatom s matoc ggna = 0:4ph

5.8.2 Diast mata EmpistosOnhc - CLs Analysis

Sth fusik uyhl,n energei,n, itan jéloume na jésoume ta iria apirriyhc stic paramétrouc
enic montélou, grhsimopoiebtai h statistik méjodoc twn epipédwn empistosOnhcen dence levels
(CLs)*® [41][42] Pr ta, ePnai ofélimo na anaferjoOme sta sfimata tOpou | kai Il. Ston élegqo
upojésewn to apotélesma tou statistikoO test ebnai mPa d lwsh sgetik® me thn apirriyh  mh thc
mhdenik ¢ upijeshc kai den afor” thn apodoq thc enallaktik ¢ upijeshc. To sfima tOpou | ePnai
h pijanithta na aporrbyoume thnH, en, ebnai alhj ¢ (False Positive), dhlad a = Prob(rejectH ]
Ho = true). To a onom’zetai mégejoc tou test. To sfima tOpou Il ePnai h pijanithta na de-
gtoOme thnH, en, ePnai yeud c Kalse Negative, dhlad = Prob(acceptHyjHo = false) =
Prob(acceptHy jHy, = true). Epomeénwc, h posithtal perigrfei thn pijanithta na aporrbyou-
me thnH, en, ePnai yeud c kai apoteleb th dOnamh tou teppwer= 1 = Prob(rejectH gjHg =
false).

'Estw iti api thn peiramatik meétrhsh prokOptei h tim  Qqps tou statistikoO. To statistiki
ergaleDo pou grhsimopoioOme gia na elégxoume api poia katanom pro lie h métrhsh eBngivalue,
to opobo ekfr'zei thn ouriaba pijanithta na p"roume éna ﬁ)otélesma api th jewrhtik katanom

me tim toul"qiston ish h peiramatik , dhlad p value = golbs f (Q)dQ. Orbzoume tic posithtec
Ps+ b, Pp gia tic katanoméc ticH; kai Hy antbstoiga, wc

z +1

Ps+b = o f (QjH1) dQ; (5.13)
Z Qoo:s

Pp = ) f (QjHo) dQ: (5.14)

Sthn perbptwsh pou h meléth mac afor™ thn anak’luyh néac fusik ¢, h krbsimh perioq perioq
apirriyhc thc  Ho prosdiorDzetai api th sunjkh pp, < a (ePnai to sOnolo tim,n tou statistikoO oi
opobec eqoun pijanithta emf'nishc mikriterh api to epPpedo shmantikithtac a). To a kajorbzetai
anex’rthta api th metrhsh kai sunhjbzetai na pabrnei timéc megalOterec tdu. E™n jewr soume th

13sun jwe, ta epbpeda empistosOnhc ekfr"zoun thn pijanithta k'luyhc twn diasthm™twn empistosOnhc, dhlad to
pososti twn diasthmtwn empistosOnhc mPac meétrhshc pou periégoun thn pragmatik tim thc metroOmenhc posithtac.
H méjodoc pou grhsimopoiebtai gia ton prosdiorismi twn orBwn apirriyhc, parilo pou moir“zetai to Bdio inoma, diaférei
api aut thn énnoia twn epipédwn empistosOnhc.
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