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AnCTpakT

OBa Te3a ajapecupa NMHUTAkE TAYHOCTH HHIUBUIYATHOT Mepemha OJHOCa TpaHama XHUTCOBOT
6030Ha Ha map dorona BR(H—Yy), Ha enepruju 3 TeV y cucreMy IeHTpa Mace, ca 5ab™ mceyo-
nonataka. Kako je ¢oroH Oe3maceHa 4ecTHIa, YCIEA OJNp)Kama, Ha HUBOY BaKyyMma, JIOKAIHE
cumetpuje Jlarpamkujana CM 4mju je TeHepaToOp HaeJIeKTPUCae, CIIPe3ame XUICOBOr 0O30HaA ca
(dboToHMMA JIeIIaBa ce Ha HUBOY METJhE Y KOjOj MOTY OMTH pa3MemeHe nocTojehe nim HeoTKpUBEHe
TEIKEe YeCTHIC. Y TOM CMHCIY, OJCTYyMame MEPEHE BPEIHOCTH OJHOca rpaHama BR(H—yy),
OHOCHO (hakTOpa crnpe3ama XHICoBOT 0030Ha Jpyy, ON BPEMHOCTH KOje Cy mpeasubhene

CranmapaHUM MOJIEIIOM TIPEICTaBJhaIO0 OM MHAMKAII]Y HOBE (DU3HKE.

W3Bpmiena je myHa cumyianyja (U3UYKHX Mpolieca U OJroBopa JIeTeKTopa, y3umajyhu y o03up
peneBaHTHE (pU3MUYKE W MAIIMHCKE ITYMOBE, Ka0 U PEATMCTUYHHU criekTap JymuHo3HocTr Ha CLIC.
Curhan je cemapucaH o] IlyMa NMPUMEHOM MAaIIMHCKOT Yy4ea - MYJTHBapHjaHTHE aHaimu3e 12
OCETJBMBHX OICepBadIu. MaTeMaTHUKO MOJICIMPAhE CUTHAIA U [ITyMa M3BPIICHO je oJiroBapajyhum
dyHKIIMjamMa TycTHHE BepoBaTHohe. M3BpmieHo je mnpedOpojaBame Opoja morahaja curHama y
MIOHOBJFEHUM TICEYIO-€KCIIepuMeHTHMa. [lokazaHo je 1ga CTaTHCTHYKA AMCUTIANNja OYCKHBAHE
BPEIIHOCTU Mepema H3HOCH 5.5% cpelme BPEeIHOCTH Mepema, ITO je YjeoHO W pellaTHBHA
cTaTHCTHYKa HeojapeheHoCT Mepema ofHoca rpanama BR(H—vyy), ca HuBooM moBepema o1 68%,
YKOJIMKO Ta4yHO I03HajeMo e(UKacHM Mpecek 3a Mpoaykuujy Xurcosor 6o3oHa 'y WW-dy3uju Ha

eHepruju 3 TeV y cucreMy 1ieHTpa mMace.

Kibyune peun: KomnakrHu nuHeapHu cynapad, XurcoB 6030H, XUIcoBa CIpe3ama, CIpe3ame

XurcoBor 6030Ha ca GOTOHUMA.



Abstract

In this thesis is addressed the potential of the Compact Linear Collider (CLIC) operating at 3 TeV
center-of-mass energy to measure branching fraction of Higgs boson decay to two photons
BR(H—vyy), with 5 ab~! of integrated luminosity. Since photons are massless, Higgs boson coupling
to photons is realized through higher order processes involving the heavy particles either from the
Standard Model or beyond. Any deviation of the measured BR(H—yy) and consequently of the Higgs
coupling gy, from the predictions of the Standard Model, may indicate New Physics. The Higgs

decay to two photons is thus an interesting probe of the Higgs sector at future Higgs factories.

The study is performed using the full simulation of a detector for CLIC and by considering
relevant physics and beam-induced processes in a full reconstruction chain. Multivariate analysis is
employed to separate signal from background, while the shape of the reconstructed di-photon
invariant mass distribution is described with the probability density functions (PDFs) for signal and
background. Pseudo-data are fitted with PDFs to extract the number of signal events. It is found that,
once the Higgs production cross section in WW-fusion is known, BR(H — vyy) can be measured with
a relative statistical uncertainty of 5.5% at the confidence level of 68%.

Keywords: Compact Linear Collider (CLIC), Higgs boson. Higgs couplings, Higgs boson

coupling to photons.
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YBop,

Cranmapanu mMojen y (GU3UIM eIEMEHTApHUX YECTHUILA MPEJCTaBJba jEJHO O]l M3BAHPEIHUX
nocturayha y Hamem pa3yMeBamy OCHOBHHX IPaJUBHHUX eJleMeHaTa Y HuBep3yma. M3y3eTHocT oBor
MoJIeJIa OTJIe/Ia Ce y TOME IIITO Ha €r3aKTaH HAYKH OMUCYje HHTEPAKIIN]y elIeMEHTApHUX YECTHIIA, He
ocnamajyhu ce Ha mepTypOAaTUBHU MPHUCTYN YECTO NPUMEHHMBAH IPH OMKCHUBALY CIIOKEHH]HX
cucrema. Jlarpamxujan CtaHgapJHOT MOJENia OMHUCYje €BOJYIH]Y CTamkba CHCTeMa elIeMEHTapHUX
YyecTHUIla M KBAaHTU30BAHUX 110Jba CHIIa KojuMa MelyycobHo unreparyjy. Makopnopupajyhu npuHimme
KBaHTHE MEXaHUKE U CIICLHjaIHE TEOpHUje PEIATUBHOCTH, KA0 U MEXaHHM3aM CIIOHTAHOT HapyIICHa
JIOKAJTHUX cuMeTpuja Jlarpanxkujana y MoJieN BeJIMKe peAuKTuBHE Mohu, CTanaapHu MoIe jeaH
j€ oIl HajTauHH]je TOTBPHCHUX MoJIeNna y PU3UIH, YIPKOC HU3a OTBOPEHUX MUTarka O] Kojux he Heka

OWTH TUCKYyTOBaHA M Y OBOj TE3H.

XurcoB 0030H jeMHU je MKaZa OTKpHBEHU (pyHIamMeHTanHu ckajap. MHtepakmuja Xurcosor
[I0Jba Ca €JIEMEHTapHUM 0030HMMa U (EepMHOHMMA Y OCHOBHU je yBohema MaceHHX WJIAHOBA Y
Crannapuu mozen. OueknBaHOM BpeaHolihy Bakyyma XHMICOBO IOJbE JIONPUHOCH EHEPIreTCKO]
TYCTHHHM YHHBEpP3yMa Ha HAYWH KOjH HUCMO Yy CTamy Ja o0jacHuMo. OTBOPEHO je U MUTame Be3e
XurcoBor 0030Ha ca XUMOTCTUYHHM KaHIUIATHMAa 32 TaMHY MaTepHjy, Koja Mopa IOCTOjaTH 3a
MacuBHe uecTule. Takole, eBeHTyanHe HOBe uecTHle koje CTaHaapHU MOJEI He M03Haje Mopajy
O6utu crpernyre ca XurcoBuMm 0030HOM YKOJIMKO cy MacuBHe. HoBa cripe3ama XurcoBor 0030Ha ca
HEOTKPUBEHUM YECTHUIIAMa MEHajy HeroBy yKynHy mmpuny. Llto Taunuje mepemwe mocrojehux
napuujajHuX IIUpHUHA (0JHOCA TpaHama) je o M3Y3€THOI 3Hauaja 3a OTKpHBame Tako3BaHe Hose
¢usuke. Takohe, moctojame ¢uszuke u3zBaH CTaHZApAHOT MOJeENa Mema Ce KpO3 XUIIOTETHUKE
MoJIelIe CIIpe3ama Ia CaMUM THM U OJJHOCE TpaHama XUIrcoBor 0030Ha ca rmocrojehum yectuiama.
Te mpomeHe cy moceOHO u3paXkeHe y ciydajy XUrcoBor (TPHIMHEAPHOT) CaMOCTIpe3ama, CIpe3ama

ca eyiekTpociaabum 6030HUMa, au U ca POTOHUMA TE CE CIIpe3are OJIBUja Ha HUBOY TETJhE.

Y 0BOj T€3M ce Ha HUBOY MOTIIYHE CUMYJIalllje eKCIIepUMEHTa oJipeljyje TaUHOCT Mepera 0IHOCca
rpaHama 3a pacnaj XurcoBor 0o3oHa Ha map ¢oroHa. Cumynanuja ykJbydyje pealuCcTUYHE
eKCTIEpUMEHTATHE YCIIOBE, (U3NYKE U MAIIMHCKE IITYMOBE, CHMYJIAIN]y JETEKTOPA, K0 M CIIEKTap
aymuHo3HocTH Ha KomnaktHOM nuHeapHoM cynapauy (CLIC), Ha enepruju 3 TeV y cucreMy nieHTpa
mace. CLIC npexacrasspa jenny ox moryhux peanuzanuja 0yayhe Xurcose ¢adpuke y EBporckoj

opraHu3zanuju 3a HykieapHa ucrpaxusama (CERN) y [IBajuapckoj.

CtpykTypa Te3e 00yxBaTa yBOJHHU /1€0, U TO (heHomeHosorujy CrannapaHor Mojiena (IoriaBibe
1) u cam CLIC ekcniepuMmeHT (TIoT1aBbe 2), Kao M MorjiaBiba 07 3 10 5 y KojuMa je IpeaCTaB/beH caM
METOJ Mepema, 0]l CUMyJaltje, MPEeKo PEeKOHCTPYKIMje U cenekuuje jaorahaja, 10 eKcTpaxoBama

pe3yiTara U BeroBe CTaTUCTUYKE MHTEPIIpETaIH]e.

1



Oga Te3a ypahena je kopuctehu nogatke npousseaeHe oa crpaHe CLIC komabopanuje uuju je
aytop wiaH. OH je ©Mao 33J0BOJECTBO J1a y MHCTUTYTY 3a HykieapHe Hayke Bunua - UHCTUTYTY 01T
HaIMOHAMHOT 3Havaja 3a Pemybmuky CpOujy - pamu ca Kojerama Koju Ccy OWIM €0 THUMa
uctpaxkuBada y ATLAS ekcnepumenty y CERN kana je otkpuBen XurcoB 06030H. Pe3ynratu oBe
Tee je myOnuKoBaH y yaconucy o mehynapoanor 3Hauaja (G. Kacarevic, 1. Bozovic¢-Jelisavcic, N.
Vukasinovi¢, G. Milutinovi¢-Dumbelovi¢, 1. Smiljani¢, T. Agatonovi¢-Jovin, M. Radulovi¢, and J.
Stevanovi¢, Measurement of the Higgs boson branching ratio BR(H—yy) at a 3 TeV CLIC, Phys.
Rev. D 105, 092009 — Published 20 May 2022, DOI: 10.1103/PhysRevD.105.092009)



1. CtaHpaapAHu moaen y Gusmum yectmua

Cranmapaau mozen (CM) ommcyje HWHTEpakidje JIETOHA W KBAapKOBA KAao0 OCHOBHHX
KOHCTUTyeHaTa Matepuje. OBe yecThile J0jila3e y TP TEHepaimje, Mpu 4eMy je cBaka cieacha
reHepanyja MmacuBHHja. KBapKkoBH yia3e y cacTaB XaJIpoHa, JIOK €JICKTPOH YJIa3H y cacTaB OMOTada
aToMmckor jesrpa. Camo ce ejeMeHTapHU (PepMUOHH MPBE TeHepalje Mory Hahu Ha 3eMJbH Y cacTaBy

KOHBCHIMOHAJIHEC CYIICTAaHIIC.

CranmapiHu Mozesl KOHIMIMpPaH je kKao (He-AOenoBa) KBaHTHA TeopHja mnosba (Janr-Mmuicoa
TeopHja), Ta MHKOPIIOpHpa rpanjeHTHe 0030HE KOjU Cy MenujaTtopu GyHIaMeHTanHux cuia. Mako
Jlarpamxkujan CtaHgapHOT Mojiena 00yXxBara eJIeKTpOMarHeTHo, ¢i1abo u koJjop nosbe, CM je mpe
cBera o0jenmbeHa TeopHja enekTpociade nuTepakuyje. I’ paBuTanyja Hije KBAHTU30BaHA Y OKBUDPY
Crangapaaor mojena. EQexTuBHa crabocT rpaBUTaIyje Y OAHOCY Ha OCTaIe HHTEPAKIMje jeHa je
on Mmanudectauuja npobrema xujepapxuje 'y CTaHIapaIHOM MOJEIy, BE3aHOM 3a MpoOieM

HCIIO3HaBama Q)YHHaMCHTaHHC CKaJc.

Jlokanne cumerpuje Teopuje pempeseHToBaHe yHuTapuum rpymnama U(l), SU(2) u SU(3)
OJTOBOPHE Cy 3a TIOCTOjalb€ BEKTOPCKMX T0Jba (YHAAMEHTATHUX HMHTEPAKIHja U TO
CIICKTPOMArHETHOT, CJIa00r M KOJIOp T0Jba PECIEKTHBHO. Y OCHOBHOM 00iuKy, u3pa3 (1.33),
Jlarpamxujan CtanaapAHOT MOJieNa CaAp KU caMoO YJaHOBE KOjU OJroBapajy OBUM HMHTEpaKlyjama.
Honathu enemeHT CTagapAHOT MOJENIa je MeXaHU3aM CIIOHTAHOT Hapylllemha CUMETPH]e, PeI0KeH
IE3/IeCEeTUX TOIMHA MPOILIOT Beka of] crpane Xwurca [1], u bpayra u Anrnepa [2], mo komMe OCHOBHO
CTambe XUICOBOI I0Jba HeEMa JIOKamHe cuMmeTrpuje Jlarpankujana ycien uera onaronapajyhum
MIPEHOCHOIIM M0Jba MOCTa]y MACUBHU. Y ciy4ajy ¢poToHa Moxe ce koHcTpyucatd U(1) rpyna umju je
reHepaTop HaeJekTpucame (Q Koje je Hysa 3a eNeKTPUYHO HEeyTpalHU BakyyM Te (OTOH OcTaje
6e3maceH. XUrcoB 0030H je ekcrnepuMeHTaHO oTKpuBeH 2012. roanHe Ha Benmkom XaapoHCKOM
cynapauy (LHC) y excriepumentuma ATLAS [3] u CMS [4] y CERN-y, a roauHy gaHa KacHH]e
nonesbeHa je HoOenoBa Harpajga 3a ¢usuky Xurcy um AHIIepy 3a HOCTYJIHpame XHUICOBOT

MEXaHu3Ma.

Ypkoc 6pojuuM ycniecuma, CTanaapIHu MOJIe CyodaBa ce ca OpojHUM OTBOPEHUM MUTAKBUMA.
Haume, on He o0jammaBa (peHOMEHE MOMYT TAMHE MaTepHje, aCUMETpHje y KOJUUYHHHU MaTepuje U
aHTHMAaTepHje y orcepBabMIIHOM YHUBEP3yMY, Ka0 HU IUTakE caMme Mace XUrcoBor 0030Ha Koja Ou
ycies KBaHTHUX Kopekiuja Tpebano ga Oyne Onucka ¢ynnamentannoj (Ilnmankosoj) ckamu. OBaj

TIOCJIeIIbH MPOOJIEM j€ TTO3HAT KA0 npoobiem erekmpociabe xujepapxuje.

Mepemwa y XUICOBOM CEKTOPY OJ KJbYYHE CY Ba)KHOCTH KaKO 3a Pa3yMeBame€ caMme MpUpoJe

XurcoBor 0030Ha 3a KOjU HE MO’KEMO ca CUTYpHOIINY TBPAUTH J1a je pyHIaMEHTalIHa YeCTUIIa, TaKO



1 3a eBeHTyalHO oTkpuhe ¢u3uke n3Ban CTaHmapaHOT MOjeNa U 00Jbe pasyMeBame YHUBEpP3yMa
yorure. M3 tor pasnora mpojektu Oynyhux XurcoBux ¢aOpuka mporjameHu Cy NPUOPHUTETUMA

EBporicke crpateruje [5] y obnactu ¢pusnke yecTuua.

1.1. deHomeHonornja CtaHaapAHOr moaena y GUanLm 4ectmua

KBapkoBu cy ejeMeHTapHE YECTHIIC KOje CaunibaBajy MPOTOHE M HEYTPOHE YHYTap aTOMCKHUX
jesrapa, Kao 1 ocTaJie XaJIpoHe: Me30He ca JBa WIH OapuoHe ca TPU KBapKa MapTOHA Y CBOM CaCTaBy.
Crangapau MoJie TIOCTYyJIMpa TOCTOjamke IMIeCT Pa3IuduTUX apoma KBapkosa: up (u), down (d),
charm (c), strange (s), top (t) u bottom (b). KBapkoBu nmajy Hereno0pojHO HaeIeKTpUcambe, 2/3 Win
—1/3 enemenTapHOr HaeleKTpucama. KBapkoBH MOT'y HHTEparoBaTd CBUM BpCTaMa MHTEpaKIildja, a
O]l JIEITOHA UX M3]Baja 00o0jeHa (jaka) cuiia KOjy MpeHoce TiayoHu u3mely o00jeHHX KBapKoOBa.
KBapkoBw ce jaBibajy y TP OCHOBHA KBAaHTHA CTama T3B. O0je U TO IPBEHO], 3eJIeHOj U 11aBoj. 1o
aHAJIOTHjH Ca BUIJbUBOM CBETIIONINY, KOMITO3UTHE YECTHIIE MTOITYT IPOTOHA U HEYTpOHA Cy 0e300jHe.
KBapkoBw ce y mpupo/iu He jaBibajy N30JI0BAHO 300T KBaHTHO-XpoMoanHamuukor (QCD) ¢penomena
10 KOME KOJIOp MHTepakiihja OECKOHAYyHO cllabu Ha OECKOHAYHO MallUM pacTojamhMa a MOCTaje
EKCTPEMHO jaka Ha BEIIMKHUM, Ia Cy M KBAPKOBH ACHMITOTCKU CJIOOOJHHM Y BE3aHOM CTamy
(xoHpUHUpamE 00je), JOK Ce TPH pa3/iBajamy XaApoHH3yjy Gopmupajyhn mimazeBe dectuna koje

0€JIe’)KUMO y EKCIIEPUMEHTY .

Jlentonu cy npyra rpyna QysHaaMmeHTanHux ¢epmuona y CrangapaHom mozeny. Kao u
KBAapKOBH, U JIEITOHM jaBJbajy Y TpU reHepanuje. ['enepaiyje genToHa YuHe elNeKTPOH, MHOH U Tay
JIETITOH (TayoOH), Kao M ca ’hHMa acollpaHy HEyTPHHU. ENEKTPOH, MHOH M TayOH UMajy eJIeKTPHIHO
HaeJeKkTpucame —e. JIeNTOHM MHTeparyjy eIeKTPOMarHeTHOM M CJIadOM WHTEPaKIIM]jOM, Ha HAa4YUH
KOjH 3aBHCH O BbMXOBHUX KBaHTHUX OpojeBa. Craba MHTepaKIija ce MOKe OJBHjaTH pa3MeHOM W
unu Z° 6030Ha, y GOpMHU HATEKTPUCAHMX UM HEYyTPAJTHUX CTPYja, PeCTIeKTHBHO. VIHTepecaHTHO je
na crnaba MHTEpakKlMja MEXaHW3MOM HAeJeKTPUCAHMX CTpyja pas3lIuKyje 4ecTHIle JIeBe U JECHE

xupanHoctu. He moctoju ny0ibe pazymeBame 300T 4Yera je TO Tako.

Otkpuhe Xurcoor 6030Ha Ha Bennkom xaaponckom cyaapady 2012. ronuae OUIto je jeaHo of
HajBAaKHUjUX 32 QU3MKY yecTua HakoH otkpuha W* u Z° 6030Ha y excriepumentuma UAL u UA2 y
CERN 1983. rogune. Tum otkpuhuma je 3anpaBo norsphen CtanaapaHu MO, HOCTYJIUPaH KpajeM
me3necetux roauHa 20. Beka o crpane I'nmenmoya, Bajubepra u Canama, xoju cy 1979. roaune
nobunu HobenoBy Harpany 3a moctyiupame CTaHzapIHOT MOJeNa Kao erexmpociabe meopuje.
[IpernocTaBspa ce 1a cy y paHOM YHHUBEP3yMy, €JIEKTPOMAarHeTHO U ciabo MOJbe jeIMHCTBEHHU -
eJleKTpociaba cUMETpHja, Te 1a xiahemeM YHuBep3yma Jojasu 10 leHor Hapymema (EWSB) mto

Jlaje 3amMax MoJielruMa eleKkTpociaade GapuoreHese Koju ce MOry Tectuparu ca 0yayhum XurcoBum



(dhabpukama. XurcoB 0030H, Ka0 €KCIIUTAI[Mja XUTCOBOT 1M0Jba, UMa KJbYYHY YJIOTY Y BaJIUJIALUjH

MEXaHH3Ma HApYIIeHka eICKTPOCIade CUMETpPH]E.

3aKOHU OJpKamba IMPOUCTEKINM W3 CHMETpHja YINpaBibajy MOHAIIAKEM U CBOjCTBUMA KakKo
VYHHUBep3yMa Tako M HWHTEpakiujama uectuna onucanux Cranmapaaum wmojenoMm. OuyBame
CJIEKTPUYHOT HAeJIEKTPHCakha OCUTYpPaBa Jia YKYITHO HAeIIEKTPUCAhE Y CUCTEMY OCTaHE KOHCTAaHTHO
TOKOM BpeMeHa. CYIITHHCKH, OHO j€ MOCIeNnIa YNCHNLIE Aa je (POTOH €NEKTPUYHO HEeyTpasaH.
OuyBame JenTOHCKOr W OapwoOHCKOr Opoja y CBHM HHTEpakidjamMa JTOBOJU O TOora Ja
TpaHnchopmalrja KBapkoBa y JISNTOHE HUje Moryha jep Ou HIIp. ©MaJia 3a OCJISIUIlY paciaa IpoToOHa
u HeMoryhHocT ¢popmupama crabmiHux aroMa. Jla 6u Jlarpawxkujan octao JIopeHIIOB ckanap, Mopa
OWTH MHBAapHjaHTaH y OJHOCY Ha CYKIIECUBHY TpaHc(hopmanmjy HaenekTpucama (C), MpoCTOPHHUX
koopauHata (P) u Bpemena (T). C apyre crpane, ouyBambe CPT cuMerpuje mma 3a mocieauily aa y
aHTUCBETY BpeMme Teue 00pHyTo. Hakon Teopeme Emu Hetep [6] 0 Be3u KOHTHHYATHUX CHMETPHja U
3aKoHa oJipkama, CTaHIapAHU MOJIET je CBOJHMM YCIIEXOM JIa0 3aMax BEIMKOM Opojy mozaena Hose
¢usuke (BSM) ox kojux Behuna npomupyje CM nomatHuM cumerpujama. Hajmosnaruju mpumep

BSM wmopena je cBakako cynepcumerpuja (SUSY) [7].

YecTuia Croun Maca boja Cnabu uzocniun | Haenekrpucame
1 1
Ve, 3 s L <2eV CHUHTIJIET > 0
_ 1 1
e - L 511 keV CHHTJICT — -1
2 2
_ 1
er > R 511 keV CUHTJIET 0 -1
1 1 2
u — 1.9 MeV TPUILIET — —
L 7 L P 2 3
1 1 1
d — L 4.4 MeV TPUILIET — S
L > p 5 3
1 2
ur — R 1.9 MeV TPUILIET 0 —
2 3
1 1
dg > R 4.4 MeV TPUILIET 0 -3
wt 1 80.4 MeV 1 +1
yAS 1 91.2 MeV 0 0
Y 1 0 0
g 1 OKTET 0
wo 1 1 0

Ta6ena 1.1.1. Exremenmapne uecmuye u wuxosu KeaHmuu o6pojesu.



Y oBoMm mornarby BuicheMo paznuuuTy yiaory cumerpuja y CTaHIapAHOM MOJIENIY, Of
MOCTOjaa BEKTOPCKHUX T0Jba (MHTEPAKIM]ja) Ko MOCIeaUIa JIOKaTHe Ga3He WHBAPUjaHTHOCTU 0

XurcoBor MexaHU3Ma U Hapyllema cuMeTpuja JlarpankujaHa Ha HUBOY OCHOBHOT CTamba.
Enekmpomaznemna unmepaxuyuja

VY KJIaCHYHO] €JIEKTPOJMHAMUIY, €IEKTPOMArHETHO MOJbE MPEACTAB/HEHO j€ MPEKO CKaIapHOT

. . rd
noteHyjana V u BEeKTOpCKor nmoTeHIujana A

>

0A

B=Vx 4 E= -vw-— =, (1.1)
rIe je E jauMHa eNEeKTPUYHOT, a B WHIYKI{ja MarHETHOT 110Jba.
Ako moctoje Tpanchopmaiije
A A=A+ vy, (1.2)
VN §
VsV =V o (1.3)

rae je y apoutpapho, uspas (1.1) ce He Mewba, Tj. jeTHAYMHE 1T0Jba OCTA]y HEIPOMEHEHE.

- . -
A u 'V mory ce 3anucaru y 00JMKY KOHTpaBapHjaHTHOT yeTBopoBekTopa A* = (V; A), Tako na

tpancdopmarmje (1.2) u (1.3) mocrajy
A* = AF = AF — gHy. (1.4)
V KBaHTHOj MEXaHUIM BepoBaTHOhe mpenasa, Koje 3aBuce o] KBajapaTa TanacHe pyukuuje |¥]?,

Mopajy OMTH oOuyBaHe, LITO YMHU Ja je TeopHja (jeHaYMHE KpeTama) HHBapUjaHTHA 3a
Tpanchopmanujy

Yoy =e 2y (1.5)
rzie je y epeKTUBHHU yrao poTauuje. Y KOJIUKO POTallija He 3aBUCH 0J1 TAUKe IPOCTOP-BPEMEHA y K0jOj

ce BpIIIH, Tj YKOJIMKO ¥ HE 3aBHCH 01 X, t, TpaHcopMaluja ce Ha3usa 2106annom. YKouko je y (X, t)

3aBHUCHO OJ MPOCTOPHUX U BPCMCHCKUX KOOpJAWHATA, OHI[aje TpaHC(I)OpMaLII/Ija JIOKAJIHA
Yx,t) - Y% t) = e XED W(g,t), (1.6)

HlpenunrepoBa jennaunna (1.7) nHBapujaHTHA je Kao jeJJHAYMHA KpeTamba KBAaHTHE YeCTUIle Oe3
CIIMHA y OJTHOCY Ha Ti1o0anny Tpanchopmanujy poranuje (1.5), anu HIje HHBapUjaHTHA y OHOCY Ha
nokanHy Tpancdopmanujy (1.6)

1 Cowrs o OPED
ZmV Yix,t) =i o

1.7)

VY npucycTBy eleKTpoMarHeTHor nosba, lllpeaunreposa jegHaunHa OCTaje



— (iD)?¥ = iD°W (1.8)

rae m maca 4yectuue, u

o_ 90 .
Pr=amteV (1.9)
D=-V—-ieA
Jennauuna (1.8) uHBapujanTHa je 1Mo JoKkaaHOM (asHom TpaHchopmarujom (1.6), mpu kojoj ce
CIIEKTPOMArHETHO IM0Jb€ TPAHCHOPMHUIIIE KAO
A-A =4+ lV)(
¢ (1.10)

Vov =y 12"
e 0t

JlokanHa (ha3Ha MHBApPHjaHTHOCT TEOPH]jE 3axmesa TPUCYCTBO BEKTOPCKOT nojka A* = (V; A).

VYKOJIMKO YeCTHIIa TOCeAyje EICKTPUYHO HaJleKTpucarme, uWHBapujaHTHOCT Illpenunrepose
jeIHaYMHE y OJHOCY Ha JIoKaiHe (a3He TpaHChopMalluje 3axTeBa yBoherme BEKTOPCKOT 1oJba. Y
Clly4ajy HaAeJICKTPUCAHE YECTHUIIE j€ PEU O CJICKTPOMArHETHOM I0JbY. AKO YECTHIIA TIOCEayje HEeKY
IpyTy BpCTY ,,Ha00ja’, 1a O jeqHauYMHA KpeTama Win Jlarpamkujan OUIM WHBAPHjaHTHU Y OJTHOCY
Ha JIOKaJIHY TpaHc(HOpMaIHjy CUMETPH]je, HEOMXOHO je& YBECTH acOIMPaHO BEKTOPCKO Mmojbe AH.
YBoheme BEeKTOPCKOT 1M0Jba 3HAYW J]a MOPajy TOCTOjaTH acolMpaHu 0030HU (IpaaujeHTHH 0030HM)

Kao IMMPEHOCHUOLU TAKO YBCICHC I/IHTepaKHI/IjC.

Jla 61 ommcao Tpu OCHOBHE MHTEpakliMje (eIeKTpoMarHeTHy, cialy u kojop) JlarpamxujaHn
CranpmapHOr MoJella MHBapHjaHTaH j€ y OJHOCY Ha TPU JIOKAJHE pOTaldje Y YHYTpallbUM
MIPOCTOpUMA XHUIIEp-HaeJeKTpUucamwa, ciabor wuszocnuHa u 0oje, pecrnekTuBHo. OBe porainuje
penpesenroBane cy rpynama cumerpuje U(1), SU(2) u SU(3), unju cy reHeparopu €pMHUTCKH
OlepaTopyd KOJU OJroBapajy oricepabiiaMa IOMEHYTHMX KBAaHTHMX CBOjCTaBa YECTHIIE.
Jumensuonannoct SU rpyme n oxpelyje 6poj rpaaujeHTHHX 6030Ha Kao n? — 1, ma ce 3a cBakM oJ
reHeparopa rpyne SU(2) jaBsba 1o jenan 6030H

W = (=Wt +iw?)/\2
W~ =(-W'—iw?/\2 (1.11)
wo = w3
onaHocHo 8 riyoHa G2, rne je a = 1, ...,8 y ciayuajy SU(3) rpyre.

Enementapan pepmuonu ypehenu cy y SU(2) ny6nere u SU(3) Tpurere, Kao mTO je JaTO Y
Tabeau 1.1.1. Tako Ha mpuMep YECTHUIIE UH]ja j€ BPETHOCT Z—TIPOjEKIHje cador U30CTIMHA jeTHaKa

uyau yure SU(2) cuHTIIETe, JIOK OHe ca BpeaHomhy z-Tpojexiuje cnabor msocruna T3 = +1/2



\Y

dbopmupajy SU(2) nybaere, momyT L = (e]L‘) . Porammja penpezenroBana SU(2) rpymnom TpaHcdop-
L

MHUIIIE V; <> €, OJHOCHO POTHpa MPOjeKIrje caador H30CIUHA Y TOM YHYTPAIIkbEeM IPOCTOpY.

Tpeba HarmacuTH 1a NpUpOAA Apyrauuje TPETUPA 1e60PYKO U OeCHOPYKO OPHM]CHTUCAHE YECTHIIC
mro ce y JlarpamkujaHy oppakaBa Tako Ja Cy JECHOpYKoO opujeHTucane yectuiie SU(2) cuHrietn
nok cy uectune nese xupanmnoct SU(2) ayOmeru. Kao mocnemuma tora, y3ajamHa JelOBama

JIEBOPYKHUX U JECHOPYKHX YECTHIIA IIPEKO cabe HHTEePAKIIM]je jeCy pa3InyuunTa.

Moskemo 3amnucarty diaHoBe Jlarpamxujana acorupane ca SU(2) TpaHchopManyjoM CUMETPH]E

Koja oxarosapa pasmMenr W* 6030Ha, y OBOM CiIy4ajy camo 3a IpBY (HaMHJIIH]y JIEIITOHA

ivh lig. EWilL = —=221v, & 1vH " " HAE
L ly [lgz > W/.L] L= 2 [VL eL] Y [Wl} + lW;% _W[? I [eL]
g - ar
2 (WL +iW2)v, —Woe,

g2 (— _ _ . _ . _
=— f(vLy“vLW!‘B —Vyte Wi + v yHe iW? + &y v iWZ — & yHe, W)

rae mpencTtaBiba (akTop crpesama acouupan ca Wi Beprekcom rae je f = e, v. Umajyhu y Bugy
u3pas (1.11), uHTEepakiMjy MEXaHW3MOM HACJICKTPHCAHHX CTpyja 3a HpBY (haMuIujy JenToHa

MOXEMO 3aIIhucaTu Kao
g2 (— — —
— (VL v e, Wi + &, yH v W) (1.13)

rac \_)L ImpecTaBjba IMOYETHO CTAKLEC aHTUYCCTHUIIEC, €; IMOYECTHO CTamkEC YCCTHIIC, éL (1)I/IHaJ'IHO CTamkbeC

4eCTUIIEC, Vj, (1)I/IHa.TIHO CTalkbC aHTUYCCTUIIC.

3a UHTepaKIHjy MEXaHU3MOM HEyTpPAIHUX CTpyja 3a MpBY HaMUIIUjy JIENTOHA MOXE C€ MMUCATH

223 voel LV (TE — Qrsin? 8) + fry#fr(—Qssin? 6)]Z, (1.14)

cosg ~f=

I7ie YeCTHIIE ¥ JIEBE U JIECHE XUPATHOCTH pa3Meryjy Z° 6030H, 10k &npencTapiba Bajubepros yrao.

UnanoBu Jlarpamkujana acorupane ca U(1) TparnchopmanujoM cuMmeTpuje 3a mpBy pamiimjy

JIETITOHA 3aIMCY]y Ce Kao
Liy#(igi 2B, ) L +piy* (ig: 2B, ) eq (1.15)

e je g, oarosapajyhu daktop cnpesama, a Y xunep-HaenekTpucame. byayhu na ce Ly*L moxe

3aliucaTu Kao

L)/”L = VL]/#VL + EL]/#eL, (116)

nassuM pazsujambeM U(1) wiana Jlarpankujana nobuja ce



% [Y,(Voy#v, + e yHe,) + YreryHeg] B,. (1.17)
IToz mpeTnocTaBKoM ja ce nosba B, u W, oproronanto kombutyjy y mosbe Ay, 6uhe

A/'L~'gZB/'L - g]_YLM/'uO, (118)

g1 g2 0 . . . .
Te =" Y.B, + Y W, mocraje Z,, koju je oproroHanan Ha A,. Hopmanusarujom CBUX 110Jba ¥ 3aMEHOM

y hopmyny (1.17) noGuja ce

— 9192YL — 9192YR
—A qeyte, | —=—=|+ épyter | m——
/9§+9%YL2 93+93v}

; L (1.19)
2v2 2 2

— 9iYi —95 — giYLYR
'—ZﬁBLV“BL , 2, 22y2 +—eRy“eR , 2, 122
2 g2+g1YL 2 g2+g1YL

JacHo je na je mobe Z, 3anpapo nosbe u3 uszpasa (1.14), nox B, mpencTap/ba €IEKTPOMATHETHO

IIOJbC I'CHEPHUCAHO HACIICKTPUCAHLEM Q v cnyqajy CIICKTPOHA pP€u je (6] je,Z[I/IHI/I‘IHOM HACJICKTpHUCAY

—e = J192YL ’ (1.20)
/g§+g§YL2
9192YR
—e = —/——, (1.21)
2 |g3+93Y7
Kaxo je, Ha ocnoBy Tadene 1.1.1, Y; = —1, cnequ n1a je
e=-29%2_ (1.22)

95+93

5

dakTopu cnpesama g, U g, AepuHuIiry cunyc u kocunyc Bajabeprosor yria Oy,

sinf,, = =2— u cosf,, = —2—, (1.23)

9gi+95 /9%+g%

OJHOCHO

sin@,, = =~ u cos 0, == (1.24)

g2 g1

BajubGepros yrao 6y, ce Ha3uBa U €IEKTPOCIAOUM YTIIOM MEIIamka jep MPeICcTaBba yrao poTaiuje

noba B, u mo KOj€ mpeBoan y Z,u A,

2o =St <o ol Lol (1.25)



Bajrbepros yrao npescrasiba jenan o 19 coboaux mapamerapa CTaHaapHOr Mojenal u jeaHa je

0J1 HajTayHUje U3MEPEHHX eeKTpocnabux oncepsabmu sin?fyy, = 0.23153 4+ 0.00016 [7].

C 063upom ja JIenToOHU HeMajy 060jy, 000jeHOM UHTEPAKIIM]OM y3ajaMHO JIENY]y CaMO KBapKOBH
KOjU Cy TPHUILICTH Y YHYTpaIIkbeM PocTopy 6oje, rae A*G* npeacrasiba 3x3 mMarpuile poramuje y
ToM mpoctopy. Unanosu JlarpankujaHa B€3aHOT 3a POTAIHM]y KBAPKOBA Y KOJIOP IMPOCTOPY MOTY Ce

3aIIucaTu Kao
%aa y* 225 GE qp (1.26)

rie cy a u 8 6oje, 1ok G (a = 1,8) npencrasiba ocaM IiyoHa KOjU Cy JBOOOjHH IPEHOCHOLH boje.
I'myoHu nHTEparyjy ca KBapKoBUMa Ha CJIMYaH HAYMH Kao (POTOHM ca eJIEKTPOHOM, C TOM Pa3IMKOM

oITo I/IHTepaKHI/IjOM KBapKa €a rNiyoOHOM KBapK MOIXKE J1a IPOMCHHU 60_]y

Cana ce Mosxe 3anucaTu Jlarpamkujan cTaHAapAHOT MOJIeNa 3a MPBY (aMHIINjy eJIeMEeHTapHUX

YeCTHIA KOJU OIUCYje BUXOBE MHTEpaKiuje ca poronuma, W* u Z 6030HuMa

L= 2:f=ve,e,u,d € Qf(Fy# f)Au
+-22 ¥ \,e‘e‘u‘d[fLy“fL(Tf3 — Q¢sin? @) + fry*fr(— Qg sin? 9)]Zu

cosg “f=

g _ _ _ _
+72 [=VLy*v, +Eyte W) + (Voyte, — €L yFv )W,

(1.27)
+(=V yte, — eyt )iWE + %Zq=u,d q, v*ag G

KoHcTanTe npuapykeHe NOMEHYTUM HHTepakijaMa e(eKTUBHU cy (akTopu cIipe3ama Koje
MIPUIPYKYjeMO BepTeKCUMa TUX MHTepakija. BepoBaTHoha mporeca 0JHOCHO epUKacHU IpeceK o
TIPOMIOPIMOHATIAH je KBaJpaTy (GakTopa Crpe3ama §%, Tako Ja ce MPUPOIHO MOTY YBECTH KOHCTAHTE

MHTEpaKIHje o ~ §°

2 2 2
g1 g2 g3
A=—, a1 ===, Oy ===, A3 = = 1.28

a’ Y T4 T2 T 4y 3 ar’ ( )

/i o IPEACTaBIba KOHCTAHTY €JIeKTPOMarHeTHE MHTEPAKIUje, IOK a2 U 03 IPECTaBIbajy KOHCTaHTe
cnabe M jake WHTEpaKIlfje, pecleKTUBHO. Tpeba HAMOMEHYTH Ja OBO HUCY MpaBe KOHCTaHTE Y
MaTeMaTUYKOM CMHUCITY, Beh mpoMeHJbHBE KOje CY Y PYHKITH]JU CKaJle eHepTHje Ha KOjoj IocMaTpamo
nHTepaknuje. Mako je 10 cana je AuCKyToBaHa caMo mpBa ¢haMuiija Y€CTUIIA, CBE HABEICHO BaXH

10 QHAJIOTHUjU 3a Ipyry U Tpehy damunujy

(1.29)

1 Bpoj cno6oanux napamerapa 3aBUCH 0J] PETIIOCTABKU MOJIENA.

10



Moske ce MPUMETHTH Ja Cy CBH WIAHOBH y JlarpamxujaHy HHTEPAKIIHOHH, Tj. J1a CYy eJIEMEHTapHH
dbepMmuoHn U 0030HU TPEICTaB/bEHU Kao Oe3maceHd. ExcriepuMeHTanHo je mak yTBpheHo na je
BehuHa yecTuIla MacuBHa, Te je Taj mpoodsieM CTaHmapaHOT Mojiena npeBasuleH yBohemem XurcoBor

MEXaHHu3Ma.

1.2. Xurcos mexaHunsam
XWrcoB MexaHW3aM, 3aCHOBaH Ha CIIOHTAHOM HapylIewy cUMeTpuje, oMoryhyje yBoheme
MaCeHHUX YIaHOBA 3a eJeMeHTapHe GepMHOHE U TpaaujeHTHe 0030He y Jlarpanxujan CTaHaapaHOT

MoO€ena.

Heka je YHuBep3yM HCIymeH KOMIUIEKCHHM CKaJapHHM IO0JbeM, Koje je ayoser y SU(2)
IPOCTOPY, MoceAyje HeHyaTo xunep-HaenaekTpucame (Y = 1) u 6e300jHo je. Kao SU(2) ayo6uer,

XUTrcoBO MOJBE MOJKE CE 3aIlIHCaTH Kao

¢+
6= ¢0) (1.30)
rae cy ¢ Tu ¢° xomnnekcna nospa
+ _ P1tiy
e 1.31
¢0 ¢3+i¢4— ( ' )
V2

Jlarpankujan Koju onucyje 060 nose 1at je GopMyIom

T 2 2
Ly=T -V = (D,¢) (Dud) — ?¢p’¢ — Ao" $)%, (1.32)
I7ie ce mapaMeTpu x U A MOTy cMaTpartu napamerpuma noteHiujana V. Jla 6u ce ogpeano cnexrap
MOTPEOHO je OAPEUTH MHHIUMYM MOTEHIIM]jajia, OJHOCHO OCHOBHO cTame cuctema. [lotom ce mosbe
pa3Buja OKO MUHHMAJIHE BPEAHOCTH U oJipelyyjy ce ekciuTamuje. Y TeOpHjH Mojba OCHOBHO CTame
chcTeMa Ha3MBa Ce BaKyyM, JIOK Cy eKCIUTalMje decTulle. 3a BpeaHocTu pu? > 0, moTeHnujan uMa

MuHEEMYM ¢ T ¢ = 0, 10K ce 3a BpeaHocTH ? < 0 MUHMMYM TOTeHIHjana oapehyje kao

ov
i 0 (1.33)
oJlaKie ce Joouja
¢ ¢ [u?+A(pT$)?] =0, (1.34)

npu demy je ¢ T ¢ u3parkeHO IPeKo peaTHUX KOMIIOHEHTH M0Jba

2 2 2 2
¢'|' ¢ — ¢1+¢2"2_¢3+¢4—. (1-35)

3amenoM u3pasa (1.31) 3a komrutekcHo mmoJbe y Jlarpamkujan (1.32), mobuja ce aa je

11



Ly = (00) + (Bud2)” —312(@% + 03) -2 (97 + 932 (1.36)

Kao mTo ce moxke BuaeTu ca camke 1.1.1, 3a u? > 0 noTeHuMjagHa eHepruja HajHUKA je 3a
BpenHoOCTH ¢ = ¢, = 0, 10K je 3a u? < 0 moTeHIHja] MUHUMANIAH Ha 0001y Kpyra

2

¢ + 3 =—- =2 (1.37)

[Tosre ¢ wMma HEHyNTE BPEAHOCTH KOje OJroBapajy MUHUMYyMY MOTEHIMjaja. BpemHoct Vv

npeacraBjba MUHUMYM HOTGHHI/IjaJIa XUTrcoBOr II0Jba U HA3UBA CE€ OUEKUBAHA epe()Hocm eaKyyma.

Cauka 1.1.1. [TorennujanHa eHepruja kao GpyHKIHja moba ¢, 1 @,.

[Tocroju Bulle pelema Mo ¢; Koja Mory 3a10BoJbHTH jenHaunHy (1.37). Cam omabup BpeqHOCTH
¢; napymasa SU(2) cumerpujy Bakyyma kojy Jlanrpawxkujan mnocenyje. OBakBO HapylIeme

CUMETpHje Ha HUBOY OCHOBHOI CTama Ha3MBa CE€ CHOHMAHO. Y3UMa ce Ja ¢y ¢ = Py = ¢y =

0,3 = v, Te XUrcoBo mojbe y Bakyymy IocTaje: ¢, = ENg . U(1) cumerpuja Jlarpanxujana
V2 \p P !

acolMpaHa ca XHUIep-HaeleKTPUCAlkEeM TaKkohe je HapylleHa TUME HITO XUIIep-HaelIeKTPUCAhEe NMa

paznmuuuty BpenHoct o 0 (Y = 1). Anm, HaenekTprcame
Q=T3+Y (1.38)

jecTe Hyla y BaKkyyMy, OJHOCHO BaKyyM j€ eNeKTPUYHO HeyTpanaH. MIHBapHjaHTHOCT OCHOBHOT
crama o U(1) porarjamMa acorpaHiM ca eJIeKTPUYHUM HaeJeKTpucameM Q MOBIA4YM MOCTOjabe

0e3MaceHor MMPEHOCHOL[a BEKTOPCKOT MMOJba aCOLUPAHOT Ca CICKTPOMArH€TU3MOM, a TO je q)OTOH.

Jla 6u ce oapeaunIie eKCuuTaImje, passuja ce ¢(x) = v + n(x) OKo BPeAHOCTH V, IITO 3aMEHOM

y Jlarpamxwujan (1.36) naje
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2,,2
Ly = %(6Hn6”n) — % [(—Zuz)nz + 2Avn® + %An“] + % + const. (1.39)

[Ippu ugaH ONHCYyje KUHETHYKY eHeprujy 7, WiaH KOjH CAApKu 74° je MaceHH WiaH y
Jlarpamkujany KOju O/IroBapa YeCTHIM Mace M, = (i, WITO OAroBapa Macu XurcoBor 6030Ha Koja je
ciobonan napamerap CraHaapAHOT MOJea U MOBE3aHa je ca mapaMeTpoM XHIcOBE CAMOMHTEPAK-

1Mje A Koju je 3amnpaBo (pakTop TPUIIMHEAPHOT CIpe3ama acouupan ca Beprekcom HHH
my = p* = —22v%, (1.40)

Ka0 M YETBOPOCTPYKO caMoCIpe3ame Takohe 3aBUCHO 0] 4 Koje je, Kao U Maca XHUrcoBor 0030Ha (1
OYEKMBAHA BPEIHOCT Bakyyma), ciioboanu mapamerap CM. VY 0oBOM TpeHYTKy, maca XHICOBOT

6030Ha je usmepena ca Taynortnhy ox 0.09% 1j. u3nocu my = 125.11 [10].

[TpucycTBo XHUICOBOT 1MOJba y OCHOBHOM CTarby MPOM3BOAM J0JaTHE WiaHOBe y Jlarpamkujany
(1.39) CM, rze ce, Kao nocireduya unmeparyuje ca Xuecosum nomem, jaBjbajy 1 MaCCHH WIAHOBHU 3a

eneMeHTapHe (epMHOHE, U TO 32 JICIITOHE NpBe (haMUIIHje €L OCUM HEyTPHHA

~ 2, ElpMeer + 5 ME ]} (1.41)

3a HEyTPUHO, TJIC j€ YCIIOB HEHYJITE Mace MOCTOjakbe JICCHO OPHjEHTHCAHOT HEYTPHUHA VR

—e
~ 215, V¢ MY vg+ vg MV T VLL”, (1.42)
JIOK je 3a KBapKOBe MpBe hamMuimje
3 * = * _d
_g [—d, U] MY ug+ tg M¥pT [ uLL”’ (1.43)

a TIOTOM IO aHAJIOTHjU U 3a elleMeHTapHe (epMuoHe octanux (amunuja. Y uspasuma (1.41) mo
(1.43), M npezacraBiba Mace eaeMeHTapHUX (GepMHOHa MpBe (aMuIrje Koje ¢y Takohe 000 HH

napameTpu CTaHaapAHOT Mojiena.

MaceHu 4JIaHOBH 3a elIeKTpociade 6030HE cy

1 1 1 —
— A AP — S Z, TR — WL W, (1.44)

IIpH Yemy je

Ap =0,A, — A, Zy, = 0,2, — 0,2,

. (1.45)
Wi = D,Wit — D,WE, DW= (0, + ied, )Wt

Kao nu
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Dul®o = ivii = (—gewiw/ﬁ)/ﬁ
2 2 cosby, 22K (1.46)
ig,v Wi
2 —Zu/\/fcosew
ITO J1aje
my =0, my+= % U my= % (1.47)

Mepeme BellMKe TAYHOCTH Maca eleKTpociadux 6030Ha, kKao U BajHOeproBor yria, BpIieHa o
Bpemena LEP ekcniepumenta [9] 10 manac 06e36eauia cy He camo motBpay CraHmaapaHOT MOJENa,
Beh W orpaHuyaBame mpocTopa mnapamerapa Mmonena ¢usuke uzBaH CM. HHrepecaHtHo je
NPUMETUTH Jla ca OYeKHWBaHOM BpenHoihy Bakyyma on v = 246,22 GeV [7], XurcoBo mosbe
JOTIPUHOCH TYCTHHM €Hepruje YHuBep3dyma 3a mnpeko 50 penoBa BeTUUHMHE BUIIE O] M3MEPEHUX

BpeaHoctu [7].

1.3. Vicnntuame Xurcosor cektopa Ha CLIC

XurcoB 0030H jeIMHCTBEHA j€ YECTULA MO CIUHY, Kao (yHIAMEHTAJHU CKajap y OJHOCY Ha
eneMeHTapHe (pepMUOHE U BEKTOpcKke 0030HE. JeIMHCTBEH je M MO caMocCIpe3amy, Koje je jeIHO
MOCTYJIMPAHO 34, JI0 CaJ1a HEOTKPUBEHH, (TCH30PCKHU) TPABUTOH. MEeXaHU3MOM CIIOHTAHOT HapyIICHha
cumetpuje, XurcoB 6030H komruietupa Jlarpamxkujan CtanmapaHor Mozena, ooe3oelhyjyhu macene
YJIJaHOBE eJIEMEHTapHUX 0030Ha U (epMHOHA Y MHTEPAKLUjU ca XUICOBUM IOJbEM KOj€ HCIYHaBa
BakyyM. Ha ocHOBY TauHOCTH nocanammux Mepewmha Ha LHC, o XurcoBom 0030HY U 1ajbe OCTOj€
HEMO3HAHMIIE: J1a JIU j€ Yy MUTalky KOMIIO3UTHA YECTHUIIA, /1a JIM j€ JEAMHCTBEHA YECTUIIA U MIOCTOjH
BHIIIE peanu3aija XUrcoBor mnossa, na jm je CP cumerpuja Hapymena y XurcoBoMm CEKTopy THUME
mTo je caM XHUrcoB 0030H (MaceHO CBOJCTBEHO CTame) CylepHo3uluja cTama paziuuutux CP
MapHOCTH, J1a JH TOCTOje Be3e XHUrcoBor 0030HAa M KOCMHUYKE MHQIAIMje, ITa HaM Mepema y
XUrcoBoM ceKTopy Mory pehu o crpezamrMa XHUrcoBor 6030Ha ca TAMHOM MaTepHjoM, U MOCEOHO
BAXHO NMUTame crabuiuzanrje mace XurcoBor 6o3oHa Ha EW ckanm - mo3Hato kao u mpoOiem
xujepapxuje. OTkpuhe XurcoBux 0030Ha Takohe je OTBOPUIIO HEKOIMKO BaKHUX MHUTAka O IPUPOIU
PeNaTUBUCTUYKOT BaKyyMa, HIIp. IUTamke CTA0OMIIHOCTH BaKyyMa, Kao M Beh MoMeHyTor 1onpuHOca
€HEepPreTCKOj TYCTUHHU Y HUBep3yMa II03HATO Kao npodiem Kocmoaouke koncmanme. Huje nperepaHo
pehu na cy mpobiieM KOCMOJIONTKE KOHCTAHTE M TTPOOJIeM XHjepapXrje MOXK/Ia M JIBa Haj3HAYAJHH]a

NUTaka CaBpeMeHe (PU3HKE YECTHUIIA U HEHE BE3€ Ca KOCMOJIOTH]OM.

Ha Benukowm xanponckom cynapauy LHC, ako ce nzy3me camo otkpuhe XurcoBor 6030Ha, Hije
ouno otkpuha ¢usuka nzsan Crannapaaor mozena (Beyond Standard Model - BSM), Hero cy camo

MOCTaBJbEHE TPAHUIIC MCKJbYUYeHha HOBE (PM3HMKE, OJHOCHO OTPaHHYEH IMpOocTop mapamerapa BSM
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Mozena. Jenan o1 HajoceT/buBHjUX mapamerapa CM Ha peanusanuje nojeauanx BSM monena jecte
dakTop camocrpesama XUIrcoBor 0030Ha (A) KOju MOKe OMTH 3HAYajHO MPOMEHCH Y OJHOCY Ha
ouekuBaHy BpeaHocT y CM. OBo moceOHO Baku 3a Mojielie elneKkTpociade OaproreHese u Mojee
kommo3utHor XwurcoBor 0o3ona. HL-LHC [9] uma mporemeHy CcTaTHCTHYKY TPEIIKYy Mepema
dbaxTopa camocmpesama 01 50% [11], miTo je naneko KCIo 1 0CeTIbUBOCTH MOTPEOHE 3a OTKprhe HOBE

¢dusuke.

Mopnenu ¢usuke nzBan CTaHIapIHOT MOjeNa, YKOJIMKO Cy PEaTHM30BaHH y MPUPOIH, yTullahe
3HAa4YajHO W Ha CIpe3ama XUTIcOBOr 0030HA ca eineMeHTapHUM (epmuoHnMa U 6030HMMa. Tabena
1.3.1. [12] unyctpyje Taj yrunaj Ha npumepy Hekonnko BSM moxena. Ounriieano je aa Behuna
XHUrcoBHX CIpe3ama Mopa OuTH To3HaTa ca Heoapehenomhy pena 10-2 uan Gosbe, 1a 61 mocTojana

€KCIIEpUMEHTAJIHA OCETJLUBOCT Ha MPUCYCTBO HOBE (PHU3HKE.

U3 rope HaBeleHUX pasjiora O4MIJIeAHA je moTpeba 3a m3rpaamoM Oyayhux e'e” cymapaua
BUCOKHUX eHepruja (13B. Xuecose pabpuxe) xoju he, uamel)y ocranor, MepemruMa BUCOKE TAUHOCTH Y
XHUTrcoBOM CEKTOpYy MOhM Ja yTBpJie Ha HUBOY oTKpuha (5G) na i je pusuka u3san CtanmapaHOT

MOJIeJIa pealn30BaHa y OKBUPY HEKOT O IIpeTnocraBbeHuX BSM mozena.

[Toctoju Hekonmuko mpojekaTa XUrcoBux (adpuka Koje ce 1mo OoOJUKY MyTame CHOMa MOTY
nofenutu Ha iuHeapue (CLIC [13], ILC [14]) u uupkynapue (CEPC [15], FCCee [16]) cynapaue, rae
Cy CBe MalIMHe npeasuhene aa 0yay ,,uuctu’ (mpaktuuno 6e3 QCD mryma) eneKkTpoH-03UTPOHCKU
cyJapadd, ca IMOTIIYHO PEKOHCTPYKTHOWIHHM CyJapuMa Ha OCHOBY TNPBUX IMPHHIUIA OAPKAma
eHepruje u umiyica. OBe MalIlHE MOTY J1a MPYXKe Mepema BUCOKE Ta4HOCTH, T/Ie je JOMUHAHTaH
u3BOp HeoapeheHocT cratuctuuku. Kao mro je npukaszano Ha cauuu 1.3.1, HajHUKa TyMHUHO3HOCT
Oyayhux Xurcosux ¢abpuka je ~100 myra Beha Hero mro je Ouna mymunosHocT Ha LEP cynapauy
[17], uro Takohe roBopu y pUIIOT MepeHUMa ca MaJIOM CTaTHCTHYKOM rpeikom. [Topen HaBeneHux
OpEeIHOCTH e€'e” cylapaya, jeIMHCTBEHA MPENHOCT JuHeapHux Cyapada jecTe BHCOKa €Hepruja y
CHCTEMYy IIeHTpa Mace Koja Moxe aocTuhu Hekonmko TeV, ycien unmeHHIe 1a, 38 PasiuKy O

UPKYJIApHUX CyAapaua, IPpaKTUYHO HeMa I'yOuTaka eHepruje CHOIa Ha CHHXOTPOHCKO 3payucHe.
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Mopen bb cc vw |WW | tt | ZZ | vy pt

MSSM +4.8 | -0.8|-0.8|-0.2 | +0.4 | -05|+0.1 | +0.3
Type 11 2HD +10.1 | -0.2|-02| 0.0 |+9.8| 0.0 | +0.1 | +9.8
Type X 2HD 02 |-02|-02| 00 |+7.8]| 0.0 | 0.0 | +7.8
Type Y 2HD +10.1 [ -0.2|-0.2| 0.0 |-0.2| 0.0 | +0.1 | -0.2

Composite Higgs | 6.4 | -6.4 | —6.4 | 2.1 | 6.4 | -2.1|-2.1|-6.4

Little Higgs w. T-parity | 00 | 0.0 |-6.1|-25| 00 |-25|-15| 0.0

Little Higgs w. T-parity | -7.8 | -46|-35|-15|-78|-15|-10|-7.8

Higgs-Radion -15 |-15]+10. | -15|-15|-15|-10|-15

Higgs Sinlet -35 |-35|-35|-35|-35|-35|-35|-35

Ta6esna 1.3.1. Teopujcku npouewenn yrunaj BSM mMozena Ha cripe3ama XUrcoBor 0030Ha.

Komnakrhau nuneapuu cynapad CLIC npeacrasiba moryhy Oyayhy ¢abpuky XurcoBux 6030Ha
Koja 6u nouena ca pagom y CERN, nakon 3aBpmierka paga HL-LHC. Ha CLIC 6u ce npoaykoBaio
HEKOJIMKO MHJIMOHA XHWrcoBHX 0030HA y TpH eHeprercke (ase paja MammHe Ha €Heprujama y
cuctemy 1entpa mace ox 380 GeV, 1.5 TeV u 3 TeV. CLIC npencraBba MOTOJHO OKPYXKEHE 3a
Mepema y XUICOBOM CEKTOPY Kako 300T BETMKOT Opoja MpoayKOBaHUX XUICOBUX 0030Ha Kao U 300T
YUEHUIIE 1 je TIO3HATO MHULIMJAJIHO CTambe, OTHOCHO Aoralaju cy peKOHCTPYKTaOWIHH, 32 Pa3IHKy
ol Benukor xagpoHCKor cyaapada, rie J0Ja3d A0 MHTEpaKlyje NapToHa KOHCTUTYEHTa MPOTOHA

Yija eHepryja y CUCTEeMy LIEHTpa Mace HUje MHXEPEHTHO I03HaTa.

. % 30
Z(91.2 GeV) : 4.6 x 10" cm?s *  FCC-ee (Baseline, 2 IPs)

LEP3 (Baseline, 4 IPs)
®* |ILC (Baseline)

CLIC (Baseline)

CEPC (Baseline, 2 IPs)

102

W'W (161 GeV): 5.6 = 10* emis"

HZ (240 GeV) : 1.7 = 10 ecm?s”

Luminosity [10* cm2s1]

—_
o

tt (350 GeV) : 3.8 x 10 cm?s” ]
(365 GeV) : 3.1 = 10* cmls* 4

"“’“"’ e
10°

Cauka 1.3.1. Jlymunoznoct Oynyhux XurcoBux ¢adpuka
y QYHKIHM]U €HEepTUje y CUCTEMY LIEHTpa Mace.

- -3
10 /s [GeV]
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Takohe, 300r pupoIe MHTEPaAKIIK]je JICITOHA, TEOPH]CKa Ipelllka He3HaTHa je y mopehemy ca
LHC n HL-LHC, u xagpoHCKHX cynapada yornmTe. ¥3 T0, KBAaHTHO-XPOMOJMHAMUYKH IIIyM je peaax,
TaKo Jla MepemruMa y XUIrcOBOM CEKTOPY JOMUHHUpA CTaTUCTUYKA Heopel)eHoCT, a He crucTeMarcka.
[ToceGHy npeaHOCT HY 1M MOTYNHOCT TMOJIapu3aliije CHOIla eJIEKTPOHA KojoM ce edekTuBHO yBehaBa
e(UKacHU TIPECEeK 3a Mpollece KOju CE OJIBHjajy MEXaHU3MOM HAaEJICKTPUCAHUX CTpPyja U PEAYKY]Y

IIYMOBH y KOjUMa Y4ECTBY]Y JE€CHO OPHjEHTUCAHU €IEKTPOHH.

Jemunctena kapakrepuctuka CLIC jecte pan Ha enepruju on 3 TeV y cucremy 1eHTpa Mace,
Ha K0joj je moryhe HajTaunuje (y nmopehemy ca apyrum XurcoBum (adpukama) MEpEemHe XUTCOBOT
camocmnpesama A yclieql TUPEeKTHE ABOCTPYKE Mpoaykiuje XurcoBux 0o3oHa. Ha caumm 1.3.2 cy
npukazanu OejHMaHOBY AMjarpaMu 3a NpoayKiujy Xurcosor 603ona ca HHH Beprexcom. Ha CLIC,
Ha EHEepruju y cucremy Ienrpa mace ox 3 TeV y komOuHanuju ca mepemnma u3 (asze paga Ha 1.5
TeV, moryhe je meputu XHUrcoBo caMocnpe3ame A ca pelIaTUBHOM CTATUCTHYKOM T'PEIIIKOM HCITOJ
10% . Tadena 1.3.2 [26] wiycTpyje MPOjeKTOBaHY CTaTHCTUYKY Ta4HOCT Mepema A Ha Oymyhum

XurcoBuM (habprkama.

e’ Z

Cauka 1.3.2. PeneBantHu PejHMAaHOBH JUjarpaMu JBOCTPYKe MPOAYKLKje XUICOBOT 6030HA

Ha CLIC, y mpouecy Xurcmrpanynra (JieBo) 1 WW-dy3uje (ecHo).
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collider indirect-h direct-

hh
HL-LHC 100-200% 50%
ILC250 - -
ILC500 58% 20%*
ILC1000 52% 10%
CLIC380 - -
CLIC1500 - 36%
CLIC3000 - 9%
FCC-ee 240 - -
FCC-ee 240/365 -
FCC-ee (4 IPs) -
FCC-hh - 3.4-

7.8%

Ta6ena 1.3.2. [IpouemeHa TauHOCT Mepema napamerpa A ca Oyayhum Xurcosum padbpukama

(* y3 mpojexkToBaHO MOOOJBIIIAE ANTOPUTAMA).

MotuBanujy 3a npBy enepretcky asy (380 GeV y cucremy LieHTpa Mace) peJICTaBIbajy MOJEI-
HE3aBUCHA Mepema XHUICOBHX CIpe3ama M Mace y TMpolecy MpoAyKinuje XHUrcoBux O0030HA
Xurcmitpanynrom. Jlpyra eneprercka ¢asza, 1.5 TeV y cucreMy LeHTpa mMace, MOTHBHCAaHa je
MepemeM XHICOBUX CIIpe3ama ca TeUIKHM apoMmaThMa u mepemeM Jykasa (Yukawa) crnpesama t-
kBapka. Tpeha eneprercka ¢asza ox 3 TeV y cucremy nerpa mace, ca WW-dy3ujom kao
JOMUHAHTHUM TIPOLIECOM 32 MPOIYKIH]y XHUIcoBOr ©0030Ha, OTBapa MOTyhHOCTHM JUpPEKTHE
oTcepBallvje HOBHX YECTHIIA Yuja je Maca Mama on 1.5 TeV [18], kao u TecTupama Mojena HOBE
(dbusmKe Kpo3 MHANPEKTHA Mepea. Kao mTo je Beh quckyToBaHo, MOCEOHO je 3HAYajHO J1a TMHEAPHH
cyJlapadd BUCOKHUX eHepruja (y cucreMy eHepruja neHtpa mace peaa 1 TeV wnu sehum) omoryhasajy
Mepeme Mapamerpa XHICOBOI caMmocrnpe3ama A, Kopuctehum mnporece ABOCTpyKe MNPOIYKIIMje
XwurcoBux 0o3zona. Ha commm 1.3.3 [13] matu cy edukacHM Mpeced 3a pasjinduTe Mpolece

npoaykiuje XurcoBor 0030Ha y GyHKIIM]H paclooKUBe EHEpruje y CUCTEMY IIeHTpa Mace.
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102

o(e’e” — HX) [fb]

10

0 1000 2000 3000
/s [GeV]
Cauka 1.3.3. EdbukacHu npeceny 3a mpoayKIHjy XUrcoBor 0030Ha

Pa3NMYNTAM MEXaHU3MHMA, Y GYHKIHjU CHEPTHje Y CHCTEMY IICHTpa Mace.

Benuku 6poj dpusnukux cryauja [19, 20] y Xurcoom cekropy Ha CLIC cynapady u3BplieH je
Y3€BILIHN Y 003Up ITyHY CUMYJIALU]y AETEKTOpa U PeJIeBaHTHUX (U3NUKHX ITPOLECA, 3aj€THO Ca ITyHOM
pexoHcTpyKijoM norahaja. [Ipumepu Tux crynuja cy: Mepeme XUrcoBe Mace M IUpHHEe, XUIcoBa
crpe3ama, XHUICOBO caMocIpe3ame. JenHa o/ jeAMHCTBEHUX MPETHOCTH (pepMHOH-aHTU(EPMUOH
cyJapaya jecTe M Ta Jla C€ MOXeE arcolyTHO U3MEPUTH e(UKACHU NPECEK 3a MPOAYKIH]Yy XUTCOBOT
0030Ha y mporlecy XHUrCIITpanyHra, Kopucrehn auctpubynujy ombujene mace (recoil mass) 3a
peKOHCTpYyKIMjy XurcoBor 0Oo30Ha 0e3 MoO3HaBama HEroBor KaHaia pacmnaza. OBa merona
omoryhaBa ma ce XwurcoBa crpe3ama H3padyyHajy Ha MOJEN-HE3aBHCAaH HAUYWH Kao MPOHM3BOJ
eukacHOr mpeceka U 0IHOCA IpaHama 3a MHAWBUIyaTHa GUHANTHA cTama, u3pas (1.47). Ilpupoana
Xurcosa wmupuHa U3HOCH 5 MeV u He MOXKe ce IUPEKTHO MepuTH. Moxke ce u3padyHaTH U3
WHIUBHAYyATHUX pacmana (nmpumep H->ZZ, y mnpomecy mpoaykuuje XurcoBor 0030Ha

XwurcurpanyHrom - HZ)
4
o(ee » HZ) - BR(H - ZZ) « g% (1.48)

Crpesama Xurcosor 6030Ha (0BJie ca Z° 6030HOM, gyjz) MOTY CE MEPUTH M KOMOUHAIIHjOM BHIITE

JMPEKTHUX MEpema Kao HIIp. y pacnaay XurcoBor 6o3ona Ha map W 6030Ha miu b-kBapkoBa

o(ee—»>HZ) BR(H->WW) g(ee—~HZ) BR(H-bb)
o(ee—»vvH) BR(H-bb)

(1.49)

Hajseha taunocT Mepema XUrcoBHX CIpe3ama 0CTBapyje ce Kopuctehn HeKy BpCTY III00aTHOT
¢duta, monen HezaBucHor [21], k-duta [21] wnu EFT ¢dura [21]. [Ipennoct EFT ¢ura xoju ce

pUMEYje o]l MPETIOCTaBKOM Jla je eHepreTcka ckana HoBe (pusuke 3HayajHo Beha o EW ckaie,
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jecte y Tome mTo He mpeTnocTabiba oapehenn BSM mozen Beh onucyje koHTprOyIrje HoBe Gpusnke
Ha HHUBOY oIleparopa IuMeH3uje 4 koju kopuryjy Jlarpamkujan. Mopen 3aBUCHH, K-(DUT KOPUCTH ce

Kao 3ajeTHUYKKA OKBUP 3a HHTEpIpeTanujy Mepema Xurcobux crpesama ca LHC (HL-LHC).

[IpojexkToBaHN pe3ynTaTH Mepema XUICOBHX CIIpe3ama, y3eBIIN y 003Up MOAATKE U3 CBE TPH
dase paga ekcriepuMeHTa, JaTh Cy 3a Mozea-He3aBucHU ¢ut (caumka 1.3.4 [21]), moaen-3aBUcCHH K-
¢ur (commka 1.3.5 [21]) u EFT ¢ut (Tadena 1.3.3 [21]). Mepema onHOca rpaHama IMOMYT OBOTa

MPEACTaBbEHOT Y OBOj TE€3H, IPEICTaBIbajy MHIYT 3a Iri100aaHu (uT.

Parameter Relative precision

= 1.2 Jatvisary 2000
350GeV  +14TeV  +3TeV @ CLicdp
4;1]:-_] + E.Sﬂb_l + Sab_l *é model independent
SHzz 0.3 % 0.3 % 0.3 % % 11 |
ZHWW 0.5 % 0.3 % 0.3 % 2
o 1.0 % 0.5 % 0.4 % g
BHce 226 1.4% 1.1% g
Zhiee 1.5 % 1.0% 0.8 %
EHpp - 12.1 % 5.6 %
SHiu — 29% 29%
Blige 13%  09%  07% |
Sitry B 48% 2.3% i o 350 GeV, 4 ab’
gﬂzr - 13.3% 6.6 % u : ; .-: Jﬂ; iﬂaw
Ty 24% 1.5 % 1.3% 0.8

Cauxa 1.3.4. [Ipojexmuje penaTuBHE CTATUCTHYKE TPENIke XUICOBUX CIIpe3ama

Y MOACII-HEC3aBUCHOM (I)I/ITy

Sty DI
=
Parameter Relative precision fg 11k CLiCdp i
= odel depend
350GeV  +14TeV  +3TeV F medel dependent
4ab™"  +25ab™" +5ab! =
- 0.2 % 0.1 % 0.1% g | ]
[ —— 0.4 % 0.1 % 0.1% =
Kignn 0.6 % 0.3 % 0.2% & .
Kilec 2.0 % 1.4 % 1.1% T
Kiox 1.4 % 0.9 % 0.7 %
Kty - 12.1% 5.6% . ,
Kigue - 2.9% 2.9% [ ! ]
Kitgg 1.0 % 0.8 % 0.6 % 1 H
N _ . 510, o 350 GeV, 4 ab
Ky 4.8 % 2.3% 08 k- o +14TeV,25ab" 2y |
Knzy - 13.3 % 6.6 % ® +3TeV, 5ab’

Cimka 1.3.5. TIpojeknuje peIaTUBHE CTATUCTUYKE TPEIIKe XUTCOBHUX CIIPE3amba

y MOJIeTI-3aBHCHOM K-(PUTY.
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Benchmark | HL-LHC HL-LHC + CLIC
380GeV  1.5TeV  3TeV
4ab”'  2.5ab" Sab”’
gizz[%] | SMEFTy, 1.6 0.3 0.2 0.16
ghww[%] | SMEFTyp 3.2 0.3 0.17 0.14
i [%] | SMEFTyy 36 1.3 1.3 1.1
ghy,[%] | SMEFTyp 1. 9.3 3.2 2.5
giee|%] | SMEFTyy 2.3 0.9 0.7 0.60
g% | SMEFTyp 3.5 3.1 2.1 2.1
giec[%] | SMEFTyp - 2.1 1.5 1.2
girnl@] | SMEFTy, 5.3 0.64 042 036
g 1% | SMEFTy, 3.4 1.0 0.78 0.65
giuul%] | SMEFTy, 5.5 4.3 4.1 3.5
3g17[%10%] | SMEFTy, | 0.66 0.027  0.009  0.007
81, [x107] | SMEFTy, 3.2 0.044  0.023  0.017
A, [%10%] | SMEFT,, 3.2 0.022  0.0051 0.0018

Ta6ena 1.3.3. IIpojexnuje penaTUBHE CTATUCTUYKE IPEIIKe XUTCOBHUX CIpe3ama JOOUjeHUX

EFT ¢utoMm, y koMOMHaIMju ca mpojekToBaHuM pesyiararuma ca HL-LHC.

Kao mTo ce ca ciimka 1.3.4 u 1.3.5 u u3 Tadese 1.3.3 moxe BuaeTH, Mmepeme Behnae XurcoBux
crpe3ama Moryhe je ca pelaTHBHOM CTaTHCTHYKOM TPEIIKOM pelia MPOMUIIA, OCHM HIIP. Y CIy4ajy
petkux XwurcoBux pacmana. Takohe, CLIC (kao m apyre Oymyhe Xwurcoe (abpuke) 3HAYajHO
yHarnpeljyje TauHOCT Meperma y XUICOBOM CEKTOpY NOCTXHY y Oyayhoj ¢asu LHC (HL-LHC).
IIpojexmuje nare y Tabenama Koje ce 0JJHOCE Ha Cclipe3ame XUrcoBor 6030Ha ca poronnma Ha 3 TeV
Cy eKcTpanoyinpane kopuctehu pesynraTe UCTOT KaHaja pacnazga Ha eHepruju on 1.4 TeV y cucremy

nentpa mace [19].
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2. KomnakTHU nnHeapHu cyaapad (CLIC)

VY oBom mnornasiby 6uhe onucan Oynyhu cynapau wectnna Compact Linear Collider (CLIC),
KJbyYHE KapaKTEPUCTHKE aKIeliepaTopa, J13ajH aklelepaTopa, Kao ¥ HberoB MOTCHIM]aTHA Hay4YHH
ytunaj. CLIC je jeman onm mpemnokeHnx Oyayhux akieneparopa BHCOKMX €HEPTHje 3a cynape
€JIEKTPOHA W TIO3UTPOHA JU3ajHUpPAH TaKO Jla MCTpaxyje (U3UKy W3BaH MOTYNHOCTH TPEHYTHHX
akueneparopa yectuna. CLIC jecte jenan ox noreHujataux 0Oy ayhux mpojexara Koju ce pa3amarpajy
3ajeJlHO ca IPYruM cyaapavynMa decTtuiia kao mro cy: International Linear Collider (ILC), Future
Circular Collider (FCC) kao u Chinesse Electron Positron Collider (CEPC).

Jenan on rmaBHuX mmwibeBa CLIC-a jecTe mOCTH3ame M3Yy3€THO BHCOKE CHEPTHje Y CHUCTEMY
[IEHTpa Mace, Koja MOKe J1a JOCTHTHE M HEKOJHMKO Tepa enekTpoH-Boath (TeV). I[Topex Tora CLIC
MMa 3a UJb IOCTU3akhe BUCOKE TPEHYTHE TYMUHO3HOCTH, KOja PEJICTaBba Opoj cyaapa o CeKyH/IH.
Burcoka iyMHHO3HOCT je OMTHA 32 IOCMAaTpame PETKHUX IMpolleca KOjU MMajy Malld OJHOC I'paHamba.
Jenan on TMX mporieca, pacmany XHrcoBor 0030Ha Ha map (OTOHA jeCTe W TeMa OBE JOKTOPCKE

JcepTalyje.

Jemna ox ctBapu xoje usnsajajy CLIC on npyrux Oyayhux akieneparopa je ¥ METOJl yOp3ama
cHora moMohy sBa cHoma. YKJbydeHa Cy JiBa IapajiejiHa JHHeapHa akieneparopa: yop3asajyhu cHorm
W [JIaBHU CHOII. YOp3aBajyhu CHOII je CHON eJIeKTpOHA BUCOKOT MHTEH3MTETA, Kpehe ce mapajieHo
ca TJIaBHUM CHOIIOM, KOjU j€ HHUCKOT MHTEH3UTETa ajlil KOJU C€ CAaCTOjU O] €JIEKTPOHA, OJHOCHO
MO3UTPOHA BUCOKE eHepruje. YOp3aBajyhu cHOIl IPEHOCH €HEeprujy y IJIaBHM CHOI, TAaKoO Ja ce
JOCTH>KE BENTMKH rpaaujeHT nosba (100 MW/m) unmMe ce moCTHXe CMambeHmhe TOTPOIIHE EIEKTPUIHE

eHepruje.

[IpcTeHoBH 3a ycriopaBame U MPUTYILIEHE CIYXKe Aa, IIPe Hero mTo yhy y riaBHU JHHEapHH Je0
3a yOp3ame, eNeKTPOHCKM M IIO3UTPOHCKH CHOIIOBU Oyay ONTHMH30BaHH Yy HPCTEHOBHMA 32
yCIopaBambe TaKo Ja ce CMamH KBUXO0Ba BennuyrHA a moBeha muxoBa ryctuna. Takohe, kopucre ce
CHCTEMH 3a KOJIMMallMjy CHOIIA, KaKo OU ce CHOI OYMCTHO OJ1 HeXKEJbeHHMX yecTula, ooe3oelhyjyhu

Behu kBamuTeT cyaapa.

Cynapu npu BUCOKHM eHeprujama y cucreMy tentpa mace (> 1 TeV) na CLIC-y omoryhunu 6u
JeTaJbHU]€ UCTPAXKUBAKBE y XUTCOBOM CEKTOPY CBOjCTaBa XHUICOBOT 0030HA Ka0 M MHTEPAKIIHje U
crpe3ama ca ApyruM dectunama. Takohe Ou mpyxkamu MoryhHOCTH 3a MCIIUTHBame (PU3MKE BaH
CranpmapaHor Mojefna, Kao IITO Cy KaHOUJIATH 3a TaMHY MaTepujy, CyNepcUMeTpHja, AoAaTHE
numensuje u Hapymewme CPV cumerpuje. Takohe, CLIC omoryhaBa BUCOKY NPEU3HOCT Y MEPEHY
crpe3ama XUrcoBor 6030Ha ca TOM KBapKOM, KOjH j€ HajTeXa eleMeHTapHa yecTulia. 3axBajbyjyhu

BUCOKO] MHTerpucanoj jgymuHozHoctd, CLIC je uaeanan 3a mpenusHa Mepema eNeKTpociadux
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nporeca, koja Ou morBpauia CTaHAapIHA MOJET WM Y CIydajy OJICTymama OJ TEOPH]JCKUX

npeaBuhama Jana Ha3HaKy nocTojama Gusnke BaH CTaHAapIHOT MOETa.

2.1. AKuenepatop

bynyhe Xurcose abpuke npenpuhene cy kao eneKTpOH-TIO3UTPOHCKHU CyJapavyd, a OHH KOjU
JOCTIKY ckamy TeV eHepruja y cuctemy neHTpa Mace — auneapru. Kaia ce HaeJIeKTpUCaHe YECTHIIS
Kpehy 1o Kpy>XHO] IMyTamu OHE JOMHHAHTHO I'yOe €Heprujy Ha CHHXPOTPOHCKO 3padee 10 Kora
JoJ1a3u jep ce Op3rHa Kao BEKTOPCKA BEIMYMHA MEHa. Y IUPKYJIApPHOM CyJapady, eHepruja Koja ce
U3ry0H Kpo3 CHHXPOTPOHCKO 3padyeHhe 10 jJeTHOM KPYTy OOPHYTO je PONOPIIMOHATHA MAaCH YECTHIIC

m

Egnop
AEsinhrotron X pm* (2-1)

rne je Esnop €Hepruja CHoOIa, JIOK p MpeCcTaBba MPEeYHUK cynapada. C 003upoM J1a je MpOTOH OKO
2000 myTa Texu OJ1 eIEKTPOHa, U3 u3pasza (2.1) je ouuriIe HO Aa eIeKTPOHHU ryde 3HAYajHO BHUIIIC
CHEprHje HEero MPOTOHU YCJe CHHXPOTPOHCKOT 3pauckha. To je pasior 300r Kora ce MUPKYIapHU

cydapaiu Maxom peanmyjy Kao XaJIpOHCKH.

Jenman o HemocTaTaka MPOTOHCKHX CyAapada jecTe Taj Ja HEelMo3HATH MapTOHH (KBapKOBH W3
OrpOMHOT Opoja MPOTOHA) YUECTBY]Y Y MHTepakuuju. [locienuiia Tora je 1a je caMo JIeo eHepruje u3
CUCTeMa I[eHTpa Mace JOCTyIaH MPOAyKTUMA pacraja, 0K Cy MOYeTHa €Heprija U UMITYJIC MapTOHa
HEMO3HATH 3a PEKOHCTPYKIHMjy (UHAIHOT cTama. Jlpyru HemocrtaTtak je MPUCYCTBO 'ocTaraka'
npotoHa y popmu QCD mryma. C npyre crpane, Ko JISITOHCKUX CyJapada MoYeTHO, a CAMUM THM
U (UHAIHO CTambe MOYKE C€ PEKOHCTPYHUCATH W3 MPBUX MPUHIUNA (3aKOHU OJpKama €Hepruje u
HMITyJICa), IOK C€ €Hepruja AOCTYIHA 3a MPOAYKTe MHTEPaKIIMje TOMHUHAHTHO TyOu yclies] 3pavema
caoma (Beamstrahlung - BS), mto je mpukaszaHo Ha ciaumm 2.1.1. 3pademe CHOMA MOCICIUIA je
y3ajaMHOT yTHIIaja eIEKTPOMArHeTHUX MoJba JIoj1a3ehux CHOMOBA je/IaH Ha JPYTH, KOjU JOBOJE JI0
emucuje portona enepruja pema 20% [13]. Oaj edekar je U3paKCHUjH MITO j& SHEPrHja Y CUCTEMY

LHCHTpa Mace Beha.
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ITapamerap Cumbon | Jeaununa da3za 1 da3za 2 da3za 3
Enepruja y cucremy neHrpa mace Vs GeV 380 1500 3000
YdectaHoCT BO30Ba frep Hz 50 50 50
bpoj Barona no Bo3y Ny 352 312 312
VY4ecranoct BaroHa At ns 0.5 0.5 0.5
Hyxuna mysca Tpuls ns 244 244 244
I'pagujeHT eIeKTPUYHOT MMoJba G MV/m 72 72/100 72/100
10"34 cm-
Homunanna iyMMHO3HOCT 1% 2s.1 1.5 3.7 5.9
Bprina mymMuHO3HOCT Yoot IOA;: Im- 0.9 1.4 2
YKynHa NOTpOIIka CTpyje P wall MW
bpoj uectuia no Barony N 10° 5.2 3.7 3.7
Jy>kuHa Barosa oz pm 70 44 44
[Tonpeuyne quMeH3HMje CHOMIA y
‘ Ox /Oy nm 149/2.9 ~60/1.5 ~40/1
TauK{ MHTEPAKIH]je
Jly>xuHa TyHena km 11.4 29 50.1

Ta6eaa 2.1.1. [Tapamerpu akueneparopa CLIC Ha pa3nuunuTHM eHeprujama

y CHUCTEMY LIEHTpa Mace.

W3pauenn GOTOHN MOTY C€ KOHBEPTOBATH Y XaJI[pOHE, ITO JOBOJM JI0 CTBApamha 3HAYajHOT IITyMa
3a [IeHTpaJiHU JeTeKkTop TparoBa. Camka 2.1.1 npuka3syje pa3jiuky y CieKTpy JyMHUHO3HOCTH Ha JIBE
€Hepruje y CUCTeMy LIEHTpa Mace, TJIe je, yCIlle ] 3paueha CHOIIA, JUCTOP3Hja CIIEKTpa IyMHUHO3HOCTH
Ha 3 TeV ronuka na camo 34% norahaja uma suie o1 99% HOMHHATIHE €HEPTHjE Y CUCTEMY LIEHTpa
mace [21]. IlITo cy aumensuje Barona (bunch) ox kojux ce cacToju CHON Mame, OAHOCHO OpOj
YeCTHIIa IO BaroHy Behu elleKTpoMarHeTHa moJjba cy jada na je u BS edexar uzpauenuju. Y Tadean
2.1.1 naBenenu cy mapametpu akueneparopa CLIC 3a cBe Tpu eHeprercke ¢ase pana [22]. Emucuja
¢dorona ycien edexra 3pauerma CHOIIA 10 BUIIe 0CHOBa ofpelyje exciepumenTanne ycinose Ha CLIC

u Tome he 6utu peun y norJassby 2.3.
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x=\s"\s
Canka 2.1.1. Cnexrap mymuno3znoctu Ha CLIC, Ha eneprujama

y cuctemy nenrpa mace oa 380 GeV u 3 TeV.

KoMmnakTHu TuHeapHu cyapad KOpUCTH MHOBATUBHU MPHUCTYI 32 yOp3aBame YeCTHIIA Ha COOHO]
TeMIIepaTypH, 3a pa3IuKy o]l BehrHe JocaalikbuX CyJapadya BUCOKMX EHEPTHja KOJH Cy PeaIn30BaHH
Kao CyneprpoBoHu akienepatopu. Ha coimum 2.1.2 nara je mema CLIC akmeneparopa ca jBa cHoma
3a yOp3aBame HOPMaJIHO-IIPOBOIHOM yOp3aBajyhoM CTPYKTYpOM IpaJjeHTa eIeKTPUYHOT M0Jba Y
orcery BpeaHoctu ox 70-100 MV/m. ChHara U3 HHMCKO-€HEPreTCKOI CHOIIa BHCOKE CTpyje ce
eKcTpaxyje ma Ou ce reHepucana pamuo-ppekserimja ox 12 GHz koja ce kopuctu 3a yOp3aBame
yectuna y rimaBHoM cHomy. CLIC Takohe mpyska MoryhHOCT mosapu3alifje CHOIa €JIeKTPOHA O]
+80%. Ha eneprujama y cucremy 1ienrpa maca usHaza 500 GeV, mpoaykuuja XurcoBux 0030Ha ce
JOMUHaHTHO BpumM y nporecy WW-¢dysuje. E¢uxacHu npecek npoaykiuje XurcoBor 6030Ha ce
yBehaBa 3a 50% seBopykom monapusanujom enektpona (-80%) [22], mox  je mecHopyka

roJiapu3aliija CHoma eJIeKTpoHa KOpHCHa 3a AucKkpuMuHanuj)y BSM mopena.

Kao mro ce u3 memarckor npukasza kondurypamuje CLIC akienepatopa ca ciauke 2.1.2 [13]

MO>Ke BUJETH, I1aBHM noacucremu CLIC akneneparopa cy:

% HM3BOP EJICKTPOHA U M3BOP MO3UTPOHA,

¢ TMPETIPCTCHOBH 3a MPUTYIICHE KOJU PEIYKY]y EMUTAHCY CHOIIA,

¢ TPCTEHOBM 3a NMPUTYIIHNBAKE CHOIMA KOJU HAKOJA MPETHPCTEHOBA 3a MPUTYIIMBAKE CHOIIA,
J0JIATHO PEelyKyjy eMUTAHCY CHOIIA,

¢ CHCTEM 3a TMPEHOC CHOMa O] MPCTEHOBA M0 TJIABHOT CHOMA (JIMHAKa), KOJU CIYXH 3a

cabujame CHOMOBA Yy JIOHTUTYJIWHAIHOM (Zz) mpaBlly, a Takohe u 3a yOp3aBame IJIABHOT

cHoma 10 9 GeV 5o 1.5 TeV,

K/

% TJIaBHU JIMHeapHU akuenepatop ca 70000 mo 400000 RF jenununa, na 350 GeV u 3

TeV, pecriekTuBHO,
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¢ CHCTEM 3a HCIIOpYyYMBamk-E CHOIIOBA KOjH JIOBOJIM CHOTIOBE JIO CyJlapamka y Taukh HHTEPAKIIH]je
(1P).

Jla Ou ce TecTUpao KOHIIETIT CHOIIA BUCOKOT MHTEH3UTETa, HampaBibeH je o0jekat CTF3 (cama
CLEAR) rze je ekcriepuMeHTaIHO MTOTBpheHa MOryhHOCT MoCcTH3ama IpaiujeHTa eIeKTPUYHOT 10Jba

ox 145 MV/m [13].

797 klystrons 797 klystrons

1SMW, 1395 | || circumferences | | | 15MW139ps
- delay loop 73.0 m -
drive beam accelerator CR1292.2m drive beam accelerator
2.38 GeV, 1.0 GF CR24383m GeV, 1
-
2.5 km 2.5km
delay loop > < delay loop

Drive Beam
decelerator, 24 sectors of 876 m

— A
B P\ N 5 i i 3
Bes !uu ‘uu! = u!u ;!uu ; BDS - BDS ‘ u!v!‘ !u%! & v!vug u!u 4802
== 2.75 km 2.75km o J\
TA e~ main linac, 12 GHz, 100 MV/m, 21.02 km P e* main linac TD

e J

48.3 km -
CR combiner ring Main Beam
booster linac, 6.14 GeV

TA turnaround
<
e* injector,
e e e* 2.86 GeV
PDR DR PDR
398 m)\421m @

DR damping ring
Cauka 2.1.2. lllema axueneparopa CLIC y onmuju paga

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

N dump

e~ injector,
2.86 GeV

Ha €Hepruju y cuctemy 1eHTpa mace 3 TeV.

VY Tadean 2.1.1 npukazaHu Cy HEKH O] KJbYYHHX IapaMeTapa CHOMOBA 3a cBe Tpu (asze paga
CLIC. CHomoBH yecTuIia MoJIeJbeHH Cy Ha BO30BE KOjH C€ cacToju o 312 Barona ca BpeMEHCKUM
pazmakoM ox 0.5 ns m3melyy Barona. Bpeme koje npohe usmel)y mponasza asa Bo3a je 50 Hz. JIpyrum
peunMa, Ha cBakux 20 ms ce cyJapajy BO30BU €NEKTPOHA U MO3UTPOHA. Y MPOCEKY ce ouekyje ~ 1
Cylap eNeKTpOHa W TMO3UTPOHA IO BaroHy YeCTHIAd, OJHOCHO HE J0Ja3u 10 BHIIECTPYKHX
HMHTEpaKIfja eJeKTpoHa U Mo3uTpoHa (pile-up) y mepuoay ounTaBarma AETEKTOPCKUX MOACHCTEMA.
OBo omoryhasa J1a ce IeTeKTOPCKH TIOJICHCTEMH OYHTaBa]y HAKOH CBAKOT BaroHa 4ecTuiia (Ha CBaKUX
10 ns) 6e3 okua4ya Koju Cy HEOMXOIHU Y CyJlaprMa CHOIIOBA Y KOjuMa MOCTOj€ BUIIIECTPYKHU CyAapu

10 BaroHy, kao mro je to ciryyaj Ha LHC.

2.2 CLIC_ILD mopen netektopa

Ju3aju nerexropa3a CLIC nupekTHO je moBe3aH U MPOoUCcTHYE U3 GU3NYKUX [IUJbEBA U TporpaMa
Mepema. Kao mito je muckyroBano y morsasiby 1.3, Oyayhe Xurcose hadpuke nmajy 3a iujb MEpermba
BEJIMKE TAaYHOCTH Y XUICOBOM CEKTOPY, Ka0 M JUPEKTHE U HHJIUPEKTHE TECTOBE MOJEJIA U3BaH
Crannapasor mojena. Kao mouerna tauka npu pazsujarey CLIC ILD monena [13] nerextopa y3er

je ILD moxen merekropa [23] paseujan 3a ILC, ¢ 003upom 1a cy mmodeTHe eHepreTcke ¢ase 3a 00a
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cyaapada ynopenuse, 380 GeV na CLIC u 250 GeV na ILC, u 1 TeV na ILC u 1.5 TeV na CLIC.
C 063upom na he na CLIC 6utu moryhe noctuhu eHepruje y cucremy nenrpa mace ox 3 TeV, ILD
JIETEKTOp je ONTHMHU30BaH IpeMa EeKCIEPUMEHTAIHUM ycioBuMa Ha cBUM (asama pama CLIC
cyJapaua, yKibydyjyhu u npucycTBo IlyMOBa HaCTaIMX KOHBEP3HM]OM 3aKOUHOT 3pauerma. ¥ 3uMajyhu
y 003up 3axTeBe KOjU MPOU3MIIa3e U3 IPOjeKTOBAaHE TAYHOCTH (PU3MUKUX Mepema, 00a JeTeKTopa
(ILD u CLIC ILD) cauuHO Cy KOHIMIHpaHA: Ka0 XUOPHIHU IMJIMHAPUYHU CUCTEMH Ca TaCHUM
LEHTPAJIHUM JETEKTOPOM TpParoBa U BUCOKO CETMEHTHPAHUM KaJIOpUMETpPHMa YHyTap COJIEHOMJA
uHAykuyje ox Hekonuko T. IlpuMena anropurMa Toka dYecTHIa, Yy LMJbY CMamema yTHIAja
pelaTUBHO JIOLIE Pe30iylyje Kajopumerapa y nopehemy ca LIEHTpadHUM JETEKTOpOM Tparosa,
oMoryhaBa peKOHCTPYKIMjy MiIa3eBa (€KCIEPUMEHTAIHH MOTIIHC KBAPKOBA) Ca TPEIIKOM Mepemha
enepruje on 3% mo 5%, 3a mumazese erepruje o 50 GeV mo 1 TeV. Y oBom mpuctymy, camo ce
PEKOHCTpYyKIMja (OTOHA M HEYTPAIHUX XaJpPOHA BPILIM MCKJbYYHMBO €JIEKTPOMArHETHUM, OJJHOCHO

XaJIPOHCKHM KaJIOPUMETPOM.
CLIC ILD mopnen neTekTopa OJIuKyjy cienehe KapaKTepucTHKE:

e EduxacHu geTeKTOpHu Tparosa ca OIJITUIHOM PEKOHCTPYKIHjOM UMITYJICa
ox 2x107° GeVY;

e Voarpa nak (nebspune 0.2 pagujariuoHe Ay)KUHE) BEPTEKC JETEKTOP BHCOKE PE30JIYIIHje
on 3 um;

e Bucoko cerMeHTHUpaHU eNEeKTPOMArHETHH U XaAPOHCKU KATOPUMETPU YHYTap MarHETHOT
MoJba, KOjU AOMYyHaBajy Mepema U3 EHTPaTHOT AETeKTOpa TparoBa y MpUMEHU METOJIe
'Toka yectuina' (Particle Flow Algorithms - PFA) y pexoHCTpyKIMju 1 uaeHTHDUKAIIM]H
YeCTHIIA;

e XepMETHYHOCT AETEKTOPa, OJIHOCHO MHCTPYMEHTallM]ja IeTeKTOpa IPU MAIUM OJapHUM
yrioBuma 10 40 mrad, Koja je KpyIujaiaHa 3a Mepemhe enepeuje koja Hedocmaje 'y aorahajy
a Koja je curHarypa Hekux BSM mporieca;

e MHCTpyMeHTaIM30BaH japaM JETEKTOpa paau UASHTHU(HKAIMje MUOHA ca eukacHoIhy

01 99%.

Ha comom 2.2.1 [13] nmat je memarcku npuka3 jaerekrtopa CLIC ILD. V nmameMm TekcTy, Y
OCHOBHUM IIprama auckytoBanu cy nojcucremu CLIC ILD nerektopa, ca moceOHUM OCBPTOM Ha
€JIEKTPOMArHeTHU KaJOpuMeTap Kao TJIaBHU MOJCUCTEM 3a UICHTU(PHUKAIN]Y (POTOHA Yy IEHTPATHO]
obmactu. Takohe yka3aHo je U Ha U3MEHE Yy JAM3ajHY JAETEKTOpa KOjU Cy MPEUIOKEHU y OKBUDPY
CLICdet monena nerextopa [24], koje, MmehyTum, HUCY O] 3Ha4aja 32 MepeE MPEJICTAB/HLEHO Y OBOj

TE3H.
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CLIC_ILD_CDR

i o i
0 2350 2622 4240 4536 7086

Cauka 2.2.1. Mognen nerexropa CLIC ILD.
JluMeH3uje 1eTeKTOPCKUX MOJCHCTEMA JIATe Cy Y MIJIMMETPUMA.

2.2.1. Beptekc neTekTop

Beprekc neTekTop je MHKCENN30BaH CHIIMIHJYMCKH JCTEKTOp TparoBa Koju omoryhasa
PEKOHCTPYKIIMjy BepTeKca Kao W TparoBa y HETMOCPEIHOj ONM3MHHM OCE CHOIA, Y OICEeTy MaHX
MOJIApHUX YTJIOBA. JeHa OJ yJora BepTeKC JETEeKTopa je Aa 00e30enu eQuKracHy peKOHCTPYKIIH]Y
CeKYHJIApHUX BEpPTEKCa HACTAIMX PaclajioM TEUIKUX KBapKoOBa, Kao W Tay JjenrtoHa. Jla Ou ce ca
BEeIMKOM BepoBaTHOhoM (= 90%) pekoHcTpyucanu ¥ e(hUKACHO HIACHTH(PUKOBAIA KAO TEIIKH
apomaTH, BepTEKC JETeKTop Tpeba Ja moceayje OIMUHY Pe30dyldjy Mepema mapaMerpa cyaapa,
3aJI0BOJbaBajylly T€OMETPHjCKY MOKPHUBEHOCT JO0 HUCKUX IMOJIAPHUX YIJIOBA, PEJIATUBHO HHCKY
OKYIHPAHOCT CUCTEMA 32 OYUTABAE, Kao U Maly e(heKTHBHY paJnjallioHy JAcOJbHHY jep ce Hala3u
HCIIPE]T eJIEKTPOMArHEeTHOT KaJOPUMETAPCKOT CHCTEMa, Kao IMITO je WIYCTpOoBaHO Ha cjauum 2.2.1.
[Tapamerap cymapa mpejacTaBiba yAabeme decTHile o mpumapHor Beprekca (IP). Pesomynmja

Mepera mapaMmerpa cyaapa Moxe ce uspasurtu [13]

04, = \Ja? + b? - GeV?/(p2sin36), (2.2)

r7ie KOHCTaHTAa @ 3aBHCH O] pe3oiyluje oapehuBama Mmoyiokaja Tauke BEPTEKC JETEKTOPOM, a
nmapamerap b moBe3aH je ca BHIICCTPYKHM pacejal-eM W 3aBUCH OJf KOJHUYHMHE Marepujaia y
CLIC ILD nerexktopy Kao M OJ T€OMETPH]JCKOT paclopena clojeBa BEpTEKC NETeKTopa, oK O

IpeJCTaBJba MOJAPHU yrao Tpara 4uju ce rnapaMmerap cyjaapa Mepu. Jlu3ajHupaHa BpeIHOCT OBHX
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nmapamMeTpa U3HOCH @ = 5 um u b = 15 pum, mTo oarosapa pe3oIylidju Mepema mapaMerpa cyaapa

o1 3 um 3a Tparose nojeAMHAYHKUX YecTHia (single point resolution).
2.2.2 TPC (Time Projection Chamber)

TPC je racHH IETEKTOp TUIA BUIIEKWYaHE KOMOpE, paaujyca 1.8 m u gyxune 4.5 M, ucnymeH
racoM Ar/CF4/CsH10 y omnrocy 95%/3%/2%. TlokpuBa BpeJHOCTH MOJIApHUX yriioBa ox 12 mo 168
creneHa. Kana HaenekTprcaHna yectuia rnpohe Kpo3 rac y KOMOpPH, rac ce joHu3yje u ociobahajy ce
SJIIEKTPOHH KOjU IpuPTYjy Ka 3aambeM ey Komope. EJeKTpoHu 3aTuM CTHXKY Ha aHOJHE IMJIOYHUIE
cTBapajyhu eleKTpHYHU CUTHAI. Y CIIe]l JaKOT eIeKTPUYHOT T0Jba J0JIa3H 10 CTBAPamba CIIEKTPOHCKE
JIABMHE TAKO IITO MPUMApPHO OCI000l)EHU eNeKTPOHU Y3pOKYjy CEKyHIapHY joHM3anujy. Jlerekrop
ce IMoHalla Kao MPOMOPIIMOHATHA KOMOpa Kaja je €JIEKTPHUYHO I0JbE TOBOJBHO jaKO Jia CTBOPH
CeKyHJIapHY jOHHW3aIlMjy aju He mpeBulne jako Beh Tako ma Opoj MPUKYIJBEHUX €JICKTPOHA OCTaje
MPONOPIMOHAIaH OpOjy IPUMapHUX jOHCKUX MapoBa. JIokaiuja elnekTpoHCKe TaBUHE KOja CTUTHE Ha
aHOJy MOJKE C€ OJIPSIIUTH JIeJbEHhEM aHO/Ie Ha Mame OyiokoBe. Ha oBaj HauuH ce onpel)yjy npoctopHe
KOOp/IMHATE CETMEHTa TParoBa y paBHUMa OPTOrOHAIIHUM Ha Z—ocy. Kako je jaunHa cTpyje Koja ce
JIETEKTYyje Ha aHOJM Cpa3MepHa Opojy eJEKTPOHA KOjU Ha Y CTUTHY, Cpa3MEpHa je M yJIa/beHOCTH
WHUIUjATHOT €JeKTPOHA; MO3Hajyhu eNeKTpUYHO MoJbe Moryhe je TayHO OJIpeluTH TpeHyTak (U

MECTO) MHTEPAKIIH]j€ yJIa3HEe YSCTHIIC Ca TACOM Ha OCHOBY jauWHE CTPYje IETEKTOBAaHE HA aHOIH.

TPC mpencrassba TJIaBHH J€0 cucTeMa 3a peKoHCTpykiujy TparoBa Ha CLIC ILD nerektopy
(maraetHo noJbe unaykuuje B = 3.5 T), nok je y CLICdet (B = 4 T) moaeny JAeTeKTopa 3aMemeH
CHJIUIIM]YMCKUM JeTeKTOpoM. CHIIMIIUjYMCKU JI€TEKTOPU KOMITAKTHUJU Cy O]l TaCHHX, a TOJIEPULILY
jaua marHeTHa moJba Ha koja je TPC komopa ocersprBa 300r apudra jona (lon Back Flow) koju ce
Takohe nemaBa ymopeno ca apudTOM €JIEKTpOHa, Ma Cy MNPHUKIATHUJU 3a YHOTpeOy y jauyum
MarHeTHUM TI0JbMMa, KOja ca JApyre crTpaHe, o00e30ehyjy Behy TadHOCT Mepewma uMITysca

HACJICKTPHUCAHC YCCTHUILIC.
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Canka 2.2.2. lllema CLIC _ILD cucrema geTekTopa 3a peKOHCTPYKIIHjy Tparosa
koja mpuka3zyje TPC merexrop u crimkoncke aerekrope (SIT1 u SIT2).
SET u ETD npencrasibajy Si-uKcen AETEKTOpe KOjU y MPeHh0j 00IaCTH HaCTaBIbajy

CUCTEM 3a PEKOHCTPYKIIM]y Tparosa moJ mNoJapHUM yriaoBuma oxa 7° go 12°.

CLIC_ILD Beprekc nerextop kao u TPC nonymeHH Cy CHIIMIINAjYMCKUM CHCTEMOM JETEKTOpa
3a PEKOHCTPYKIM]y TparoBa koju ce cactoju on SIT (Silicon Internal Tracker), FTD (Forward
Tracking Discs) kao u SET (Silicon External Tracker) u ETD (Endcap Tracking Disc) aetekTopckux
nojacucremMa. OBM JOJAaTHU CUCTEMH 3a DPEKOHCTPYKIM]y TparoBa nosehaBajy yraoHu oIicer
JeTeKTopa TparoBa a0 mnosapHux yrioa ona 7°. KomOunanuja TPC u ciojeBa CUIMIIUjYMCKUX
neTekTopa omoryhaBa BpeMEHCKY pPEKOHCTPYKIHM]y TparoBa ca TaudHollhy pena HEKOJIHUKO

HaHocekyHu. [llemarcku mpuKa3 JeTeKTopa Tparosa aat je Ha cummm 2.2.2 [13].
2.2.3 KanopumeTapcKu CHCTEMH JeTeKTOpa

Jenan on rimaBHuX 3aaaraka kanopumerpuje Ha CLIC, anu u Ha octanum OyayhuM npojextuma
XurcoBux (pabpuka, jecTe 1a 3ajeJHO ca JEeTEKTOpUMa TparoBa OMOTyhu cernapaijy mijia3eBa Koju
notudy u3 pacrnaga W, Z u XurcoBox 0o30Ha. Mako penaTMBHO OJIMCKHMX Maca, XaJpoHcKa (puHaIHa
craa W, Z u XurcoBor 0030Ha MOT'y Ce€ €KCIIEpPUMEHTAIHO Pa3IMKOBATH YKOJIMKO je €HepreTcka
pe3oiyIija peKOHCTpYKLK]je Mia3eBa 10BosbHO no0pa. Ca CLIC ILD monenom neTekTopa MOXKe ce
OCTBApUTH MaceHa pe3oiynuja oa 2.5%, mTo oAroBapa eHepreTckoj pe3oayunju miasesa oa 3.5%
[13] koje emuTyjy momeHyTH 0030HH Npou3BeneHH Ha eHeprujama paga CLIC. 3a naty eneprercky
Pe30ITyIHjy, CTOXACTHUKH WiaH y KaJTOPUMETPHjcKoj hopMyu Tpeba ma m3nocu < 30%/VE, e je
E enepruja mmnazeBa. Y TpaaullMOHAIHO] KaJOpPUMETPHUjU, €HEpruja miasza ce y BEIUKOj MepH
onpelyje momohy XafpoHCKHX KaTOpHMeTapa UMji CTOXaCTHUKH WiaH 06MuHO m3HocH < 55%/VE,
ra caMuM THM HHU €HepreTcKa pe3oiylidja Mila3eBa HHje MTOBOJFHO BHcoka. Ca apyre cTpaHe, OKO

60% enepruje miazeBa ogHoce HaenekTpucane udectuie, 30% doronu u camo 10% HeyTpasHO
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naenekrpucane dectuie [13]. ¥V mpucrymy toka uectuiia (PFA) komOunyjy ce mHpopmMaimje u3
JETEKTOpa TParoBa 3a cee HaeleKmpucaune yecmuye, 10K ce caMO (OTOHU M HEYTPAIHU XaJPOHH
UICHTH(DUKY]Y Y CICKTPOMAarHeTHOM KaJOPUMETPY, OAHOCHO XaJIpOHCKOM Kajopumerpy. Ha oBaj
HauuH, camo 10% eHepruje milazeBa MEpU C€ y XaJPOHCKOM KaJIOPUMETPY 4YHja je E€Heprercka
pesonynuja Jomuja y nopehemy ca eIeKTpOMAarHETHUM KaJIOPUMETPOM WJIM CHUCTEMOM 3a
PEKOHCTPYKIMjy TparoBa. JleTaJbHUM cUMyJalfjaMa je TOKa3aHo Jia Cce €Hepruja mia3eBa MOXe
MepHTH ca penatuBHOM Heonpehenomhy on 3%, y oncery enepruja muaza ox 100 GeV go 1 TeV,

cauka 2.2.3.

Kanopumerapcku cuctem y nenrpannoj oonmactu CLIC ILD nmerektopa unHE eeKTpOMardHeTH!
kanopumetrap (ECAL) u xagponcku kanopumerap (HCAL). EnexTpoMarHeTHu Kajgopumerap y
CLIC ILD momeny neTeKTopa jecTe CeHABHY-KaJOpUMETap ca BoJippaMoM Kao arcopOepoM U ca
BHCOKO-TPaHYJIapHUM CHJIHIN]yMCKUM CeH30puMa (JuMeH3nja mukcena Sx5 mm?) [13]. Cacroju ce
on 30 TNOHTUTYOUHAIHUX CJOjeBa arcopbepa M CHIMLUJyMCKHUX CEH30pa M Jyradak je 24
pamujanmone nyxxkuHe. ECAL ce Hama3u yHyTap MarHeTHOT nojba uHAyKnuje 4 T kao u cucrem 3a
PEKOHCTPYKIMjy Tparosa. Pazior 300r kojer cy o0a cucTremMa IMoCTaBJbeHa YHyTap MarHeTHOT 10Jba
j€ mpHUMeHa alropuT™Ma Tora YecTHIla, KOju Kao IITO je peueHo oMoryhaBa peKOHCTPYKIIM]y €HEepruje

MJaszeBa ca rpemkom of 3%-5%.

CLICdp
< 10 i T | T A
oy L 50 GeV Jets .
w L 100 GeV Jets | |
o 8| —250GeV Jets _
= L 750 GeV Jets |
g L — 1500 GeV Jets 4
E - -
~— 6 B ]
E_‘ i i
&S al ]
= F : | 1
o s = | |
2 - P T | IR

\cos0)|

Camka 2.2.3. EHepreTcka pe3oiyliyja Miia3eBa 3a pa3jinuuTe eHepruje y GyHKiuju [cosd).
Ha cnuru ce ynopehyje ykymHa peKoHCTpyHcaHa €HEprija ca CyMOM €Hepruja

cBUX BUIbUBUX MonTe Kapiio yectuna.

[Tapagurma Toka yecTHIla UMaja je BEJUKHM yTUlla] Ha caMm au3aji ECAL nerextopa, Tako na
nopen uAeHTUHKaAIMje U Mepewme eHepruje ¢orona, ECAL je nusajHupaH na pasimkyje

eJIEKTPOMAarHeTHe IJbYCKOBE O XaAPOHCKHUX MJbYCKOBA, Y3€BIIN ¥ 003up aa oko 50% XxaapoHCKUX
&
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IJbYCKOBA MOYHELE Y €JIEKTPOMAarHeTHOM KajopuMeTpy. Bondpam je ogabpan kao ancopOep jep nma
MOBOJhAH OJHOC HYKJIEApHE MHTEpakiuone nyxkuHe (A4 = 9.95 cm) u pagujarmone ayxune (X, =
0.35 cm). Mana paaujannMoHa Iy>KMHA JOBOAU JO CTBapama EJIEKTPOMAarHeTHHX IJbYCKOBA Y
MIpEeIEM JIeNTy KaIopuMeTpa 0K Beha HHTepakInoHa Iy>KHHA peAyKyje Opoj XaApOHCKUX MJbYCKOBa
y TpEeameM Jelly eIEeKTPOMAarHEeTHOT KalloOpUMEeTpa, Tako Ja je Moryhe MpHCTOJHO pa3/iBajambe

CIICKTPOMAro€THUX U XaAPOHCKUX IIJbYCKOBA.

Benuka rpanynapHoct ECAL y komOuHanuju ca nHpopManujama U3 MEHTPATHOT JIETEKTOpa
TparoBa oMoryhasa Jia ce cenapuily eneKTpoHH 1 pOTOHH, Te ce (POTOHH MOTY PEKOHCTPYHCATH Ca
epukacuomthy on 99% [2.2.4], a enektporu onx 96% [2.2.4] y3 npumeny PFA anropurma.
Croxactnuku wtan ECAL < 20%/VE o6e36elyje eneprercky pesonyuumjy ox 2 GeV 3a poToHe
enepruje E = 100 GeV. Ha camuum 2.2.5 [25] npukasaHa je 3aBUCHOCT €HEPIreTCKE PE30JIyIlHje
elleKTpoHa y (yHKIMjU Opoja cliojeBa eJeKTpoMarHeTHOr kKaimopumeTrpa. Behu Opoj ciojeBa

OoueKHBaHO oMoryhaBa 00Jby Pe30yIHjy Mepema eHepruje GoToHa.

QLIde i CLICdp
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Cauka 2.2.4. Unentudukanuja enekTpoHa y GyHKIUjU eHepruje (JIeBo)

u uaeHTudukanuja Gotona y pyHKuMju eHepruje (1ecHo).
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Cauka 2.2.5. Eneprercka pe3onynuuja enekrpomarsetor kajgopumerpa y CLIC ILD moneny

JIeTEeKTOpa, 3a potone enepruja 10 GeV u 100 GeV y pynkuuju 6poja ciojeBa ECAL.

['maBHa yiora XaJpOHCKOT KaJOpHMETpa jecTe JAa HIACHTU(UKYje TIUbYCKOBE HacTale
MHTEPAKIMjOM HEYTPAIHUX XaJIpoHa ca arncopOoepoM M H3MEpH JIETIOHOBAHY EHEPTHjy TEIIKUX
HeytpanHux yectuna. HCAL y CLIC ILD mopneny neTekropa je CeHIBUY-KaJopUMeTap ca YeIMKOM
Kao arncopOepoM M CLUMHTHIIATOPCKUM ceH3opumMa. OnHoc u3mel)y xaipoHCKe HHTepaKIUOHE Ty KHHE
M eJCKTPOMAarHeTHE paJaujallioHe MYXXKMHE je TakaB Ja C€ TUMHYHH XaJpPOHCKH IJbYCKOBH
3aycraBibajy yHyTap HCAL ne6spune 7.5 4. CumHTHIATOpCKE MUiounne cy auMensnja (3x3) cm? u

00e30el)yjy ounTaBame eHeprije U MO3UIHMje YECTULIA.
2.2.4 KanopumeTrpu npeme 00J1acTH

Kanopumerpu npeame obiactu omoryhaBajy Meperme TpeHyTHE M UHTETpUCAHE TYMUHO3HOCTH
U TIOKpUBajy OICEr HajMamHX MoylapHUX yriaoBa o 0.6° mo 6°, ca NpeBacXOAHMM ILHJbEM
uACHTU(UKAIM]e BUCOKO-CHEPreTCKUX eleKTpoHa. Kamopumerapcku cucteM Mpelame o0jacTu ce
cacToju of jaBa Kanopumerpa: iymuHomerpa (LumiCal) u xamopumerpa 3a Mepeme mapamerapa
cuona (BeamCal). Jlymunomerap omoryhaBa mpeOpojaBame €JIEKTpPOHA W MO3MTPOHA pPacejaHUX

Bhabha pacejamem (e'e = e’e”), ca penatuBHOM cucTeMckoM rpemkom o 1073, Ha eneprujama of

350 GeV no 3 TeV. bpoj Bhabha norahaja onpelyje narerpucany 1yMHHO3HOCT Kao L = O_i, TJIe je
Bh

ogn epukacHu npecek 3a Bhabha pacejame Ha 1aToj eHepruju y cuctemy neHtpa mace. Henosnapame
MHTETpUCaHe JIYMHUHO3HOCTH BoJiehH je U3BOp CHCTEMAaTCKe IpelIKe y Mepemy e(hUKacHUX Mpeceka
(U3MYKKX MTpOIIeca Kao U JPYTUX peleBaHTHUX (GU3NIKUX oricepBadiu. [[apoBu el1eKTpOH-TTO3UTPOH
KOJU HAacTajy HEKOXEpPEeHTHOM KOHBep3ujoM (oToHa 3padewma cHoma mnorahajy BeamCal u
oMoryhaBajy MOHUTOPHHT TPEHYTHE JIYMHHO3HOCTH I10 Cy1apy BaroHa. 300r Jerno3uliija eJIeKTPOH-

MO3UTPOH MapoBa, paaujanuja kojy npumu BeamCal moxe Outn pena MGy Ha rofuIImbeM HUBOY,
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IITO 3aXTeBa BEJHMKY PaJIdjalliOHy OTIIOPHOCT CEH30pa OBOT KaJOpHMETpa Kako OW ce 3aapxao

JIMHECapaH OAroBOop ACTCKTOpPA.

[MokpuBamem manmux yrioBa o0e30ehyje ce xepmermunoct CLIC ILD perextopa, mTo je
3HAYajHO 3a JETEKTOBaE EBEHTYATHUX HOBHX ITpoIleca YHja je CUTHATypa eHEepruja Koja HeJoCTaje,
Kao IITO je TO CiIy4aj ca cymnep-cuMeTpuyHuM BSM Mozennma, Kao U eTMMHHALIM]Ee IIyMa 3a OBE
mporece Koju TOTHYE Of Mporeca ABOGOTOHCKE H3MeHe u3Mel)y WMHHIMjaTHOT E€JIEeKTPOHA H
no3utpoHa. Takohe, moceOHO Ha BehuM eHeprujama y CHCTEMy IICHTpa Mace, MJIA3eBH HACTAJIH
XaJpOHM3AIM]OM KBapKOBA EMHUTY]y C€ OJIMKE OCH CHOIIA, TIa T0Opa MOKPUBEHOCT MambUX TOJapHUX
yriioBa oMoryhyje 60sby peKOHCTPYKIIM]Y Mila3eBa. YJiora AETeKTopa npeame 00JacTu Takohe je u
Jla IPEICTaBIbajy IITUT IIEHTPAJIHUM JAETEKTOpUMA TParoBa Of YeCcTUIa pacejanux yHasaj. [lonoxaj

KajiopuMeTapa npembe 00IacTu je npukazad Ha camu 2.2.6 [13].

LumiCal u BeamCal cy KOMHAaKkTHH CHIMIMjyM-BOJI(paM CEHABHY-KAIOPUMETPU KOJU
MOKPHBAjy MHTEpBal nojapHux yriosa on 0.6° mo 6.3°. Cacroje ce oxg 40 (LumiCal) onnocno 30
(BeamCal) crnojeBa amcpobepa HampaBbeHHX 0] Boidpama u3Mely Kojux Cy TOCTaBJbEHU
MUKCcenn30BaHu ceH3opu. CeH3opu JIyMHHOMETpa cy (PMHO cerMeHTHpaHu jaa ob6e30erme 0o0Jby
MIPOCTOPHY PE30JIYIH]y TParoBa BUCOKO CHEPTETCKUX SIEKTPOHA EMHUTOBAHUX T0]] MAJIUM IOJIAPHUM

yrii0BHUMa.

Support tube ECAL

BPM on outgoing beam

BeamCal

Kicker on incoming beam

HCAL LumiCal

Cauka 2.2.6. Kanopumerpu nanexe npenme obnactu aerekropa CLIC ILD.

2.3. EKCnepuMeHTannHO OKpyXere

Huzaja CLIC nerektopa oapeheH je Kako MubEeBUMA y TIOTIeAy (PU3NIKIX MEpeha y CBAaKOj O
TpH eHepreTcke ¢aze, Tako U eKCIIEPUMEHTATHUM yCIIOBUMA Ha CBAKOj OJ1 OBUX eHepruja. Kao mro
je Beh peueHo y moryasiby 2.1, Beuka ryCTHHA HaelEKTPHCamha CHOIIA M MaJie TIONpeuHe TMMEH3H]e
BaroHa y WHTEPAKIIMOHO] Ta4KH JIOBOJIE JIO TOTa Ja CJIEKTPOHH W TIO3MTPOHH H3padyjy (GoToHe y
WHTEPaKIHjH Cca CJICKTPOMAarHeTHUM ToJjbeM nonaseher cuHoma. Ocum aedopmaryje CreKTpa
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JYMHHO3HOCTH KOj€ je TUCKYTOBaHO y moryaBiby 2.1, Beamstrahlung mpoussoau u 1rym, moce6Ho
Ha BHIIUM EHEprujaMa y CHUCTeMYy IIeHTpa Mace, KaKo y IEHTPAIHO]j, TaKO M y MPEeAmOj 00IacTu

nerektopa. lllym koju motude oa 3padema CHOMA YECTO C€ HAa3WBa M MAIIMHCKUM ITYMOM H
YKJbyUyje:

% CICKTPOH-TIO3UTPOH IMapOBE HACTaje HEKOXEPEHTHOM KOHBep3ujoM BS ¢orona, koju ce
JOMHUHAHTHO €MUTY]y ca HUCKHUM TPaHCBEP3aJIHUM HMITYJICOM M Torahajy Kalopumerpe
npenmwe obnactu, npBeHcTBeHo BeamCal,

¢ XaJpoHe Hactaje y uHTepakuuju BS ¢oToHa Koju apamaTudHO moBehaBajy OKYNMHPaHOCT

LEHTPAJHOT JIeTeKTOpa Tparosa Jaenonyjyhu eneprujy no 20 TeV no cynapy Barosa.

Ha coammm 2.3.1 [13] nmara je 3acTylubeHOCT HIyMOBa KOjU TOTHYY O/ (POTOHA H3paueHHX
UHTEPAKIMjOM CHOIOBA, MPOU3BO/IehN Pas3IMuUTUM MEXaHU3MUMA €' ¢~ IIapoBe WK XaapoHe. Mosxke
ce BUJCTH Ja je mudepeHIInjaTHu e(hUKACHU MPECEK 3a EeMUCH]y HEKOXEPEHTHHX IMapoBa HajBehu 1oy
MaJIUM TIOJIADHUM YTJIOBUMa M OHHU CY, Kao ITO je Beh peveHo y morjiaBiby 2.3, INIaBHH Y3POK
panujanronor onrepehema BeamCal. Ca npyre crpaHe, XaJpoHU c€ MPOM3BOJE IMOJ JOBOJHHO
BCJIMKUM TOJAPHUM YIJIOBMMA, TaKO Jia MPE/ICTaB/bajy 3HAuajaH IIyM y JETEKTOpUMa TparoBa u

KaJIOPUMETPHUMA.

V npoceky ce 3.2 norahaja yy — X(hadrons) nemonyje mo cyaapy Barosa Ha eHepruju ox 3 TeV
y CHCTEMY LIEHTpa Mace, P YeMy BEJIMKH MPOIeHaT (POTOHA 3pauerha CHOIIA MOKE UMATH SHEPTH]y
Behy ox 100 GeV. Jla Ou ce pemmo npobiiem mnpeontepehema cucreMa 3a OUMTaBame yciel
MPUCYCTBA OBOT IIIyMa, OYHTABaLE ICTEKTOpa TParoBa BPIIK ce y KpaTkoM uHTepBaty o 10 ns (time-
stamping). OBo Bpeme oarosapa cyaapuma 20 Barona. EdekaT npuMeHe OrpaHHYEeHOT BPEMEHCKOT
ounTaBama je miyctposan Ha camiu 2.3.2 [13]. Kana je peu o nenrpanaum kanopumerpuma (ECAL
nu HCAL), nmemosunuje myma cy Takohe 3Hayajue. Kako He Ou jomuio Ao aeTeopanuje y
nepdopmancama kanopumetpa, ECAL ce Takohe ountaBa y BpeMeHCKOM uHTepBaty of 10 ns 1ok ce

HCAL ounraBa y unrepBaiy o7 100 ns 300r ciopujer oaroBopa.
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Cauka 2.3.1. luctpulyuuja mrymMoBa KOju IOTUYY U3 e(heKTa HHTEPAKIIK]je CHOIIOBA:
(;1eBO) nucTpubyLHMje eHeprja YecTHlIa IlyMa Ha €HEpPruju y cucteMy 1ieHTpa Mace ox 3 TeV;

(mecHo) YraoHa nmucTpuOyIyja 4eCTHIIA Pa3IMIUTHX [ITyMOBa Ha eHepruju oa 3 TeV

y CHUCTEMY LIEHTpa Mace.

Cauka 2.3.2. (neBo) Pexoncrpykimja uectunia CLIC_ILD nerexropom, y mporiecy

e*e™ - HH — tbbt, na enepruju 3 TeV y cucremy 1nieTpa Mace, y NpuCycTBy miyma yy — X,

(necno) EdekaT npuMeHne BpeMEHCKH OIpaHMUYEHOI OUNTaBamba y PEKOHCTPYKIU]H UCTOT Jorahaja.
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3. Mpoaykuuja n pacnag Xurcosor 6030Ha U KOHKYPEHTHM NMpoL.ecH

3.1. Mpoaykumja Xurcosor 6030Ha Ha CLIC

Bynyhu nmuneapunu cynapau yectuna CLIC, kao mTo je Beh peueno, obe3belyje okpyxeme 3a
Mepema BUCOKE TAYHOCTH Y OKPYKEHhY Ca MUHUMAIHUM (U3UYKHM [IYMOBHMA, JOK BHCOKE
SHepruje MOCTYIHE y CUCTeMY IIEHTpa Mace, Kao M MOTYhHOCT mojapu3aiuje CHOIOBa, MPYXajy
MOTYRHOCT aHanu3e OpOjHUX KaHaja 3a MPOAYKIHUjYy W pacmaa XurcoBor 60o3ona. Kao mro je Beh
peueno, CLIC je ruranupan na paau y Tpu eneprercke daze (380 GeV, 1.5 TeV, 3 TeV) u 1o
omoryhaBa /1a ’eroB MOTeHIM]al 3a (pu3nyka Mepema 0y ie MakcuMaaHo uckopuiiheH. Kana je peu
o CLIC kao ¢abpui XurcoBux 0030Ha, MOCTOjU HEKOJIMKO JOMUHAHTHHUX Ipolieca MPOIYKIUje
XwurcoBor 0o3oHa. Ha caummm 1.3.3 mpukazaHu Cy Mporecu MPOIyKIHje XHUTCOBOT 0030HA Y

3aBUCHOCTH O] EHEPrHje Cyapa y CUCTEMY IICHTpa Mace.

OuexkuBan O0poj XurcoBux 0030HA y CBaKoj Ol TpH eHeprercke ¢asze ca HEemnoIapu30BaHUM
cHoroBuMa je aat y Tabenau 3.1.1. Ha camuu 3.1.1 cy npukazanu @ejHMaHOBU AMjarpaMy IIIaBHUX
mporeca mpoayKiuje XUrcoBor 0030Ha, U TO: a) y Mpoiecy XUTrCITpaiyHr, 0) y nporecy WW-
dysuje, B) y mporiecy ZZ-¢bysuje. Ha eneprujama s < 500 GeV 1oMuHAaHTaH OpoleC MPOAYKIHTje
jecte XurcmrpaiyHr, riae Z 6030H u3pauu XuUrcoB 0030H, a 0J0MjeHa Maca MpojyKaTa pacraia Z
0030Ha MMa BPEAHOCT Mace MUpOBama XUICOBOI 0030HA Mpyskajyhu MoryhHoCT 3a BeHO MoJen-

HE3aBHCHO MEPEHE ca CTaTUCTUYKOM rpemkoM o1 3.8% [19]. OBo je mryctpoBaHo Ha caunm 3.1.2

[19].

Vs 380 GeV 1500 GeV 3000 GeV
Bintegral 1ab?! 2.5ab™? 5ab™?
o(ete- — ZH) 133 b 8 fb 2 fb
og(ete” - Hu.V,) 34 b 276 fb 415 fb
o(ete” - Hete™) 71fb 28 fb 48 fb
No. of ZH events 133 000 2 000 10 000
No. of Hu.V, events 34 000 690 000 2 385 000
No. of He*e™ events 7 000 70 000 240 000

Ta6esa 3.1.1. OuekuBanu 6poj XurcoBux 6030Ha MpU HOMUHAIHO] UHTETPATIHO] JIYyMHUHO3HOCTH

Ha Pa3TMYNTHM eHeprHjamMa y cucteMy neHTpa Mace Ha CLIC?,

2 Vksbyuenu cy eekTH 3pauemba noueTHor crama (ISR). EdukacHu npeceny qaT cy 3a HEMOJIAPU30BaHE CHOTIOBE.
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Cauka 3.1.1 ®ejHMaHOBH IUjarpaMu mpolieca npoaykuuje Xurcoror 6o3ona Ha CLIC:

a) Higgsstrahlung, 6) WW-dy3uja, B) ZZ-¢dy3uja.

> 300 7]
™ | a) CLICdp s =350 GeV |
o~
— 5 ZH; Z— p'w .
w
= - { simulated data .
o
& - | —fitted total .
200 - — fitted signal -
- ” - - fitted background .
100
0

My [GeV]

Cuuka 3.1.2. Pexoncrpykiuja ogoujene maca y npouecy HZ, Z —» u*u~ na enepruju 350 GeV

y CHCTeMYy IIeHTpa Mace. XUCTOTpaM je HOPMaJIM30BaH Ha HHTErpUCaHy JJyMHHO3HOCT o1 500 ab~2.

Ha camnm 3.1.2, mityctpoBaHa je Maca peKOHCTpyucaHOTr XHUrcoBor 0030Ha, y ciiyyajy Kaja ce
npuMapHu Z 0030H pacraja Ha ap MUOHA. Buaumo 1a ce jaBjba Mpoayx’eTak AUCTpuOyiuje (T3B.
,»pen‘‘) Ka BUIIIMM BPEHOCTHMA PEKOHCTPYHCAaHE Mace KOjH OTHYE O/1 YNE-CHHMIIE JIa 3pauehe CHOIa
yMamyje pacroyioKuBy €HEprujy y CUCTeMY IIEHTpa Mace y OJJHOCY Ha HOMUHAJIHY BPEJIHOCT, 11a ce

IIPU PEKOHCTPYKIMjU YeCTHIA (PUHATHOT CTamka MaHU(ECTyje Kao MPUBUIHO T€XH XUTCOB O030H.

Ha BummMm eHeprujama y cucTemy menTpa mace (v/s > 1TeV) momMumanTHH mporuec 3a
MPOAYKIH]y XHUTCOBOT 0030HA MOCTaje BEeKTOpP-0030H Py3uja, omnocHo WW-dysuja u ZZ-pyswuja,
rie WW-dysuja uma 3a pen BennuuHe Behu eduxacHu mpecek Hero ZZ-¢dysuja. Y oba ciydaja
€JIIEKTPOH U TO3UTPOH eMUTyjy 6030He (W 0030H unu Z 6030H), KOjU Ce CIpexky ca XHUTCOBUM
6030H0M. Ha BummM eneprujama y cucteMy LIEHTpa Mace ABOCTpyKa MpoIyKirja XUrcoBor 6030Ha

noctaje goctynHa. DejHMAHOBH aMjarpaMu 3a JBOCTPYKY NPOIYKIIH]y XHUTCOBOr 0030HA Cy
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npuka3anu Ha cJaunu 1.3.2 1 kao mTo je AUCKyTOBaHO y morjaassby 1.3 00e30elyje najpehy Taunoct

Mepema napamerpa XurcoBor camocrpesama A Ha Oynayhum XurcoBum adprukama, Tadena 1.3.2.

Kao mTo je peueHo, Ha eHeprujama y cucteMy 1eHTpa Mace Vs > 500 GeV, WW-dy3uja moctaje
JOMUHAHTaH KaHall mpoayKije XurcoBor 6o3oHa. Beha cratuctuka omoryhaBa Mepeme crpesama
XwurcoBor 0030Ha y KaHaIMMa pacrnajia KOju MMajy pellaTHBHO Malleé OJHOCE TpaHama, HIp. Ha
HPOIIEHTHOM HHMBOY WM Mambe. PeTku pacnamu Xurca nocrajy gocrymuu (H — p'u, H — yy u

H— Zy).

Ha camum 3.1.3 [27] nar je nperien ogHOCa rpaHama XUrCcOBOr 0030HA Yy OICEry Maca, IJIe je

EKCIIEpUMEHTAIHO U3MEPEHA Maca MPECTaBIbEHA IIPBEHOM JIMHHU]OM.

Y

BT

|
LHC HIGGS XS WG 2011

N
e

Higgs BR + Total Uncert

10

-3 ' R R R iy
10" 300 120 140 160 180 200
M, [GeV]

Camka 3.1.3. OnHocu rpaHama XUrcoBor 6030Ha 3a pa3nuuure mace. EkcriepuMenTanHo yTBpheHa

Maca XHUrcoBor 6030Ha O3HaY€Ha j€ LIPBEHOM HUCIIPEKUIAHOM JIMHH]OM.

Kao mTo ce ca cauke 3.1.3 MOoXe BUJETH, OTHOCH T'paHama 3a JBOMHUOHCKH WIN JBO(OTOHCKH
pacraj MamwH cy 0J1 IpOMMJIA WM pejia TPOMUIIA, peCeKTUBHO. OBO YMHU PEKOHCTPYUCAEE PETKOT
CUTHaJIa HacIpaM IIyMa 3aXTeBHUM. YecTo je moTpeOHO KOPUCTHTH MALIMHCKO y4ewe y (HopMu
MyJITHBapHjaHTHE aHaJIu3€e J1a Ou ce oBa cemapaiifja rnmocturia. Pe3ynrar jeqHor TakBor Mepema Ha
3 TeV CLIC nar je na cmmm 3.1.4 [19] . Kao 1miTo je TMCKYTOBaHO y MOTJIaBJbY 2, MEpeHha PETKUX
nporeca y XHUICOBOM CEKTOPY IOCTaBJbajy M3a30BHE 3aXTEBE M INpeEJa JETEKTOPCKE CHUCTeMEe Ha

Ooyayhum XurcoBum pabpukama.
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[ CLICdp Vs=3TeV Hvv;H-p'w

8o L P(e ) =-80% ¢ simulated data
--- background fit
—signal + background fit

Events / 0.5 GeV
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Canka 3.1.4. PexoHcTpyHrcaHa HHBapHjaHTHA Maca JBOMHOHCKOT CHCTEMa U3 pacraja
H - p*u™ na enepruju 3 TeV y cucremy nentpa mace. Jluctpubynuja je ckaiupana

Ha HOMUHAJIHY UHTCTPUCAHY JIYMUHO3HOCT O] 2 ab’l.

3.2. BodOTOHCKM pacnaa Xurcosor 6030Ha

Cauka 3.2.1. ®ejHMaHOB IUMjarpam pacmnaaa XurcoBor 0030Ha Ha map QoToHa

y mpoiiecy npoaykiuje XurcoBor 6o3ona WW-dysujom.

Kao mro je Beh peueHo, JOMUHAHTHU KaHal NpoayKIje XUrcoBor 6030Ha Ha nap (GoToHa Ha
enepruju 3 TeV y cucremy nentpa mace jecre WW-(dysuja. dejuMaHoB nujarpam TpOIyKIIH]je
XwurcoBor 0030Ha U Jajker pacrnajaa Ha map Gorona nmpukaszad je Ha caumm 3.2.1. C 003upom aa cy
¢doronn Oe3macenun, XurcoB 0030H He crpexe ce ca poToHMMa Ha bopHOBOM HUBOY Beh mpeko
mpolieca BUILET peia, y TaKO3BaHUM IpoliecuMma Tuma netsbe (100p), y Kojuma ce mpeBacXoaHo
M3MERY]Y TEITKE YECTHUIIe ca KOjuMa ce XUrcoB OO30H Hajjade CIIpexke, a KOje MOTy OUTH U YECTHIIE
m3BaH CranmapaHor mojena. CamuM THUM pacrag XurcoBor 00o3oHa Ha map ¢GOTOHA jeaH je Of
Moryhux kaHama y Kojuma ce Moxe Tectupatu (pusuka uzBan CrannapaHor mojena. Kao mro ce

Moke BuaeTu u3 tadene 1.3.1, mocneaune peanuzanuje BSM mozaena penatuBHE Cy HpOMEHE
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Xurcopor crpe3ama ca POTOHUMA Jyyyy Y OTCETY OJ1 MPOMHIIA JI0 HEKOJIMKO nporeHara. OBum ce

N0CTaBJba MJbaHa TAYHOCT MEPER-A CIIPE3amba Jiyy Ha Oyayhum Xurcosum pabpukama.

Bpoj norahaja curnana e*e” — v .V H, H - yy, npu oxrosapajyhoj uHTerpucanoj J1yMuHO-
3HOCTH, 3aBMCH OJ (aKTopa crpesama gyww M JHyy KOjU Cy IPUAPYKEHM OAropapajyhum
BepTekcuMa. 3Hajyhu eukacHu mpecek 3a nmpoaykiujy XurcoBor 603oHa g (Hvv), MepemeM ogHOCa

rpaHama Xwurca ca mapom ¢oroHa BR(H — yy), moryhe je oapenutu BpemHocT oricepBadie

JHWW JHyy

o(Hvv)BR(H — yy), a caMuM THM U OJHOC , TI€ je ggww dakrop crpesama XurcoBor

6030oHa ca W 0030HMMa, 0K ['y mpeacraba mmpuHy XUrcoBor 0o3oHa. Y morJjasiby 1.3 Beh je
OIMCAaHO KaKO Ce€ MOXe OApPEeAUTH (PakTop XHUTCOBOT CIIpe3ama ca eIeKTpOocIaduM 0030HMMa U
mMprHa 3a pacnajg XurcoBor 6o3oHa ['y. OdekuBaHa BpenHoCT ojnHoca rpaHama BR(H — yy) y

CrangapanoM mozeny usHocu 0.23 - 1072 [28].

Edukacan mnpecek 3a mpoaykuujy XurcoBor Oo3oHa y mnporecy WW-dysuje u3HOCH
o(ete™ - Hv.V,) = 415 fb, 10k je epextnBHM eUKACHM IPECEK 3a PACIA] TAKO HPOLYKOBAHOT
Xurcoor 06030Ha Ha map (HOTOHA UTgigna = 0.95 fb, mTo oBaj mpouec uynmnuu perknum. [pernka
nporene edukacuor npeceka o(ete”™ - HvgV,) usHocu Mmame on 1% Ha HUBOY reHeparopa.
OuexuBanu 0poj norahaja y mpupoau Moxke ce uspauyHaTH (opmyinom N = g L, npu yemy je L
UHTerprcana JyMuHo3HOCT. C 003upoM jaa mHTerpucana symuHozHocT Ha 3 TeV CLIC u3Hocu
5 ab™!, ouekuBanm 6poj norahaja y mpupoam je 4750. Bpoj morahaja curHama KOju je CHMYIHpPaH 1
JIOCTyTIaH 3a aHaIu3y je ~25000 1mTo je 3a 0Ko 5 MyTa BHIIle HEro o4eKuBaHu 6poj gorahaja ca 5 ab™

noagarakxa.

Kanan pacmmana Xurcoor 6030Ha Ha map OoTOHA jeaH j€ 0] HajBAKHU]UX Mpolieca KojuMa je
eKCIepUMEHTATHO ToTBpheHo mocrojame Xurcoor 0o3oHa y ATLAS [3] u CMS [4]
exciepumenTuma Ha cygapauy LHC y CERN. V tom cMmuciy, 1BOQOTOHCKH pacnajg XUTCOBOT
0030Ha UMAo je KJbYyUHY yJIOTY y IM3ajHY €JIeKTpPOMarHeTHOr Kanopumerpa kako 3a ATLAS, tako u
3a CMS mopen nerekropa. CTOXaCTHYKM 4iaH €lIeKTpOMarHeTHor kajgopumerpa CMS nmerekropa
n3HocH 2.8% [29], n peann3oBaH je Ka0 XEpPMETHUYKH, XOMOT€HH, (DWHO CErMEHTHpPAH KPHCTAITHU

KaJlopumeTap.

TpeHyTHU pe3ysiTaTH Mepema XUrcoBor crpesama ca hporonnma y LHC exciepumentuma [30]
u npojeknuje 3a HL-LHC [17] xoju he Ha ucToj enepruju y cucremy tieHTpa Mace o 13 TeV umaru

10 myta Behy mHTerpucany mymuHO3HOCT (3000 ab~t) Hero LHC, nate cy y Taéean 3.2.1.
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LHC (£ =300fb?) | HL-LHC (£ = 3000 fb?)

k, 5 % 1.6 %

Tabena 3.2.1. ExcriepuMeHTalIHa U TPOjEKTOBaHA TAYHOCT MEPEeHha XUTCOBOT CIIpe3ama ca

¢orornnma y LHC u HL-LHC ekxcnieppuMeHTHMA, PECIEKTUBHO.

3.3. lymoswu

[Topen curHana, y cyJaprMa CHOIIOBA Ce JIeNIaBajy U GU3NYKU IPOIECH KOJU UMAjy CIMYHO HITU
UCTO (PMHAITHO CTarkhe Ka0 U CHTHAJl M OHU CE Ha3MBajy mymMoBuMa. Kao 1mTo je peuyeHo y moriaBiby
2.4, IPUCYTHH Cy W MAIIMHCKU IIIyMOBU W3a3BaHU MHTEPAKIIMjOM ()OTOHA M3PAYCHHUX M3 CHOIOBA
cynapajyhux enektpoHa u mo3utpona. CBU pejeBaHTHH ITyMOBH UMajy e(hUKACHU IIPECEK 3HAYAJHO

Behu Hero mTo je epUKACHU IPECEK 3a CUTHAJI IIITO HETOBY CeNapalujy YHHH HETPUBH]ATHOM.

[TommiTo ce peKOHCTPYKIMja GOTOHA BPIIM y OINCETYy KOHAYHO BEIMKHUX TOJIAPHUX yioBa (8°-
172°), y Tak0o3BaHO] [IEHTPAIIHO] PErHjH JCTEKTOPA, IPU reHepHcamy (PU3NYKKUX Mpolieca IyMa ce
MOCTaBJba]y Ciie/ichn reHepaTOPCKH yCIIOBH:

®,

¢ 5a mocroju map (OTOHA YHja je MHBapHjaHTHA Maca cuctema y omcery 100 GeV < my, <150
GeV,

% J1a TIOJIApHHU YIJIOBH TUX (hoToHa Oyny mamehy 5° < 4, < 175°.

Hamernytum ycnoBuma rybu ce 3Hauajan Opoj agorahaja miyma jep Maca MpPOU3BOJHHOT
IBO(QOTOHCKOT CUCTEMA IlIyMa HHUje HYXKHO Y OICery mMaca OJIMCKUX XUrcoBOM 0O30HY, WM C€ NaK,
Kao0 y CJIy4ajy MaIlMHCKOT IIyMa, (POTOHM JOMHUHAHTHO EMUTY]y MO MamkbUM MOJApHUM YIJIOBHMA.
[pumepa paau, epukacHu npecek mporeca et e”™ — e*e”y y npupoau usnocu ~185000 fb, nox je
HaKoH JaTtux ycioBa oko 500 myta mamu (~335 fb). ¥V Tabenn 3.3.1 natu cy epekTuBHU epUKacHU
Ipecely peJeBaHTHUX IIyMOBa, 33j€IHO ca OUEeKHBaHUM OpojeM joralaja HaKOH MPUMEHE ONHUCAHUX
yCIIOBa, TIPH MHTETPHUCAHO] TyMHHO3HOCTH 07 5 ab~t. IIlyM JOMMHHpA Haj CHTHAJIOM 33 HEKOJHKO
peloBa BEIMYMHE HAKOH MPHMEHE HaBEICHUX YCIIOBA 3a MPOLYKIH]y (usnukux mporeca: Ng/ Ny, =
4.5-107° (1.4 - 10™*) npe (mocyie) IpUMEHE TeHEPATOPCKUX yclIoBa. Tako Ja ce y Jajby aHaiu3y
ynasu ca ~3.6 - 10° norahaja myma u 4750 norahaja curnana. OBako HENMOBOJbAH OJHOC MOBJIAYM

HY>KHY IpUMEHY MyJTHBapHjanTHe aHanuze (MVA), koja he Outu onrcana y norjaasJsby 4.3.

Kao mTo ce u3 Tadese 3.3.1 Moke BUIETH, TJIABHU U3BOPH IIIyMa IIOTHYY IPE CBETa Oj1 Iporieca
ete” > wy u ete” > VWyy koju uWMajy curHatypy HamMK CUrHanmy (M30j10BaHe (OTOHE H
HenmocTajyhy eHeprujy) kao U HEKOJIMKO peoBa BenmnunHe Behe epukacHe nmpeceke. Yak u mpoiecu

KOjU HeMajy Henoctajyhe eHepruje mMopajy OUTH y3eTH y 003Hp, jep JETeKTOp HHje HICaTHO
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xepmernyad. [Iporecu ca jeqauM GOTOHOM Takole Cy KOHKYPEHTHH, jep C€ HEM30CTaBHO MPUCYTHU

MPOIIECH 3paucHha CHOIA CYNIEPUMIIOHUPA]jy KaKo Ha CUTHAJ, TAaKO U Ha IIyM.

IIpouec o(fb) N* ma 5ab~? Nsim
ete™ - yy* 15.2 7.6-10% 3-10*
ete” - efe y* 335 1.7-10° 3-10°
ete” - ete yy* 33 1.6:10° 1.5-10°
e*e” > qqy 210 1.1-108 1.2-10°
ete” > qqyy 47 2.3:10° 310°
ete” - vwy* 13 6.6-10* 1.9-10°
ete” - vvyy* 26 1.3-10% 1.6-10°
ete” > HWW - vvyy 0.95 4 750 24 500

Ta6esa 3.3.1. Jlucra pazmarpaHux mpoieca ca oaroBapajyhum ehekTuBHIUM epuKkacHUM
npecernuma o. E¢ukacHu peceny 03Ha4eHU ca * reHeprcanu cy

OJT yCIIOBUMA OIMUCAHUM Y TeKCTy. CHTHAI je 03HaYCH M01e0IhambeM.

3.4. Y30puy nogataka n cohTBEPCKM anatu

[TowTo je ped o Oyayhem eKkCrepuMEHTY, CUTHa (3ampaBo ICEYA0-CHTHAN) MPEeCTaB/ba CKYII
noralaja TeHepHCaHUX a TIOTOM PEKOHCTPYHCAHHUX M 3alMCAaHUX HAa WCTH HAYMH Ka0 Uy PeaTHOM
excriepuMenTy. Mcto Baku u 3a (pu3nyKe MIyMoBe, Kao M 32 MAIIMHCKE MpOoIece KOju Ce jaBJbajy Y
UHTEpakuju cyaapajyhux vectuna. Camu eKCEpUMEHTAIHH YCJIOBHU, Kao LITO J€ JUCKYTOBAHO Y
noryaasJsby 2.1, a KOjU MoIpa3yMeBajy peaTuCTUUHU CIIEKTap JIyMUHO3HOCTH, KA0 U PEKOHCTPYKIIH]Y
norahaja y ycioBUMa MOCTOjaa MAIIMHCKOT IIyMa, Takol)e Mopajy OUTH aJleKBaTHO CUMYJIMPAHHU.
VY oBoM norsnasspy Ouhe peun o copTBEPCKUM aaTuMa yrnoTpeOJbeHUM 3a J00Hjamke peaTuCTUYHNX
nceyo-nojaraka, Kao U 0 IpyruM COPTBEpPCKUM ayaTMa KopuiiheHHM y camoM Toky (Off-line)

aHaJIn3c.

[TpBu KOpak y cBakoj (pU3UYKOj CUMYJIAIM]H jecTe TeHepHucame aorahaja, Tj. Kpeupame JUCTe
CBUX (PUHATHUX YECTHUIA ca JeHUHUCAHNM KHHEMAaTHYKUM CBOJCTBHMA KOj€ C€ Jajbe MPOIarupajy
KpO3 CHMYJIAIl]y HHTEPaKIIMj€ ca CYTICTaHIIM]aTHOM CPeANHOM (ZeTekTopom). ['enepucanu y3opuu
NPeJCTaBbajy ,,GU3NUKY MCTUHY®, @ aJeKBaTHUM OMHMCOM HHTEpaKIMja ca CPeAMHOM JAETEeKTOopa,
MOTY c€ KOPUCTHUTHU Ja Cc€ YTBPJAU y KOjOj MEpH ce KMHEMaTH4yKa WM CTaTUCTHYKa MH(opMalja
MoaU(HKyje MHTEPAKLKJOM ca CYICTAHIIMJaTHOM CPEIMHOM, Kao M caMOM ceJeKLrjoM jaorabaja.
Taxohe, ¢pusznuka cnuka Koja MOTUYE OJ] MPETIOCTaBKe O oapeheHuM pu3mukum mojenuma (HIp
Crannapauau wim BSM Monenn) moxe ce apOUTpapHO MemaTu. Y TOM CMHUCIY ce mnepdopmaHce

nerexkropa Oyayhux ekcriepuMeHara MOory ONTUMH30BATH ITPEeMa 3aJ1aTOM MOJIENY, Y CMUCITY [IUJbaHe
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TavyHOCTH Mepema oapehenux Qu3nukux cBojcTaBa mporeca o uHTepeca. ['eHeparop morahaja
WHIZARD 1.95 [31] jecte codTBep HaMEHEH I'CHEpUCAay BHIICYSCTUUHUX (DUHAIHUX CTamba U
KOPHCTH C€ 3a FeHEepHCamke KaKo CUTHAIA TaKo U IIyMa, Y OBOM CIy4ajy MpeTIocTaBibajyhu HynTy
MoJIapHu3alijy CHOMOBA eJIeKTpoHa U nmo3utpoHa. Cumynupat je yrao usMely cynapajyhux cHoroBa
on 20 mrad npensuhen HomunaaHuM qu3ajaoMm CLIC petexTopa, Te€ Cy U CUTHAJI U CBH PEJICBAHTHH
IIYMOBH I'eHEepHcaHu y3uMajyhu y 003up oBy mpeTnocTraBky. PeanucTuynu crekrap TyMHUHO3HOCTH
Ha CHEPruju y cucreMy IeHTpa mace o 3 TeV, kao u 3pauema WHUIM]ATHOT U (DUHAIHOT CTamka
(ISR, FSR) y3eru cy y o03up mpu camoMm reHepucamwy pgorahaja. Criekrap JYMHHO3HOCTH j€
cumyinpan kopuithetsem GUINEA-PIG codtBepa, kojum cy cuMynupanu epeKkTH WHTEpaKiHje
CHOINOBA W TPOIYKIIMja MAIIMHCKOT IIyMa KOjU je CyNeprnoHHpaH Ha (u3ndke mporece y (azu
JUTUTATU3aIM]e CUTHaIa u3 aerekropa [32]. XaapoHusaiyja KBapKoBa Kao U paaujaidja GuHaIHOT

crama (hparmeHara je cumysupana nmporpamom PYTHIA [33].

Hakon cumynanuje, reHepucanu norahaju curHaia W IIymMa Mpojia3e Kpo3 CHUMYJIAIH]y
MHTEpaKIHje ca CyINCTAaHIMjaJTHOM CPEIMHOM JIETEKTOpa, Yhje Cy TEXHOJIOTHjE W AM3ajHa OIMCAHU
nporpamoM GEANT 4 [34], uaterpucanum y nporpamy Mokka [35]. Anropuram 3a peKOHCTpYKIHU]Y
TparoBa uectunia Marlin [36], y okBupy kora je unterpucan PFA anroputam 06e36ehyje ucnmc
koHayHux nonaraka y LCIO ¢opmary [37]. Kommneran onuc gerekTopa (Matepujasiu, reoMeTpuja,
NOpaBHambe, KaInOpalyja, OuuTaBamke U JPyro) MHTerpucan je y copreepcku oksup DD4Hep [38].
[enokymHO OKpyKeme mpezcTaBiba miaTdopma iLCSoft [39], HaMmemeHa cuMmyamnujaMa Mepema ca

OyayhuM nuHeapHUM cyaapaynma.
dotonu ce pekoHctpyuiry PandoraPFA v03-01-02 photon nporecopom [40] Marlin anroputMa.

Kako ce Beoma 3HauajHH payyHApCKU PECYpPCH aHTaxyjy MpH oOpaau Tojaraka y OBaKBUM
cuMyJanujama, a mpe cBera y 1uuiby oOpaae peanHux nojartaka ca LHC, mpuctyn pauyHapckom
rpuny (BpCcTH padyHapcke Mpeke Koja omoryhaBa cUMyTaHO JieJbere pecypca) Bpiu ce mpexo [LC

DIRAC cucrema [42].

VY ¢u3nnM BUCOKUX €Hepruja, rae je MoTpeOHO MU3/ABOJUTH CUTHAJ KOjH je BHILECTPYKO MambH
HETO IIyM, HEOTIXOHO j€ CEJIeKIH]y morahaja onTHMHU30BATH TAKO JIa CE IITYM PEeAyKyje IITO BUIIE Y3
MUHHUMaJIHe T'yOuTKe cCUrHaia. Merojie My aTHBapHjaHTHE Kilacu(uKaliyje 3aCHOBaHEe Ha MAITHHCKOM
yuemy IocTajie cy HeonxojHe 3a BehuHy aHanu3a kako O ce obe3beauna cenekiuja gorahaja y3

MaKCUMU3AIN]y CTATUCTUYKE 3HAYaJHOCTH Koja ce IehUHHIIE Kao

Ng
S = \/NS—TNb' (31)

rnie cy N, u N, Opoj cenexkroBaHmx jorahaja CUTHaJIa W IIymMa, pecrneKTUBHO. [Ipumena

MyJITHBapHjaHTHE aHaJIN3e oMoryhaBa CHMYJITaHy ONTHMHU3AIM]Y BEJIUKOT Opoja orncepBadin Mame
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win Behe cemapanyone MohM curHajlla y OJHOCY Ha HIyM, Y IHJbY MaKCUMU3allMje CTaTUCTUYKE

3HAYQjHOCTH S.

[Tporpamcku maker TMVA [41] xopumihen je 3a aHaiu3y EKCIIEPUMEHTATHUX IOJaTaKa
MMPUMEHOM MeETojla MyJTHBapujaHTHe aHanmu3e. Cam Opoj orcepBabiu, Kao M came orcepBadie
KOjHMa Cy OIMCAaHU CUTHAJI U IIYM j€ Pa3JIn4MT 3a CBAKy aHaJIN3y U HbUX je MOTPeOHO ONTUMHU30BATU
U J1aJbe KOPUCTUTH 32 00YKY (mpeHune) came MeTo ie Kako OM OHa MOTJIa Jla pa3a3Ha CUTHAN O IIyMa.
VY okBupy TMVA mnakera mocToju BHUIIE METOAA 33 JUCKPUMUHAIM]y CHUTHANA O] IIyma. Y OBOj
aHanu3W KopuinheHa je BapujaHTa meroma cmabna oonyke - Gradient Boosted Decision Tree
(BDTG), koja ce moka3aja Kao ONTHMajlHa METOJA 3a OBy aHaIM3y, jep o0e30elyje HajBuIILy

CTaTUCTHUKY 3Ha4YajHOCT. Jletassu neppopmancu BDTG merozne auckyToBanu cy y norjaasiby 4.3.

[Tpe wero mro ce TMVA mpuMeHH 3a pa3/iBajambe CHTHAIA O] IIyMa, Kao IITO je TIOMEHYTO,
mpojas3u kpo3 a3y TpeHuHra. Mozen KOpUCTH CeT Bapujaliiy Kao yla3He mapaMeTpe KOjU Cy Y HEKOj
MEpH Pa3IUYUTH 3a curHai u mryM. la 6u ce kopuctuna MVA kiacudukanuja, TpeHUpaHd MOZAEI
Ce KOPHUCTH Ha IPyroM y30pKY MojiaTaka (mecm y30pax) y OAHOCY Ha IPUMEHY (npumerseHu y30pax).
3HauajHO je AOOpO ONMTHMHU30BATH MOAEN Koju kopucth TMVA. 3a ontummu3aiujy mojena tpeda
onabpatu ontuMmainaH Opoj clIoOOJHUX HapaMeTapa mojena. Moxke ce HalnpaBUTH KOMILIEKCAH
MOJIeT KOjU OJUTMYHO OIMHUCY]j€ Y30paK 3a TPEHUHT, alli Ha TPUMEHEHOM Y30PKY Jaje JIOII pe3yTart.
[Ipoctrju Moaen je moroaHuju 300T Mamer yTUIlaja CTAaTUCTUYKUX (DIyKTyalrja TeCT y30pKa Ha
KOHAYHH PE3YJITaT, aJld C€ MPOCT MOJET C JIpyre HE MOpa HajONTUMAaTHHj¢ W3BpIIaBatd. [IpBu
OINHCAaHU CJIy4Yaj Ha3MBa ce MPEKOMEPHO TpeHHpame (overtraining), a Apyru ciydaj HEIOBOJHHO

Tpenuparbe (undertraining).
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Cauka 3.4.1 lllemarcku npuka3 apBera ojuiyke. Bapujabie y ctabiny otyunBama
paHrupajy ce mpemMa ToMe KOJIMKO IyTa ¢y KopuitheHe y YBOpOBHMA,

ca OTeXKH-aBambeM IpeMa TOME KOJIMKA je Cernapaliija CUrHajla M IfyMa IMOCTUTHYTa Y CBaKOM YBOpY.

dopmupame anropuraMa 3a JAMCKPUMHHALM]Y LIymMa Yy OJHOCY Ha CHUTHaJl OJIBUja ce€ Yy
BUIIECTENIEHOM IIpPOLIECY y KOME Cce Ha oJroBapajyhu HauuH KOMOWHY]Jy JIB€ WJIM BHUIIE yJa3He
MIPOMEHJBHUBE Y YBOPOBUMA OJUTyKe. UBOpOBH 0oiTyKe cajpike HH(pOpMAaIje O pa3iiiy CUTHAJIA O]
nryma J00MjeHrMa Ha OCHOBY CBaKe O] OCET/bUBHX OINCEpPBA0IIN, U OHE C€ HAa HETPUBUjaJIaH HAYUH
KOMOMHY]Y y YBOPOBUMA OJiTyKe. YBOPOBH OJUTYKE Cy y3aCTOITHHM HU3 TUTAamka, Ha KOje ce MOXKe AaTh
JjenaH oAroBop 1o yBopy ojuryke. Cako cienehe nurame 3aBUCH 011 TPETXOAHUX oroBopa. Konauna
OJUTyKa ce JOHOCH HAaKOH MaKCHMAJIHO JI03BOJbEHOT Opoja MOHaBJbamka NMUTama. Kako ce momepa Ha
BHIIIE Y JIOTUYKO] CTPYKTYpPH, Op0Oj YBOPOBA CE CMamyje U KOHBEPrupa ce Ka oJipehuBamy BpeTHOCTH
u3Ja3He MPOMEHJbUBE 3a CBakH jorahaj. M3na3Ha npoMeHsbUBa je TMCKPUMUHATHBHA BEJIMYHMHA KOja
oMoryhaBa pasqBajame CUrHaia oJ Iyma ca oapeheHoM epukacHouthy ceneknuje cUrHana Kao u
epukacHomhy oxdanuBama IIyMa. 3ajeJHO ca CTATUCTMYKOM 3HadajHouIhy, OBO Cy HajBaXKHUje
kapakTepuctuke nepdopmancy TMVA meroma. Ha camunm 3.4.1 [41] nar je miemMaTcKu MpHKa3s

JIOTUYKE CTPYKTYpPE IPBETA OJUIYKE.
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4. Cenekumja porahaja
PesynTaru oBe JOKTOCKE TUCEpTaIje ONMCAHU Y MoriaBbuma 4 u 5 cy obasbeHu 'y [44].

Mepemem Opoja morahaja y qaToM KaHally pacrnajia v mpoayKirje XurcoBor 6030Ha, a 3Hajyhu
e(pUKaCHH TIPECEK 3a MPOIIeC MPOIYKIIH]je, MOXKE CE U3MEPUTH OJroBapajyhu oJHOC rpaHama Te OHlIa
yIOTpeOUTH Kao yJiia3Ha omcepBabiia 3a oapehuBame XUTCOBUX Crpe3ama, MTO he OMTH KacHHUje

OIMCAHO Y NMOrJjaaBsby S.1.

Kako je ped o peanucTHYHO] CUMYJAIUjU EKCIepuMeHTa (T3B. TICEYI0-€KCIIEPHUMEHT),
nucKyTyjyhu myMoBe y moraassby 4.2, 6110 je yrepheno na y 5 ab~! uHTErpHcaHe TyMHHO3HOCTH
npeocraje 5.9-10"% wmame curmana Hero Iyma, a Koju 3aJ0BoJbaBa cieiche ycnose: na
MHBapUjaHTHAa Maca JBO(QOTOHCKOI cucteMa jexu y omcery 100 GeV < my, <150 GeV, kao u na
noJiapHu yrao ¢oroHa Oyzae y mHTEepBany 5° < 6y, < 175°. Iloxg oBum ycnoBuma mpeoctahe 4750

norahaja curana.

Mebhyrum, nomro Hehe cBaku JBOGOTOHCKHM Tap MOTHULIATH U3 pacraga XWrcoBor 0030Ha,
MoTPeOHO je U3BPIIUTH CEeMapalrjy CUrHaja o1 IiyMa U PEKOHCTPYHUCATH YETBOPOBEKTOP XUICOBOT
06030Ha, a Ha ocHOBY mH(popmarmja npukymsbeanx CLIC ILD perekTopoM y MyHO] CHMYJaLUju
curHaia u myma. OBO TOMIaBJbEe MOCBENCHO j€ PEKOHCTPYKIHMJU M HICHTH(PUKAIUjU CUTHATIA Y

OJIHOCY Ha ILIyM.

4.1. PeKOHCTpYKUMja XurcoBor 6030Ha

Kao mrto je npukaszano Ha caunm 3.2.1, ekcrieppuMeHTalHa CUTHATypa paciaaa XUrcoBor 6030Ha
Ha nap (oToHa, Kaga je XurcoB 0030H MpoaykoBaH y nporecy WW-dysuje, jecte eHepruja xoja
HEJI0CTaje Kao M JBa u3ojoBaHa (oroHa. Y camum norahajuma curHaiga ocuM (OTOHA HACTATHX
pacrniazgoM XUrcoBor 6030Ha, pEKOHCTPYHIIY ce U (POTOHH KOjU MOTHUY U3 3pauema (PMHAIHOT CTamba
Kao U (OTOHM KOjU HAcTajy Kao Hocjeaulla MHTepakiuje cHomoBa. POTOHM HACTAIN 3payeHeM
WHUIHMjAJTHOT CTama Mo TMPABWIIy Cy eMUTOBAHU Y HETIOCPEIHO] ONM3MHM OCe CHOma. Y TPOCEKY ce
pekoHcTpywmie yak oko 100 ¢orona o morahajy curaana Koju He IPeICTaBIbajy MPOAYKTE pacnaa
Xwurcosor 6030Ha. Ha cammm 4.1.1 [44] nara je quctpuOyimja TpaHCBEp3aIHOT UMITyJica (GOToHa 3a
¢doToHe ca ApyruM HajBehMM TpaHCBEp3IHUM UMIYJICOM y noralhajy, 3a pekoHcTpyHcaHe (poToHe
13 XUTCOBOT paciiajia Kao u cBe TeHepucane ¢poTtone y norahajy curaana. Kao mro ce ca cauke 4.1.1
MOX€E BHJIETH, YCJIOB Ja 00a peKoHCTpyHncaHa (poToHa WMajy BPEIHOCTH TPAHCBEP3aTHOT UMITYJICA
Behe o 15 GeV y Benukoj Mepu ykiama (poToHE KOjU He MOTUYY M3 paciaaa XUrcoBor 0030Ha y
norabajuMa curHana. Y cioBOM Ja ocToju O6ap jenaH pOTOH ca TpaHCBEP3aTHUM UMITYJICOM MambUM
on 15 GeV ry6u ce 14.8% pnorahaja currana, yciaen 4umeHHUIE Ja jenaH o (OoTOHA U3 pacrmaja

XurcoBor 6030Ha HUj€ PEKOHCTPYHCAH.
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Cauka 4.1.1. luctpubynuja TpaHcBep3IHOT UMITyJIca OTOHA ca APYyruM HajBehum
TpaHCBEP3aTHUM HMITYJICOM 110 foralajy, 3a reHepucane poToHe u3 pacrnazga Xurcopor 6030Ha

(myHa MHU]a) ¥ cBe peKOHCTpyHcane (oToHe y norahajuMa curHaia (MCIpeKuaana JMHH]j).

Ha ocHOBY kapakTepucTHKa OTOHA KOjH MOTHYY M3 pacmaza XUrcoBor 0030Ha HIYyCTPOBAHUX
Ha cimnm 4.1.1, cenekryjy ce camo norahaju rae 06a GoToHa HMajy TpaHCBEP3AIHU UMITYJIC Behu 01
15 GeV. Y3 To, nomeHyTH POTOHH MOpajy OUTH U uzonosanu. Cmarpa ce na je GOTOoH N30I0BaH aKo
je eHepruja CBHX PEKOHCTPYHCAHMX YECTHUIIA Y KOHYCY OMUCAaHOM OKO (hoToHa BenmuuHe 14 mrad
mama 071 20 GeV. OBo je minyctpoBano Ha cannu 4.1.2 [44]. YcnoBoM 3a n3onanujy poToHa ryoutaxk
CHTHAJIA j€ peia MPOMMUJIA, IOK T'yOUTaK nryma u3Hocu ~ 23%, ¥ To IPBEHCTBEHO [IYMOBA KOjU UMajy
Mmiaszese y (pUHAIHOM cTamy monyT ete™ — qqy, e*e” — qqyy. Ha caunu 4.1.3 npukasan je 6poj
norahaja curHana ca (OTOHUMA KOjU HCIyHaBajy CBe HaBeleHE ycioBe. Moxke ce BuaeTn na 78%
noralaja curHaja UMa mauHo Ba M30J0BaHa (POTOHA ca TpaHCBEp3aTHUM MMIyscoM Behum ox 15
GeV. 15% norahaja curxHaia uMa caMo jelaH peKOHCTPYHCaH U30JI0BaHU (POTOH Ca TPAHCBEP3ATHUM
umitysicoMm Behum ox 15 GeV, npu uemy apyru oTOH HUje PEKOHCTPYHCAH WU HHUj€ 33J0BOJHHO
ceNIeKIMoHe ycioBe. Moryhu pasnosu 3amrto (OTOH HHMje PEKOHCTPYHCAH Cy Jia je U3padeH Moj
MaJlUM YIJIOM M HHje ICTEKTOBAaH Y EJIEKTPOMAarHeTHOM KaJIOPUMETpPy, WIH Ja je IOTPEIIHO
uneHtudukoBan. Y 8% norahaja curHama peKOHCTpPYHINIE Ce€ BHIIE OJ JBa M30JI0BaHA (OTOHA ca
TpaHcBep3aHUM ummyJicom Behum on 15 GeV, u ta norahaju cy takohe m3ryOspeHu 0e3 Heke
JI0JIaTHE cerapaliyje KojoM O ce oApeausio Ja Jid HeKu of] (OoToHA MOTHYE U3 pacmaga XUrcoBor
6o3ona. [lorahaje xoju y (uHaIHOM cTamy MMajy JABa HM30J0BaHa (OTOHA ca TPAHCBEP3ATHUM
umnyiacom Behum ox 15 GeV cmarpamMo NOTEHIMjaJHUM CHUTHAJIOM, a JABO(OTOHCKH CHUCTEM

KaaHaaToM 3a XUrcos 0030H.
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Cauka 4.1.3. bpoj pekoHCTpyHucaHuX U30510BaHuX (poToHA 10 orahajy

ca TpaHCBepaJHUM umiyscoM Behum ox 15 GeV.

4.2. NpeceneKkymja

HakoH mpumeHe ycinoBa KojuM ce jAeduHuIIe KaHAMIAT 3a XWUICOB OO030H, IIYM M Jajbe
noMuHUpa Haja curHaioM y omHocy 130:1. Kako je curnanm pemak a mpoliecu myma CTaTUCTUYKU
JIOMUHAHTHH, HEOIIXOHO j€ MPUMEHUTH JI0IaTHY CEJIEKLU]y KOja YKIbydyje:

X/

% Tlpecenekuujy ca IMBEM Ja CYIPHUMHUpPA IIYMOBE Ca BENUKMM €(DMKACHUM NPECENUMa KOjH
Cy BMIIIE OJ] CTOTHHY ITyTa Behu Hero e)MKacHU NpeceK CHIrHaia, Kao mro cy e*e™ — ete™y
nete” - qqy;

% MynTHBapHjaHTHY aHAIU3Y KOja UMa 3a [[iJb CYIIPUMUPAR-E [IyMa ca HajMamUM T'yOUTKOM

CTaTUCTHYKE 3HAYajHOCTH (0 yeMy hie BUTH BHUIIIC peuy y MorjaBby 4.3).

VYcnoBu pecenekiyje cy cneaehmu:
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¢ PexoHCTpyHCcaHa WHBapHjaHTHA Maca ABO(OTOHCKOT cucTeMa Jiexku y omcery oa 100 GeV

10 150 GeV. Ca ciimke 4.1.4 [44] mosxe ce BUICTH J1a CUTHAJIA TOTOBO U Jia HEMa BaH 3a7aTor

WHTEpBaJa, IOK Ce 3Ha4ajHU MpoIeHaT norahaja nryma ce Hajla3u U3BaH OBOT OTICETa;

¢ PexoHcTpyucana eHepruja JBo(GOTOHCKOr cucTema Jiexu y omcery ox 100 GeV nmo 1000

GeV. Ca ciiuke 4.1.5 [44] moke ce BUAETH Ja Ce, 3a Pa3/IMKy O IIlyMa, BEJIMKH €0 CHTrHaIa

HaJIa3¥W y 32/1aTOM OIICETy €HEepruja jep GOTOHHM CHUTHAJa OJHOCE CBY BHJBHBY CHEPTH]Y Y

norahajy;

s Jlorahaju rie ce peKOHCTpyHCaH TPaHCBEP3aJIHU MOMEHT MMITyJIca Hayla3u y omcery oxa 20

GeV 1o 600 GeV. Ca cauke 4.1.6 [44] ce Buam na cy gorahaju curHaiga Jajaeko Marmbe

[EHTPATHH O IyMa, jep ce XUrcoB 0030H Mpou3Boan y t-kanary WW-dysuje.

Kao mro ce moxe Buzern y Tabean 4.1.1 [44] nrymMoBH Ccy 3HaYajHO CMambECHU IPECEICKIIN)OM,

alld U IIopeca 3Ha‘lajHe pe,[[YKL[I/Ije mymMa, OJHOC CHUI'Hajla U IIyMa HAKOH HpeceneKque HU3HOCH

Ny /Ng = 24. EpuxacHocT npecenekiuje curnana usnocu 70%, a mpeocranu 0poj morahaja curnana

y 5 ab™! unrerpucane nymunosnoctu je 3320. Kako 6u ce crpeuno gaby ryOMTaK CHTHAIA U IIyM

CynnpuMupao Ha CTATUCTUYKHU OITHUMAJIaH HAYWH, Y HAPCAHOM KOPaAKYy je IMPUMCHCHA cenapauI/Ija

CHUIHajla U IyMa Ha OCHOBY CUMYJITAHC aHAJIN3C Beher 6p0ja OCCTJbUBHUX OHCCpBa6J'II/I.

I[Tpouecn Epreselection (%0) Npreselection

o(Hvv) X BR(H - vy) 70 3320
ete” - yy* 11.6 8791

ete” - efe y* 1.3 21273
ete” - ete yy* 3.7 6 060
ete™ - qqy 0.06 651

ete”™ - qqyy 4.0 9362
ete” - vwy* 13.4 8714

ete™ - wwyy* 19.3 25 149

Tabena 4.1.1 EdbuxacHocT npecenekimje

u O6poj norahaja curHana v ryma HakoH IpeceseKiuje.
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HIyMoBa (MCIIpeKuaaHa JuHuja). BepTukanHa JMHMja peIcTaB/ba TPAaHUYHY BPEIHOCT.
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Cauka 4.1.6. Tuctpubyirja TpaHCBEP3ATHOT UMITYJICa TBOPOTOHCKOT CUCTeMa CUTHaJIa (TTyHa

JIMHM]jA) U IIyMOBa (MCIIpeKHiaHa JUHM]ja). BepTukanHa TuHMja npecTaB/ba TPAaHUYHY BPEIHOCT.
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4.3. MyntuBapujaHTHa aHanM3a

Hakon mpeceneknwmje, cienehu xopak y cenekuuju gorahaja je mpuMeHa MyJITHBapHjaHTHE
aHanu3e. Y oBoj aHanmus3u npumemeHa je BDTG merona, omucana y morjasiby 3.4. YV cioyuajy
CUTHaJIa, 32 TPEHUHT M TecT (a3y y3eTa je MOJIOBUHA CHUTHAjJAa OJf YKymHO cumyiaupaHux 24500
norahaja (~ 5 ab™?!), 1ok je ox cakor nmryma y3era TpehnHa cuMyInpaHor y3opka, Taéeaa 3.3.1, mro
0JIrOBapa MHTETPAITHO]j JTyMHHO3HOCTH 0J1 mpuommkHo 1 ab~t. OcersbuBe onceppabie xopumhene y

a3y TpeHHHra Kao yJa3He IPOMEHJbUBE CY:

¢ Enepruja nBodoToHCcKOT cuctema, E(Yy);

¢ Tpancsep3anau uMmirysic 1BoGpoTOHCKOT cucteMa, Pr(yy);

¢ TlonmapHu yrao 1BoOTOHCKOT cuctema, 4(yy);

¢ Kocunyc yrna xenummrera cos 6y, TJIe Yyrao XelUIUTeTa MPeICTaBba MamkbU yrao Koju
3aKjianajy BEKTOp IpaBlia XHUICOBOT 0030Ha Yy J1a0OpaTOPHjCKOM CHUCTEMY W BEKTOPH
npasana pOToHa KaHAuIaTa y XUIrcoOBOM CHCTEMY pedepeHiie;

¢ Tpancsep3anau ummysicu poToHa KaHIUAaTa (OBJIE U HA JlaJhe, MHICKC 1 ce 0IHOCH Ha Behy
BpeIHOCT), PT(Y1) U PT(Y2);

¢ Tlonapuu yrinoBu ¢otoHa kanauaara O(y1) u 0(y2);

% Enepruja ¢porona kanauaara E(y1) u E(y2);

« JlenmoHoBaHa eHepruja y elIeKTpOMarHeTHOM KajJopuMeTpy 1o gorahajy Eecac;

« Enepruja nernonoBana y XaJpoHCKOM KaJOpUMETpY 1o aorahajy Excal.

WunuBuayanHn (OTOHM COPTHUpPAaHU Cy Ha TakaB HauuH na (oToH ca BehoM BpenHourhy
TpaHCBep3aJHOT uMIyJsca uMa nnjekc 1. Ha oBaj HauuH je ocurypaso aa Bapujadie HHIUBUAYATHUX
¢doroHa HUCY OMpaHe Ha ciydajaH HauuH. Y CYNpOTHOM Ou auctpubyuuje 5-7 3a y1 U y2 Oune
IpUOIIIKHO UCTE M KAaO TAKBE Mambe OCETJBHBE y CMUCIY celapaliije curnana of myma. Ocetsbuse
Bapujadie Koje cy kopumtheHe y ¢a3u TpeHuHra aate ¢y Ha cjaunu 4.3.1, ok je Ha cimuum 4.3.2 nara
KopesrcaHoCT u3Mel)y oceTsbuBUX BapHujabau currana. Ca ciamke 4.3.2 ce BUIu ja cy Bapujadie
JI0BOJBHO JieKOpenucane aa 6u MVA Bpino 100py cenapaiyjy cursana o myma. Heke Bapujabine
MIPUPOJIHO Cy KOpeiucaHe (HIp. eHepruja ABOPOTOHCKOT Mapa U eHepruja MnojequHayHux (GpoToHa)

aJTM TIOCTOjU JOBOJHHO JEKOPEIIMCAHNX Baprjaliu J1a Ou ce CUTHAJ JOOPO cermapucao o Iryma.
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Cauka 4.3.1. OcetspuBe orncepBadiie 3a CUTHAM (IIJ1aBO) U IIyM (LI[PBEHO)

kopuuthene y ¢asu tpenupamwa BDTG.

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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Correlation Matrix (signal)

Linear correlation coefficients in %

100

E,, lEL] 100 142

Py, 100 { 4 . - - e

Cauxa 4.3.2. Kopenauuje ocetsbuBUX Bapujadiu y ¢a3u tpenunray MVA.

Kao mto je panuje HanmomenyTo, m3dpana je meroga BDTG y okBupy TMVA mnakera, jep naje
HajOOJBH pe3yITaT y MOTjiey CTATHCTUYKE 3HAUYajHOCTH Y (pa3u TpeHHnpama, Kao MITO je HIIyCTPOBAHO
Ha caunm 4.3.3, rpannuna BpegHoct BDTG Bapujabne je BDTout > 0.3429, u oBaj ycnoB Tpeba na
3a7I0BOJbM CBAKM celieKToBaHM joralhaj. OBakBoj cesnekuuju y a3 TpeHnHra oiroBapa CTaTUCTUYKA
3HauajHOCT S =~ 19.5. Craructuuka 3Hayajuoct S (3.1), canpxu nHGOpMaLHKjy Kako 0 ehUKACHOCTH,
Tako ¥ 0 uncrohu ceneknmje. Ca cauke 4.3.3 BUANMO Ja je S MCTOT MOHAIMIAmka KA0 W IMPOU3BOJI
grcrohe ¥ e()UKACHOCTH CEJIeKIIMje CHTHaja Koje Tpeba cHMynTaHo onTuMmm3oBathH. EdukacHoCT

ceneknuje curuana y ¢asu tpeHunra uznocu 63%, a uncroha 18%.

Cnenu ¢aza anaukayuje y x0joj copTBep NMpUMeEmnYje ONTUMU30BAHO OJUTYUYHBAKE HAYUYEHO Y
¢asu Tpernnra. E¢pukacnoct MV A ceneknuje 3a curaain je 62.6%, 10K je IIyM CylpuMHpaH 4 myTa.
VY3umajyhu y o03up edukacHocT npeceneknuje 1 MVA cenekiyje, yKynHa eQUKacHOCT ogadupa
norabhaja curnana je 43% mro oarosapa craructuiu on 2080 cenekroBaHMX Jorahaja curHaia.
Haxon cBux (ha3a cenekiyje npeocraje MpUOIMKHO 3a PE BENUYMHE BUIIIE IITyMa O CUTHaja, HaKo

je mrym pemnykoBaH 154 myTa.
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Cut efficiencies and optimal cut value

Signal efficiency —— — Signal purity
—————— Signal efficiency”purity
Background efficiency

S5iV5+B

=
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0.8

Efficiency (Purity)

0.6

0.4

0.2 [— For 3320 signal and 80000 b SR ....... 4
[ events the maximum S/VS+B is i
Ty T 0.

=1 -0.8 0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Cut value applied on BDTG output

Cauxa 4.3.3 [lepdpopmance BDTG merone y ¢a3u TpeHuHra.

Craructuka mpoieca HakoH cBuX (pa3a cenekmnmje mpukazana je y tadeaum 4.3.1. IIpomecu
efe” - Wyy u eTe” - Wy, curHany BpJO CIMYHUX E€KCIIEPUMEHTAIHUX CHUTHATYpA, MPEOCTajy U
HAaKOH NpPHUMEHE MYJITHBApHjaHTHE aHAlM3€ y 3HA4ajHOM Opojy M NPEICTaBibajy UpPEAyLUOHIIHE
mymoBe. HakoH MyJITMBapvjaHTHE aHAIU3€E Y BEIMKOM OpOjy ocTajy U jorahaju u3 mpoieca e*e” —
e’ e~y koju uma 3Hayajan epukacuu npecek ox 335 fbL. Ha coimnm 4.3.4 [44] je nara nuctpubynuja

Mace 1Bo()OTOHCKOT cucteMa HakoH MV A cenekiyje, 3a CUTHANI U UPEeIyLHIUOUIHE ITyMOBE.

IMpouec eepta (%) NepTe
o(Hvv) X BR(H - yy) 62.6 2080
ete” - yy* 5.7 499

ete” - ete y* 52.5 11171
ete” - ete yy* 7.6 460
ete” - qqy 96.7 621
ete™ - qqyy 3.6 335
ete” - vvy* 38.4 3345
ete™ - viyy* 24.3 6116

Tabesa 4.3.1. Epuxacnoct MVA ceneknuje €spte, Kao U 04EKUBaHHU Opoj Aorahaja HAKOH CBUX

ceneKImonuX Kopaka Ngpre, HpeTrnocTaBsbajyhu HHTErpaTHy TyMHHO3HOCT o 5 ab L.
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Cauka 4.3.4. luctpuOynrja nHBapHjaHTHE Mace TBO(OTOHCKOT CHCTEMA 3a CHTHA U 32 IIyM,

HakoH MVA cenekuyje. lllym je cynepuMnoHupan Ha CUTHAIL.



5. Meperse ogHoca rpaHawa BR(H = vyy)

5.1. lceynoekcnepnmeHTH

Kana ce y peaJlHOM WM CUMYJUPAaHOM SKCIIEPUMEHTY NMPHUMEHOM MYJITHBAPHjaHTHE aHAJIH3e
M3BpIIN CeNeKIfja norahaja onucaHa y MpeTxoJHOM IOTJIaBJby, CEIEKTOBAHM CHTHANl HE MOXE Ce
Pa3IUKOBATH OJ1 IIyMa KOjH W JiaJbe JOMHHHPA HaJl CUTHAJIOM, Kao ITO ce ca ciauke 4.3.4 Moxe
Buzetu. C qpyre cTpane, 1a OU ce M3MEPUO OJJHOC IpaHaba, OJHOCHO MPOM3BOI ePUKACHOT IpeceKa
3a MpOoyKIKjy XHUrcoBor 0030Ha U OJIHOCA TPpaHamka, MOTPEOHO je wmo maunuje oopedumu Opoj

ooeahaja cuenana

o(ete™ - Hv) x BR(H - yy) = 2= (5.1)

L &g

rae L mpepcraBiba WMHTErpUCaHy JYMHHO3HOCT, a & YKYNHY €(PHUKACHOCT DPEKOHCTPYKIHjE H
CENIEKIIje CUTHAJNA, YKJbY4dyjyhnm ¥ OrpaHuueHy yraoHy MpPHUXBATJBMBOCT JETEKTOpa Kao H
ebukacHoct uneHtudukanuje ¢orona. Ilpu edukacHoctu cenexkuuje curHana on 43% wu

e(UKAaCHOCTH pEKOHCTPYKIHje 011 96% [25] ykibyuyjyhu v yraoHu oricer 1eTeKTopa, & u3Hocu 0.42.

Jla Ou ce u3 Mace celneKkToBaHUX Jorahaja Moriia OJIpEeIUTH 3aCTYIUBEHOCT/O0pOj CUTHAA,
30upHa nuctpuOynuja ca camke 4.3.4 Mopa ce JCKOHBOIYUpATH TaKO Ja CaapXh 3aceOHe
MaTeMaTHYKe ONKce CUTHana W mryma. KomOuHOBanM (UT aucTpuOylyje MHBAapHjaHTHE Mace

I[BO(I)OTOHCKOF CUCTEMA Haad CCICKTOBAHUM I[Ol"aljajI/IMa HN3HOCHU

f(mw) = N fS(mw) + Ny fo(myy) (5.2)

rne cy fs u fp ¢ynkuuje rycrune BepoBaTtHohe (PDF) koje mpeacraBspajy MaTeMaTHUKH OIHUC
IUCTpUOYLIMja UHBapHjaHTHE Mace 1BO(OTOHCKOI cucTeMa ofjpel)eH y CUMYJIallijy 3a CUTHAJ U LITYM.
®wutom (5.2) mory ce cumynrtano oapeauti Ns u Nb Koju pe/icTaBsbajy Opoj cenekToBaHux norahaja
CUTHAJIa M LIIyMa Y peaJIHUM I Ticeyionoaanuma. HTepecanTHO je MPUMETUTH J1a MO>KEMO 3HAaTH
caMo 6poj celeKToBaHuX Joralaja curHaia, Koju je cioboaan nmapametap ¢ura (5.2), anu He u da au

je ojelMHaYHM CEJIeKTOBaHU Joralaj CUrHai.

Jla 6u ce 1oOMO afekBaTaH MaTeMaTHUKU onuc qucTpulynuje ca cauke 4.3.4 PDF ¢ynuujama,
(UTOBAaHO je HEKOJMKO XuJbaja (MUIMOHA) CUMYJMpaHuxX forahaja curnana (mryma). CurHan je
¢dbuToBaH QYHKIHjOM f; KOja MpeACcTaBha KOHBOIYIH]Y nBe ['aycoBe QyHKIH]e, jeTHE KOja OMHCYje
KpajeBe JUCTPHOYNH)E, fra¢, W APYTE KOja ONHUCYj€ EKCTIOHEHUMjAHH JIE0, fexp, AMCTPUOYyLHjE

,Z[BO(pOTOHCKC I/IHBapI/IjaHTHC Mace€ 3a CUTrHal

fs = fac + C1 ﬁexp (5.3)
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—(myy‘ my)

, \m <m
e202+ﬁL(myy—mH)2 ( vy u)
friat = (myy— mgg)? (5.4)
—vy" TH , (myy >my)
e202+ﬁR(myy—mH)2 vy
—(myy-my)? My <)
202+ay|(myy-my)|’ Yy H
_ e YY 5 5
f.eXp o _(myy—mH)z ( . )
, (myy >my)

ezoz +ag|(myy— my)|

rae cy Cy, 0, @y g, f1 g Xa0 1 Maca XurcoBor 6030Ha my caoboxHu napamerpu ¢puta (5.3) u natu cy

y Tabeau 5.1.1

[Tapametap Bpeanoct
Cy 0.90+0.76
ay, 2.41+0.47
ag 1.12+0.23
B 0.24+0.041
Br 0.141+0.022
my 125.948+0.057 GeV
o 1.60+0.14 GeV

Ta6ena 5.1.1. [Tapamerpu ¢uta 1ucTpubOyLMje HHBapUjaHTHE Mace

nBogoronckor cucrema curnana PDF gynknujom (5.3).
Huctpubyuurja 18ohOTOHCKE Mace 3a IIyM HaKOH CBUX (pa3a cenekiyje GuToBaHa je JIMHEAPHOM
byxHIHjOM f
fo=po+ p1Myy (5.6)

TJIe Cy Do U p; c0001HU mapameTpu purta koju uznoce 975 n —13.9 pecnexktuBHo. Ha caimkama 5.1.1
u 5.1.2 npukasana je qucTpuOyMja m,, HakoH cenekumje, purosana PDF pynkumjama fg u fy, 32

CHUTHaJI 1 IyM, PCCIICKTUBHO.
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Canka 5.1.1. luctpubynuja nHBaprujaHTHE Mace ABO(OTOHCKOT CUCTEMA HAa CUMYJIUPAHOM,

CEeNIEeKTOBAaHOM y30pKy curHania, ¢putoBana PDF dynkmujom fg mpema (5.3).

Juctpubynuja mogaraka q00UjeHa Y eKCIIEPUMEHTY (MU CHMYJIAIMjOM), cajia je pa3oKeHa Ha
TUCTPUOYIIMje CUTHAJIA U IITyMa HaKoH MV A cenekirje, KOju ce CYNepIoHupajy y Mceya0-oIaTKe
npukaszase Ha caunu 5.1.3. 3uajyhu matematuuky popmy PDF dyHkuuja fg 1 fy,, Moxke ce U3BpLIMTH
¢ut nceyno-noaaraka ¢pyukuujom f xoja je mata uspasom (5.2), y unspy oapehubama 6poja morahaja
curHana Ng v nmryma Ny, Kao cinoboaHux napamerapa ¢ura. Ha oBaj HaumH, 6poj norahaja curnana ce
oapehyje Ha UCTH HAYMH Kao IITO OM CE OAPEINO U Ha Y30PKY €KCIIEPUMEHTAIHHUX TOJaTaKa, IITo
Ha3uBaMo nceydo-excnepumenmon. IIpumep mceyno-ekcrepuMeHTa NpuKa3aH je Ha caunm 5.1.3.
Pesynrar ¢ura mokazyje rpemky napamerpa Ng ox 5.5%. IlocraBsba ce, MmehyTuMm, nuTame 1a Jiu
jenaH Tcey10-eKCIIepIMEHT ca CITy4ajHO W3/[BOjeHNM CHTHAJIOM H IIIyMOM Y Y30pKy BeluunHe 5 ab~t
aJIeKBaTHO MPEACTaBJba CTATUCTUUKY nonyrayujy. OBO mHUTambe he OUTH pasMaTpaHO y HapeIHOM,

NorJaBsby 5.2.
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Cauka 5.1.2. luctpulyivja nHBapHjaHTHE Mace TBOGOTOHCKOT CHCTEMa CUMYJIHPAHOT,

ceneKToBaHor 1myma, putosanor PDF dyukuujom f;, u3 uspasa (5.6).

% [N, = 2d963+1d2" " [T T TTTIITTTIA]
o :N5= 2057 £ 116 :
© C i
8700_— -
e [ ]
£ )
kT 600_— =

5001 -

400;..{.I....I....I....I....l....-

110 115 120 125 130 135 140

m,, (GeV)

Cauka 5.1.3. [Ipumep nceyno-excriepumenTa. [Iprkazana je nuctpuOyiuja 1BoGOTOHCKE
MHBapHUjaHTHE 3a Maca Icey10-1oAaTake (LpHe TaukKe), pa3io)keHe Ha CUrHa (TJ1aBa JIMHM]ja)
u mym (upBeHa uHHja). Put komOuHaIMjoM QyHKIHja U3 Gopmye (5.2) Bpaha
0poj norahaja curHasna u mryma kKao cio0oHe mapamerpe ¢pura.

5.2. CTaTucTMyKa HeoapeheHOCT mepemsa

Jla 61 ce oIrOBOPMIIO HA IPETXOIHO MOCTABJbEHO MUTAE, MOTPEOHO je OAPEIUTH CTATUCTUUKY
JTMCUTIAIN]Y CpelmuX (OYEKHMBAHMX) BPEIHOCTH IOHOBJBEHHMX IICEYyJI0-€KCIIepUMeHaTa. Y TOM
cMmuciy, 6poj norahaja curnana Ng oapehen je y 5000 moHOBIbEHHX TICEyA0-€KCTIEpUMEHaTa, 1ajyhu

I"aycoBy nuctpubyuujy ca cauke 5.2.1. [lluprna Ha MOTIOBUHU BUCHHE TaKO JOO0HMjeHe TUCTpHOyLHje

Mpe/icTaB/ba Mepy CTaTUCTHYUKE TUCUNIAIIN]E CPEeIlhbe BPeITHOCTH Mepema. Kao mito ce Mmoxe BUaETH,
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OHa U3HOCH 5.5% U yCJIOBJbEHA j€ MaJIOM CTATUCTHUKOM CUTHAJIA, Tj. YUHEHUIIOM J1a j€ JBOPOTOHCKU

pacnan XurcoBor 6030Ha peiak mporiec.

[lceymo-momanm 3a curHaia Ao00Hjajy c€ HACyMHYHUM OJaOMpOM WHBApUjaHTHE Mace
IBO(OTOHCKOT CHCTEMa CHTHaJla M3 KOMIUICTHE CUMYJalHdje, JOK Cce TCEyAO-TIoJalu 3a IIyM
HacyMU4YHO OwWpajy M3 mojaaraka reHepucanux mnomohy PDF ¢ysknuje myma memajyhu Ha
HAaCyMHUYaH HA4YMH [apaMeTpe P, U p; u3 jeanauynne (5.6). CurHai v myMm pasinduTo Cy CUMYJIUPAHU
TIOIITO Cy ePUKACHU MTPecelr 3a IIyM 3HauajHO Behu Hero e(hrKacHH MPeceK 3a CUTHAJ, U KOMITJICTHA
cUMYyJallfja MHTEPAKIIMje U PEKOHCTpYKIMje aorahaja y AeTeKTOpY NpU HHTETPATHO] TYMUHO3HOCTH

o1 5 ab~! foBena 61 10 OrpOMHOT yTPOIIKA BpeMeHa U pecypca.

] FRMS = 114 ' ™
= 900Fean = 2077 {{I .
"' Fentries = 50000 { i :
400Foy/(N,) = 5.48% i ]

: I ]
300:— II EI ]
200;— i , —;

a ; ]

100} . T

X & 3 ]

e cciocoboodecobsos -'f A TR | Y GO

1500 2000 2500

N

S

Camka 5.2.1. Tluctpubyuuja Opoja norahaja curnana

y noHoBsbeHUX 5000 niceyno-excrnepuMeHara.

V3eBmM y 003Up CTAaTUCTHUKY 3HAYajHOCT MEpeHma, MOXEMO HHTEpIpeTHpaTu J00MjeHU
pe3yJITaT y CBETIIy Z-BpEJHOCTH 3a JaTH NHTEPBAJ IOBEPEHA
z

BR = BRgy
SM_S

BRgy

rie S =1/8 npencraBba cpenmy CTaTHCTHYKY 3HaudajHOCT 5000 MOHOBJBEHHX Mepema uuja
JMCHTIAIM]a OYEKHBaHE BPeIHOCTU U3HOCH & = 5.5%. AncoiyTHe BpeAHOCTH MapaMeTpa Z jaTe 3a
onpehene HuBoe mosepema (68% CL, 95% CL, 99% CL) naBenene cy y tabeau 5.2.1. Pesynrar
Mepema OJHOca IpaHamka XHWUICOBOI 0030Ha Ha map (POTOHA, WMHTEPNPETHPAH 3a pazIUUUTE

BpPEIHOCTH HMBOA MOBEpema Takohe je mar y Tadesau 5.2.1.
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Nurtepan nosepema Z—BpEJHOCT BR(H — vy)
68% 1 (1+0.055) BRsm
95% 1.96 (1+0.108) BRsm
99% 2.575 (1£0.141) BRsm

Ta6esa 5.2.1. nrepnperalidja TaAYHOCTH MEperba oHOCa rpaHama BR(H — yy)

y KOHTEKCTY UHTEpBaja II0BEpPEHA.

5.3. Cuctematcka HeoapeheHoCT meperba

nenTudukoBaHo je HEKOJIMKO W3BOpaA CUCTEMAaTCKe Heoapel)eHOCTH 3a OBO MEpEHmhE U OHH Cy

HUXKE KBAaHTU(UKOBAHU WM JUCKYTOBAHU KBAJTUTATHBHO.
Heoopehenocm egpukacnocmu uoenmugpurkayuje pomona

Kao mro je pedeHo y morjassby 2.3, epukacHocT uaeHTudukauuje Gorona uzHocu 99%.
Cucremarcka HeonpeheHOCT acolrpaHa ca Helo3HaBambeM eQUKacHOCTH uieHTH(uKanuje GoToHa
3axTeBa JIETaJbHUJY CTYNN]Y, jep 3aBUCH OJ] HAYMHA Ha KOJH C€ AJITOPUTMOM TOKA YECTHIIA TPETUPA]Y
(oTOHM HACcTa M KOHBEP3HjOM EJIEKTPOH-TTO3UTPOHCKUX MapoBa Koju unHe oko 10% cBux ¢oToHa y
eneKTpoMarueTHoM kanmopumetpy [15]. TlpernocraBuBiin HeoapeheHocT naeHTudukaimje GoTona
on 0.5%, To pe3yntyje cuctemarckoMm Heoapehenourhy ox pena 1% mpu Mepemy oJlHOCA TpaHamba

XurcoBor 6030Ha Ha nap GoToHa.
Penamuena neoopelhenocm unmezpucane 1ymuHo3HOCIuU

PenatuBHa Heoxpel)eHOCT MHTErpUcaHe JTYMHHO3HOCTH TPEBOIU ce y HeoapeleHOCT meperma
og(ete” » Hw) X BR(H - yy), Ha ocHoBy wu3pasa (5.1). Kako je mpouemena HeoapeheHOCT
uHTerpucane nymuHo3HocTr Ha CLIC-y pena Hekonuko nmpomuina [19], yrunaj Ha jo0ujeHu pe3ynrar

Mepema je Ha MPOMUIHOM HUBOY.
Heoopelhenocm pexoncmpykyuje cnekmpa iyMuH0o3HOCMU

HcTakHyTO je 1a je Mepere BPILIEHO Y MOTIYHO] CUMYJIallij1 PEaTMCTUYHUX €KCIIEPUMEHTAITHUX
ycnoBa Ha CLIC. To mnoxapasymMeBa W CHUMYyJallMjy pPEATUCTHYHOr CHEKTpa JTYMHUHO3HOCTHU
MoJM(UKOBAaHOT HWHTEpaKUUjoM cynapajyhux cHomoBa. Y [43] je moka3zaHO Ja ce CIEKTap
aymuHo3HocTH Ha CLIC-y, na enepruju og 3 TeV y cucreMy 1ieHTpa Mace, MOKe KOpUroBatu 60Jbe
on 5% 3a BpemHOCTH €Hepruja y cuctemy meHTpa mace Behum ox 50% HOMUHAIHE BPEAHOCTH
eHepruje, 1ok je 3a eHepruje Behe ox 75% HOMHHANHE €Hepruje y CHCTEeMy IIEHTpa Mace

HCOHpChCHOCT CIICKTpa JYMUHO3HOCTH IIO3HATA HA TIPOMUIIHOM HUBOY.
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Enepzemcka peszonyyuja enekmpomazHemnoz Kaiopumempa

['pemrka cTOXaCTUCTHYKOT WiaHa KanopuMmeTpujcke popmyre 3a ECAL He Moke OMTH aZieKBaTHO
mpolemkeHa 0e3 eKCIepuMeHTaNHe KanuOpamuje ypehaja. AKO ce MpeTIOCTaBU pelaTHBHA
neonpehenoctr on 10% 3a croxactuuku uinaH ECAL, pesyntyjyha Heoapehenoct enepruje
pekoHcTpyHcaHor poToHa je oko 40 MeV, mTo nMa MpOMUIIHY YTHIIA] Ha €(PUKACHOCT MPECEIICKIIH]je

CHUTHAJIA.
Mamemamuuko mooenuparwe PDF ¢pynxkyuje uiyma

Jla ©6u ce ompeano CUCTEMATCKH YTHIA] U30opa GyHKIHMje KOjJOM MOJEIYjeMO IIyM, JIMHEApHU
¢but u3 hopmyie (5.6) 3amereH je KkBaapaTHOM (QYHKIM]jOM. Y THIAj MOJCIIOBaMba [IIyMa 3aHeMapJbiB

(mpoMmitHM) je Ha 0A0pOj CUrHAIA.

VY3umajyhu y 003up HaBeIeHE M3BOPE CUCTEMATCKUX Heoapel)eHOCTH, TPOICHeHa pelaTHBHA

CHUCTEMATCKa HeO,I[pebeHOCT MCpPCHha je peaa IMpoucHTa U Mamba je HETO CTaTUCTHUYKA HGO,Z[pChCHOCT.

5.4. [inckycuja pesyntarta

Pacnan Xurcosor 0030Ha Ha nap ¢OTOHA MPEACTaBba PEAaK MpolleC T€ Cy, Aa Ou ce 006e30ea1o
CTaTUCTHYKU PEJICBaHTaH CHUTHAI, MOTPeOHU MpOIEeCH MPOAyKIHje XHUrcoBOT 0030HA Ca BEITMKUM
edukacHuM npecekom, nmomyT WW-odysuje Ha eneprujama uzHaza 500 GeV y cuctemy LeHTpa mace.
Jenna TaxBa aHanu3a ypaleHa je, Ipy HHTErpHCaHoj TyMHHO3HOCTH off 1.5 ab™' na enepruju ox 1.4
TeV y cuctemy nentpa mace [19]. CkanupameM Ha HHTErpHcaHy JyMHHO3HOCT 01 5 ab™t, mporemena
Jj€ penaTUBHA CTaTHCTUYKa TAYHOCT Mepema o] 6% Ha eHepruju oa 3 TeV y cuctemy LeHTpa mMace
[21], Tabena 5.4.1. YV 10j cy jaTe pellaTUBHE T'PEIIKE MEpera MPOou3Boaa e(hUKACHOT ImpeceKa 3a
MpoaAyKIHjy XUrcoBor 6030Ha U 0JJHOCA rpaHama XUrcoBor 6o3ona (BR—yy), omHOCHO penaTuBHE

2 2
9nvvYHyy

Ta4yHOCTH OrcepBadIie , Ha eHeprujama 1.4 TeV u 3 TeV y cucremy nieHtpa mace, rae je I H

yKylHa IIUpUHa XUTCcoBOr 0030HA, a gpyy QakTop crope3ama XUICOBOI U BEKTOPCKHUX
(emexTpocnabux) 6030Ha y BepTeKcrMa nMpoaykiuje. Ha HikuM eHeprujama y CUCTeMY LIEHTpa Mace,
CTaTHCTHKA MPOYKOBAHUX XUTCOBUX 0030HA HEAOBOJHHA j€ 32 MEPEHhE PETKUX MpoIieca Kao IMITO je
pacnag XurcoBor 0030Ha Ha rap ¢otoHa. Pesyntar npencraBibeH y 0BOj T€3H, 10OHU]e€H KOMIUIETHOM
CHMYJIAIlHjOM eKCIIepUMeHTaTHOT Mepera Ha 3 TeV CLIC, y ckimafy je, Tj. HE3HATHO j€ 00JbH O]

IIPOjEKTOBAHOT pe3yJyTaTa fator y Tabesan 5.4.1.

[Tporpam mepema y Xurcosom cektopy Ha CLIC-y ykipyuyje Mepema y cBe TpH eHepreTcke ¢asze
pazna akueneparopa, To ject 380 GeV, 1.4 (1.5) TeV u 3 TeV. KymynaTuBHO cakyIlJb€HH MMOJAIN Ca
MHTerpucasoM nymuHo3Homhy of 4 ab™!, 2.5 ab™! u 5 ab™!, pecnexTnBHO, IPeMET Cy TIOGATHOT

CbI/ITa, CIIPOBCACHOI' HA MOACIT HE3aBHMCAaH WJIM MOJACII 3aBUCAaH HAYHWH, KaO IITO je AUCKYTOBAHO Yy
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noraaB/by 1.3, W 3a KOju WHIUBHAyallHA MEpEma MOIMYT OBOT IPEACTAaBBEHOT Y OBOj TE3U
npencrasibajy uHNyT. Ca cauka 1.3.4 u 1.3.5 Moxke ce BUJIETH Ja je pellaTUBHA CTATUCTHYKA TAYHOCT
Mepema XUTCOBOT CIpe3ama gyyy NpolemeHa rimodamaum gurom pena 2.3%, mTo je JOBOJbHA
OCETJHUBOCT Mepema na Oyae mpumehen curHan BSM mopena, momyT KOMITO3UTHOT XHICOBOT
0030Ha WM TIAaK MOJIeJIa KOjH YKJbYUY]y IOCTOjamke NOAaTHU TeImKuX ckamapHux SU(2) cuHriera,

n3mehy ocranux.

CaM pe3ynTar HHANBUAYATHOT Mepema onHoca rpanama BR(H — yy) Ha enepruju on 3 TeV'y
CUCTCMY LICHTpAa MacC nMa pCIaTUBHY CTaTUCTHYKY TAYHOCT JIMMUTUpPAHY CTaTUCTUKOM CHUTHAJIA U
NPUCYCTBOM MPEIyUOMIHUX IIYMOBA. 32 Pa3lIuKy O XaJPOHCKHX Cyapaya, CHCTeMaTcKa OJTHOCHO

TeOpI/IjCKa rpeuika ¢y 3Ha‘lajH0 MambC, OIHOCHO 3aHEMApPJbUBEC Y OAHOCY Ha CTATUCTUYKY.

Mexanuzam Mepena Oncepratina PenarusHa cratuctuuka
MIPOTYKITH]je BEJIMYHMHA HeonpeheHocr
Vs =1.4TeV Vs =3 TeV
L=25ab? L=5ab™!
Hv,.V, Maca XwurcoBor 6030Ha my 36 MeV 28 MeV
ZH o(ZH) » BR(H - bb) hz29%00/Th 2.6% 4.3%0
Hv,V, o(Hveve) » BR(H - bb) | gAwwIfinn/TH 0.3% 0.2%
Hv,V, d(Hveve) » BR(H - c©) | ghwwice/Tu 4.7% 4.4%
Hv.v, o0(Hveve) - BR(H — gg) 3.9% 2.7%
HveVe | 0(HveVe) » BRH > T0) | gfizzdfee/Th 3.3% 2.8%
HveVe | 0(Hveve) = BR(H = p*u7) | Gfizz98u,/Th 29% 16%
HveV, | o(HveVe) > BRH >vy) | giizzGityy/Tn 12% 6%*
Hv,v, 0(HveVe) = BR(H = Zy) 33% 19%*
HveVe 0(Hvevg) = BR(H » WW*) giww/Tu 0.8% 0.4%*
Hveve o(Hveve) » BR(H - ZZ*) | gidww9Ibzz/Th 4.3% 2.5%*
Hete™ o(Hete™) » BR(H - bb) | g3zz9%u0/Th 1.4% 1.5%*
ttH o(ttH) - BR(H — bb) & Iion/TH 5.7 -

Tabena 5.4.1. PenatuBHa cratucTruka HeoapeheHoCT oncepBadin y XUrcoBOM CEKTOPY
Ha CLIC-y, Ha eHeprujama y cucremy neHrpa mace o 1.4 TeV u 3 TeV,
. -1 -1
IIPU UHTETPUCAHO] JIYMHUHO3HOCTH oA 2.5 ab™ 1 5 ab™, pecriekTuBHO.
O0e eHepruje nmoapa3zymMeBajy HEMoJIapu30BaHe CHOIIOBE. 3HAK ,,— 03HAuYaBa Jla MEpEmkE HHje
Moryhe Ha naroj enepruju. Pesynraru obenexenu ca ,,*“1o0ujeHn Cy eKCTpanoiainjoM

pesynrara Mmepema Ha 1.4 TeV cknanupameM Ha HHTErPUCaHy JIyMUHO3HOCT [21].
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3aK/by4vak

Y 0BOj T€3U MpEACTaBIbECHA j¢ aHAIN3A TIOTITYHE CHMYJIAIlH]je eKCIIEPUMEHTAITHOT MEPEHha OHOCA
rpaHama 3a pacnaj Xurcoor 003oHa Ha niap ¢poroHa, Ha eepruju 3 TeV y cucteMy IIeHTpa Mace Ha

oynyhem Komnaktanom nuHeaproMm cyaapauay CLIC.

W3Bpiiena je cuMmynanuja y3opaka jgorahaja curiaiga u nryma KOju OJITOBapajy MHTETPUCAHO]
JIyMHHO3HOCTH 0f1 5 ab~!, ca Hemonapu30BaHUM CHOTIOBUMA €JIeKTPOHA U MO3UTPOHA. Y TIOTIYHOCTH
j€ CUMyJMpaHO eKCIepUMEeHTANHO oKpyxeme Ha CLIC, y3eBmm y 003up crieKTap JJyMHUHO3HOCTH H
peneBaHTHE (U3WYKE M MAIIMHCKE IIYMOBE y MyHO] PEKOHCTPYKUMjU. Pasmarpana je mpomaykiuja
Xurcoux 603oHa y WW-dy3uju, unju je edpuxacHu npecek Ha eHepruju oa 3 TeV y cuctemy 1ieHTpa

Mace I103HaTt ca pCJIaTUBHOM TeOpI/IjCKOM HeonpeheHomhy pclia HCKOJIMKO ITpOMUIJIA.

[To3najyhu edukacHu mpecek 3a MPOAYKIMjy XHUrcoBHX 0O30HA IO/ HAaBEIECHUM YCIOBHMA,
MOKa3aHo je 11a je Moryhe u3MepuTy Ipou3BOJI OJJHOCA TPpaHama 3a pacag XurcoBor 0030Ha Ha map
¢dorona BR(H — yy) ca penatuBHOM cTatucTUIKOM HeoapeheHnomrhy o 5.5% Ha HUBOY MTOBEpeHa

o1 68%. OveknBaHa pelaTUBHA CUCTEMATCKa HEOAPe)eHOCT Mamba je Hero CTaTUCTUYKA.
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In this paper we address the potential of a 3 TeV center-of-mass energy Compact Linear Collider (CLIC)
to measure the branching fraction of the Higgs boson decay to two photons, BR(H — pr). Since photons
are massless, the Higgs boson coupling to photons is realized through higher order processes involving
heavy particles either from the Standard Model or beyond. Any deviation of the measured BR(H — ).
and consequently of the Higgs coupling g, from the predictions of the Standard Model, may indicate new
physics. The Higgs decay to two photons 15 thus an interesting probe of the Higgs sector. This study 15
pertormed using the simulation of the detector for CLIC and by considering all relevant physics and beam-
induced processes in a full reconstruction chain. It is shown that the product of the Higgs production cross
section in W+ W= fusion and BR(#H — yy) can be measured with a relative statistical uncerainty of 5.5%.,
assuming the integrated luminosity of 5 ab™' and unpolarized beams.

DOL 100 103/PhysRevD 105092009

L INTRODUCTION

The Higgs boson decay to a pair of photons was one of
the discovery channels at the LHC [1.2] and also a
benchmark process that has shaped requirements for the
electromagnetic calorimetry at ATLAS [3] and CMS [4].
This channel is also important at proposed % e~ colliders,
both in terms of detector performance requirements and
complementary to the expected HL-LHC results [5]. Global
fit of data collected through a staged realization of a linear
collider as a Higgs factory leads to a relative statistical
uncertainties of the Higgs to photons coupling (g,,,) at the
level of 1-2% [6]. In particular, operation at the highest
center-of-mass energy improves statistical precision due o
vector boson-fusion modes of the Higgs boson production.
This uncertainty is an order of magnitude smaller than the
one achievable with the current LHC data [T]. Accuracy of
the gy, determination at the future electron-positron
colliders is comparable to the one of the combined
ATLAS and CMS projection for HL-LHC of L8% for
the total relative uncertainty [6]. However, the combined
HL-LHC and future &% e” collider measurements are
expected to give sub percent accuracy of the Higgs o
photons coupling [6].

"kacarevicgoman @vin by ac.rs

24700010/ 2022,/ 105(9),/092009(T)

092009-1

CLIC provides an excellent environment to study the
properties of the Higgs boson, including its couplings, with
a very high precision. Operation is expected to be staged at
three center-of-mass energies: at 380 GeV, 1.5 TeV, and
3 TeV. WW fusion, t-channel exchange of W bosons,
(Fig. 1) as the dominant Higgs production mechanism at
center-of-mass energies above ~3500 GeV will produce
large signal yields allowing rare processes such as
H=uty™ H = Zy and H — yy to be studied As can
be seen from the Fig. 1, Higgs boson coupling o photons is
realized through higher order processes that may involve
heavy, beyond the Standard Model physics. Thus Higgs
boson diphoton decay is an interesting process to probe
eveninal realization of beyond the Standard Model physics
in the Higgs sector, Typically, gy, could be modified up to
1-3% in the most sensitive cases [#], requiring a combi-
nation of individual measurements, like the one presented
in this paper through a global fit of data within a single
experiment or even combinations between experiments, in
particular with HL-LHC. For a Higgs mass of 126 GeV, the
SM prediction for the branching fraction BR(H — yy) is
223 % 107% [9]. It is expected that 2 x 10% Higgs bosons
will be produced at 3 TeV, assuming the nominal integrated
luminosity of 5 ab™! which will be used in this paper unless
stated otherwise. The signal vield can be increased with the
proposed beam polarization by a factor of 1.5 [10]. The
high photon-identification efficiency and good photon

D 2022 American Physical Society
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Buorpaduja

['opan Kauapesuh, munioMmupanu ¢uszndap, 3armociieH je y Tpynu 3a Gu3uKy BUCOKUX CHEpruja
Jlaboparopuje 3a pusuky Mucturyra Bunua - MHCTUTYTY 0Nl HallMOHATHOT 3Hadaja PemyOmuke
Cpb6uje ox 2014. rogune. I'oguae 2013. gumioMupao je Ha OCHOBHMM aKaJEMCKHM CTyJHjaMa Ha
[Ipuponno-maremaTuukom (akynrery YHuBepsurera y KparyjeBmy. ca ommrum ycnexom 8.27 y
TOKY CTyaja U oreHoM 10 Ha JUIIIOMCKOM HCHHUTY ca TeMoM ,,KOHTponwcana TepMOHyKIIeapHa
¢by3mja“, yMMe je CTeKao aKaJeMCKH W CTPYYHH HA3WB JUIUIOMHpAHH (QHU3UYAp 32 NPUMEHCHY

busuKy.

Janyapa 2014. roguHe ynucao je JOKTOPCKE akazeMcKe cTyauje Ha [IpupoaHo-maTeMaTHIKOM
dakynrery YuuBepsutera y KparyjeBmy. Y mnpensulleHOM pOKY IOJIOKHO je CBE HCIHTE Ha
JOKTOPCKUM CTynujama ca cpefamoM orieHoM 9.5. l'ogune 2018. dakTruky 3anmounme u3paay Tese
0] HAaCJIOBOM ,,MeToj Mepema oJiHOca IrpaHama Xurcopor 6o3oua BR (H — yy) na 3 TeV CLICY,
nox MeHTopcTBoM Ap MBanke boxoBuh-Jenmncapuuh, nHayunor caBetHuka Muctutyra Bunua jep
KoJIera ca KOjuM je 0 Taja capaljuBao oasazu y ”HocTpaHcTBo. Y Toky 2018. rogune, 6opaBuo je Ha
VYuusep3uretry Toxoky, JamaH, kao ctunenaucra nporpama ,,Tohoku University Research-Oriented
Incoming Student (ROIS) Scholarship®. JlokTopcky Te3y mpujaBuo je Ha [IpupoagHo-MaTreMaTHIKoOM

dakynrery YHupepsurera y Kparyjesity 2021.

VY okBupy rpymne 3a ¢u3uKy BHUCOKUX eHepruja MHctuTyTta BuHuYa, KaHIUAAT ce MpeBacXoaHO
6aBu ¢uzukoM Xurcoor 6030Ha Ha Oyayhum cynapaunma CLIC u ILC (y okBupy komaGopariyja
CLICdp u ILD). AxktuBan je u y komabopamujama ILD (y okBupy mpojekra ILC) u CEPC.
HcTtpaxuBamwa KaHIuAaTa cy ycMmepeHa Ha (u3uMKy Xurcopor 0030Ha, Ka0 M Ha Mepeme
JYMUHO3HOCTH Ha Oyiyhum enekrpoH-nio3utpoHckuM cyaapaunma CLIC, ILC u CEPC (tako3BaHuM

XurcosuM (padpukama).

Ycnen nocra pasrpaHaTe aKTHBHOCTH M MHTEpECOBama Kako 3a (hM3WyKa Mepema Tako W 3a
CHMYJIalLlKjy ¥ Pa3BOj IETEKTOPa, KAHIUAAT je ayTop/koayTop Beher Opoja HayuyHHX pasioBa, O KOjUX
cy 4 panma, uHade cBa mocBeheHa mepemy XWICOBUX OJHOCA TpaHama Ha Oyayhum XurcoBum
(dhabpukama, o0jaBibeHa y Boaehum mehyHapoaauM vaconmucuma kateropuje M21. Jeman ox tux
pamoBa: G. Kacarevic, 1. Bozovic-Jelisavcic, N. Vukasinovic, G. Milutinovic-Dumbelovic, I.
Smiljanic, M. Radulovic, J. Stevanovic, T. Agatonovic-Jovin, Measurement of the Higgs boson
branching ratio BR(H—yy) at a 3 TeV CLIC, Phys. Rev. D 105 (2022) nupekTHO mpejcTaBba
pesyiaTare JOKTopcke Te3e kanaunata. Kao nomunosanu npenasau ucnpes CLICdp xonaboparnyje,
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oprann3oBadHom oz ctpane CERN, 2021. ronune.

71



Kao ayrtop umm xoaytop, ['opan Kaugapesuh je o6jaBuo ykymHo 5 pamoBa kateropuje M21 ox
kojux ce 4 (maBogu 1-3 u 5 u3 Oubnmorpaduje) oHOCE HA MEPEHE OJHOCA I'paHama XHUICOBOT
6030Ha, kao u 1 paxg kareropuje M23. Y3 TO, IONPHHEO je HU3Y pe3yJiTaTa MPEACTaBBEHUX Ha

MelyHapOAHUM CKYIIOBUMA.
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Measurement of the Higgs boson branching ratio BR(H — yy)
at a 3 TeV CLIC
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In this paper we address the potential of a 3 TeV center-of-mass energy Compact Linear Collider (CLIC)
to measure the branching fraction of the Higzs boson decay to two photons, BR(H — py). Since photons
are massless, the Higgs boson coupling to photons is realized through higher order processes involving
heavy particles either from the Standard Model or beyond. Any deviation of the measured BR{H — yy),
and consequently of the Higgs coupling gy, from the predictions of the Standard Model, may indicate new
physics. The Higgs decay to two photons is thus an interesting probe of the Higgs sector. This study is
performed using the simulation of the detector for CLIC and by considering all relevant physics and beam-
induced processes in a full reconstruction chain. It is shown that the product of the Higgs production cross
section in W+ W= fusion and BR(#H — yy) can be measured with a relative statistical uncerainty of 5.5%,
assuming the integrated luminosity of 5 ab™' and unpolarized beams.

DOL: 10,1 103/PhysRevD 105 092009

L INTRODUCTION

The Higgs boson decay to a pair of photons was one of
the discovery channels at the LHC [1.2] and also a
benchmark process that has shaped requirements for the
electromagnetic calorimetry at ATLAS [3] and CMS [4].
This channel is also important at proposed e%e” colliders,
both in terms of detector performance requirements and
complementary to the expected HL-LHC results [3]. Global
fit of data collected through a staged realization of a linear
collider as a Higgs factory leads o a relative statistical
uncertainties of the Higgs to photons coupling (g, ) at the
level of 1-2% [6]. In particular, operation at the highest
cenler-of-mass energy improves statistical precision due to
vector boson-fusion modes of the Higgs boson production.
This uncertainty is an order of magnitude smaller than the
one achievable with the current LHC data [7]. Accuracy of
the g, determination at the future electron-positron
colliders is comparable to the one of the combined
ATLAS and CMS3 projection for HL-LHC of 1.8% for
the total relative uncertainty [6]. However, the combined
HL-LHC and future ¢™¢” collider measurements are
expected o give sub percent accuracy of the Higgs o
photons coupling [6].

"kacarevicgomn @vin bg ac.rs

2470-00104 2022/ 105(9),/092009(T)

092004-1

CLIC provides an excellent environment to study the
properties of the Higgs boson, including its couplings, with
a very high precision. Operation is expected to be staged at
three center-of-mass energies: at 380 GeV, 1.5 TeV, and
3 TeV. WW fusion, t-channel exchange of W bosons,
(Fig. 1) as the dominant Higgs production mechanism at
center-of-mass energies above ~300 GeV will produce
large signal yields allowing rare processes such as
H =yt~ H—=Zy and H — yy o be sudied. As can
be seen from the Fig. 1, Higes boson coupling to photons is
realized through higher order processes that may involve
heavy, beyond the Standard Model physics. Thus Higgs
boson diphoton decay is an interesting process to probe
eveniual realization of beyond the Standard Model physics
in the Higgs sector, Typically, gyy, could be modified up to
1-3% in the most sensitive cases [3], requiring a combi-
nation of individual measurements, like the one presented
in this paper through a global fit of data within a single
experiment or even combinations between experiments, in
particular with HL-LHC. For a Higgs mass of 126 GeV, the
SM prediction for the branching fraction BR(H — yy) is
223 % 107% [9]. It is expected that 2 x 10% Higgs bosons
will be produced at 3 TeV, assuming the nominal integrated
luminosity of 5 ab™! which will be used in this paper unless
stated otherwise. The signal vield can be increased with the
proposed beam polarization by a factor of 1.5 [10]. The
high photon-identification efficiency and good photon
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Abstract

In this paper we address the potential of a 3 TeV center-of-mass energy Compact Linear
Collider (CLIC) o measure the Standard Model (SM) Higgs boson decay to two photons.
Since photons are massless, they are not coupled to the Higgs boson at tree level, but they
are created in a loop exchange of heavy particles either from the Standard Model or beyond.
Any deviation of the effective H — ¥y branching ratio and consequently of the Higgs to
photon coupling may indicate Mew Physics. The Higgs decay to two photons is thus an
interesting probe of the Higgs sector, both at the running and future experiments. A similar
study has been performed at 1.4 TeV CLIC, where the statstical uncertainty is determined
to be 15% for an integrated luminosity of 1.5 ab ' with unpolarized beams.

This study is performed using a full simulation of the detector for CLIC and by considering
all relevant physics and beam-induced processes in a full reconstruction chain. The meas-
urement is simulated on S(KH pseudo-expenments and the relative statistical uncertainty is
extracted from the pull distribution. It is shown that the Higgs production cross-section
in W' W fusion times the branching ratic BR(H# — ¥¥) can be measured with a relative
statistical accuracy of 8.2%, assuming an integrated lominosity of 5 ab ! with unpolarized
beams.

Talk presented at the Intemational Workshop en Future Linear Colliders (LCWS2021 |, 15-18 March
2020 C2i-03-15.4
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In this talk we address a full simulation of cxperimental measurement of the Standard Model
Higgs boson decaying to di-photon at 3 TV center-of-mass encrgy at the Compact Lincar Collider
{CLIC). Photons are massless and do not couple to Higgs boson at the iree level, but rather are
created ina loop exchange of heavy partiches either rom the Standard Model or beyond.  Any
deviation of the Lhggs o yy branching Fraction and consequently of the ellective Higgs coupling
may indicate a New Physics, It is shown that the product of the Higgs prodisction eross seclion
in WW-fission and BR (H — ), as the observable for determination of fhe Higgs o photon
coupling, can be measurcd with a relative statistical precision of 5.5%, assuming the integrated
luminosity of 5 ab~" and unpolarized beams.
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Oépazay 1

H3JABA AYTOPA O OPHTHHA/THOCTH JJOKTOPCKE JJHCEPTALIHJE

M3jaBsbyjeM Ja IOKTOpPCKa AMCEpTaLija M0jl HACIOBOM:

Meroa Mepera oaHoca rpanama Xurcosor 603ona BR (H—yy) na 3 TeV CLIC

MpeCTABIbA OPUSUHATHO AYMOPCKO 0eo HACTAIIO Kao Pe3yNITaT CONCMEeH02 UCPANCUBAUKO2

pada.

QOsom H3zjaeom maxohe nomephyjem:

e [a caM jeOunu aymop HaBeaeHe JOKTOPCKE AUCepTalluje,
® 1a Y HaBeJEeHOj JOKTOPCKO] UCEPTALUjH HUCAM U3BPULUO/1A NOBPEDY aYTOPCKOT HUTH
JPYror MpaBa MHTEJNEKTYaIHE CBOjUHE APYTHX JIMLA,

V¥ Kparyjeuy, 21.08.2023 roaune,

kl Ly (/(J Sp

NOTIHC ayTopa



Oépazay 2

H3JABA AYTOPA O HCTOBETHOCTH IITAMITAHE H EJIEKTPOHCKE BEP3HJE
HAOKTOPCKE JUCEPTALIHJE

U3jassbyjem Jia cy lTaMrnaHa 1 eJIeKTPOHCKa Bep3uja IOKTOPCKE IMCEpTaLije MO HACI0BOM:

Meron Mepema o1Hoca rpaHamba Xurcosor 6o3oua BR (H—yy) na 3 TeV CLIC

HCTOBETHE.

V Kparyjepny, 21.08.2023. roause,

/(a up 5»/1},

NOTNHC ayTopa
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Odpazay 3

H3JABA AVTOPA O HCKOPHITEABARRY JOKTOPCKE JHCEPTAIIHJE

Ja, __Xpapreph (e 1

JAO3BOTRABAM

HE Q03BO/LABAM

HIN

VuupepsureTckoj Oubnuoreun v Kparyjesuy fa HAYHHKM ABA TPAjHA YMHOMEHA NpUMEpKa y

CNEeKTPOHCKO] GOPMH AOKTOPCKE AHCEPTALMjE MO HACIOBOM:

MeToa Mepersa oqnoca rpanama Xurcosor Gozona BR (H—yy) na 3 TeV CLIC

H TO Y HEAWHH, KA0 M Ja NO jelaH NPHMEpak TAKO YMHOMKeHe IOKTOPCKE JHCepTauMje y4uHu
TPajHO JOCTYMHHM JABHOCTH TNYTEM [JUIHTANHOr pPeno3HTopHjyMa Yuusepiutera y
KparyjeBiy # LIeHTPaNHOT PeO3HTOPH]yMa HALTEKHOT MMHHCTAPCTBA, TAKO 1 NPHNAIHWLIK
JABHOCTH MOTY HAUMHWMTH TpajHe YMHOMEHE INpPHMEpKe Y enekTponckoj dopmu HaseneHe

NOKTOPCKE IHCEPTALH|e NYTEM HPeVIUMAbA.

Opom Hajagom Takofe

' | Jo3po/saram

He [03B0/baBam’

MPHNAJHHIIHMA JABHOCTH JIa TAKO JOCTYIHY JIOKTOPCKY DHCEPTALM]Y KOPHCTE NOJ YCIOBHMA

yrephenus jennom on crepehux Creative Commons THLEHLH:

! Vionueo ayTop Hiabepe Na He A03IBONH NPHNATHHIHMA JABHOCTH A2 Tako JOCTYNHY J0KTOPCKY QHCEPTALM)Y
KOPHCTE NOJ YCNoBAMA YTRpheHKM jeaHeM of Creafive Commons THUEHILN, TO HE MCKIbYHYJE NPABO NPHNALHHES
JABHOCTH 14 HABCACHY AOKTOPCKY THCEPTALH]Y KOPHCTE ¥ CKNany ca oapeabama 3akona o ayTOPCkoM H CPOIHHM
NpaBHME.



1) AyropcTBo
2) AYTOPCTBO - I€THTH MO/ HCTHM YCIOBHMA
3) AytopcTeo - 6e3 npepana

4) AyTOpPCTBO - HEKOMEPLIHjATHO

5) AYTOpPCTBO - HEKOMEPUMJATHO - IETHTH NMOJ HCTHM YCIOBHMA

6) AyTOPCTBO - HEKOMEpLMja/lHO - 6e3 npepaaa’

V Kparyjesuy, 21.08.2023. roausue,

Tapedf Sopm

NOTMHC ayTopa

2 Monumo aytope Koju cy H3alpaid Aa A03BOJ€ NPHOATHHLKMA jJaBHOCTH 1a TAKO AOCTYNHY AOKTOPCKY
JIHCEPTALIN]Y KOPHCTE MO/ yCIoBHMa YTBpheHuM jeanom o Creative Commons THUEHIM /12 380KPYKE jeaHY 01
nonyhennx nnuexus. Jleraban caapikaj HaBeJCHHX THUEHIH JocTynad je ua: httpi//creativecommons.org.rs/
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