HACTABHO-HAYYHOM BERY
OUSNYKOI' PAKYJITETA YHUBEPSUTETA Y BEOI'PAIY

Ha cepnunu Hacrasuo-nayunor Beha @usnukor daxyarera YHupep3urera y beorpasy, o-
apxkanoj 19. nosembpa 2025. rojaune, UMEHOBAHH CMO 3a YJIaHOBE KOMUCH]E 38 OIeHY JIOKTOPCKE
JIucepTalmje moJji Ha3suBoM ,, Mepeme TpocTpyke caMoWHTEpaKIinje XUrcoBor 603oHa y KaHay
pacimajia Ha 4eTHpH JienToHa ekcrepuMmentoMm [IMC, kojy je nmomgneo kanauaar Jlazap Mapxko-
Buh. lucepramnuja je ypahena mos 3ajeiunakuM MeHTOpcTBOM pod. ap [Ipeapara Murernosuha
ca Pusnukor dakysarera YHupepsurera y beorpaiy u npod. ap Pobepra Kosapesuja ca /le-
naprTMana 3a ¢pusuky ¥Yuupepzurera y Topuny. HacraBno-nayunom Behy @usnukor gakyirera

MOTHOCHMO cjiefehn

N3IBEINITAJ

1 OcHoBHe nH(poOpMaNje 0 KAaHANIATY

1.1 Bwuorpadcku nmogamu

Jlazap Mapkosuh je poben 6. aBrycra 1996. romune y Beorpamy. 3eMyHCKy THMHA3H]y je
zappmmo 2015. roguae. OcHOBHe cryauje Ha Pusmurom dakyyaTeTy, Ha NpOrpaMy TeOpHjCcKa
U ekclepuMeHTaTHa dbusuka, 3appimuo je 2020. roguHe ca mpocedHoM oneHoM 9,59 (meBer u
59/100).

Macrep cryauje n3 dbusnke 3aBpIino je HA MATHIHOM (PaKy/ITeTy, Ha MPOrpaMy TeOpHjcKa,
u ekcrepuMenTtaina dusnka, 2021. rogure ca npocednom orernom 10 (mecer). Tokom macrep
cryauja Jlazap je mocrao wran LIMC konabopanuje y HEPH-y. Macrtep paj ,,Ilorpara 3a nHo-
BUM TIOjaBaMa Y MPOM3BOJABGY M PACHaNy XHUICOBOT DO30HA KOpHUIIhemeM MeTose eeKTUBHUX
Teopuja 1osba”, ypahen o mearopcrsom npod. ap Ipegapara MujenosBuha, ondparmen je Ha
®usnuxom dakyarery ca npocedrom orneroMm 10 (mecer).

Jlazap Mapkosuh je ymucao JOKTOpcke cryauje n3 pusmke y yxkoj nHaydnoj obsactu Hy-
KieapHa dusnka u pU3MKa BUCOKUX eHepruja y akagemckoj 2021/2022. roguan Ha PU3HIKOM
dakynrery Yuusepzurera y Beorpany u na lemaprmany 3a dusuky Yuusepsutera y Topumny.
Op jamyapa 2022. no asrycra 2023. Behuny Bpemena nposeo je y Topuny pajin uCTpakuBadKkor
ycaBpIIaBama, pajaehn y jtabopaTopuju 3a WHOBATHBHE CHANIEjyMcKe gerexkTope. O aBrycra
2023. no asrycta 2024. Behuny BpeMeHna mposeo je y LHIEPH-y pagu ncrpakuBama u cTpyTHOT
ycaBpinaBama. Ha 0ba yHuBep3uTeTa MOJTOXKHO je CBe MpeBUl)eHe HCIUTe, & Ha Y HUBEP3UTETY
y Beorpamy ocrsapuo je upoceuny oneny 10 (gecer).

On mapra 2021. (uerupu cemecrpa) Jlazap npku padyHapceke Be:kOe u3 npeamvera Pusnka
eJIeMEHTAPHUX 99ecTHIa, a o HosemOGpa 2021. (Tpm cemectpa) Takohe m padyHapcke Be:kGe
u3 npeaMera Burmm kypc u3 dpusuke ejgeMeHTapHUX dectuia 1. Jeman je o Koayropa Jadbopa-
TOPHUjCKOT MPUPYYHUKA TTUCAHOT 3a OBe MpeJMeTe W TPEHYTHO YUeCTBYje y NpUIpeMu 30upKe
zazmaraka. O okrodpa 2024. Boau padyHapcke m jgaboparopujcke BexkOe Ha jBa mpeamera: 1.
@uzuka jesrpa u dectuna, 2. Hykmeapua dpusuka.



O mapra 2022. Jlazap je 3anocsien na @usuuakom daxyarery Yuusep3urera y Beorpasiy na
HNO3WIUjU MUCTPAKUBAU-TIPUIIPABHUK, & OJ1 OKTOOpa 2024. 3amoc/ieH je Ha MO3UINjH aCUCTEHTA

y y2K0j HAy4HO] 00JacTh HyKjaeapHa (pusumka.

1.2 Hay4yHa akTUBHOCT

[Tapanenno ca macrep cryamjama, Jlazap je kao wran ATJIAC konabopamuje y ITEPH-
y noxahao mpectuxkuy LHEPH-oBy Jermby mmikosy, rie je CIIpoBeO HCTParKUBAIbe W 3aBPIINO

3aBPIIHU IIPOjeKaT y 001acTH cylnepcuMerpuje Ha temy ,, [IponsBoama naposa riyuna na JIX1I-

[14

v

Tokom moKkTOPCKUX CTyIMja, ncTpaxknpame Jlazapa Mapkosuha dhokycupaso ce Ha npoyda-
Baibe caMoOMHTepakIje Xurcopor 6o3ona. To je obpaheno mepemem pedepeHTHOT Mpeceka Xur-
coBor 0030Ha y KaHAJIy Ca YeTHPH JENTOHA U JaJbe IIPeJackoM Ha aHamusy ,off-shell” pernona
Mace 4YeTupu JienToHa. ¥ Toj objactu edeKTu y IIPBOM HAPEJIHOM Pejly KBAHTHUX KOPEKIIU-
ja (next-to-leading-order) y mpowusBoamu u pacnany XurcoBor 6030Ha MPYKajy OCET/HHBOCT
Ha moryhe amomasmje y camownTepakiuju. TokoMm Tux cryauja kojera Mapkosuh je pajano
U Ha NMpOpadyHHMa IONPEeYHUX IpeceKa BHCOKOr peaa Kopuinhemem codrBepa MATRIX, kao
U Ha JIADOPATOPHUJCKOM TeCTHPaby U KBAIUMHUKAIMJU YATPA-OP3UX CUIHMIHjYMCKHX JeTEKTOPA
(UFSD).

Ha ocHOBy cBOr paja m cTedeHOT 3Hama, Jlazap je moctao KontakT ocoba IIMC xomabopa-
nuje 3a reaeparop Monte Kapio moraljaja MATRIX u HZZ MC konrtaxTt ocoba yayrap LIMC
KoJiabopaligje, 9uMe je IMOCTao eKCIepT Ha HUBOY KoJabopalifje 0JI'0BOPAH 33 CUMYJIAIIN]Y CBHX
mporieca pejieBaHTHUX 3a Meperma U 3a WHTepHe peBusuje y HZZ rpymm.

Jlazap Mapxkosuh je nmoxahao Tpu Behe [IEPH-oBe 1ikosie nocsehene ¢pusuim BUCOKHX eHEp-
I‘I/I‘]‘a7 CTaTUCTUYIKUM METOJaMa aHaJIn3e MoJaTaKa U eKCIepUuMeHTaJIHUM TeXHOﬂOFI/IjaMa. TaKO—

be je ydecTBOBaO Ha HEKOJHMKO PAJIMOHUIIA U KOH(MEPEHIHja IJIe je IPe3eHTOBAO pe3y/ITare CBOT

paja.

2 Omnwuc npeaare aucepranuje

2.1 OcHoBHe uHdoOpMalje

Teza je ypahena o 3ajeanuiikuM MeHTOpcTBOM Ipod. ap llpeapara Muenosuha ca ®@a-
KyJaTeTa 3a Ghu3nKy ¥YHuBepaureTa y beorpaay u npod. ap Pobepra Kopapenuja ca lenaprma-
Ha 3a usuky Yuusepsurera y Topuny. Mcrpaxkusauku nnrepecu oda MeHTOpa cy y obJjiacTu
¢uzuke Bucokux emepruja, a Beh Bumre rommua cy wianosu [IMC komnabopanuje. Panx ce ca-
croju of, 6 morJaB/ba, YK/by4dyjyhu yBOJ 1 3aK/bydaK, Ka0 ¥ TPpH MpUIora, u ykymnuo mma 110

CTpaHHUIA. YKYIHO CaJp:Ku 72 cauke, 25 Tadena u 246 pedepeHiiy.

2.2 IlpeamMer m 111/b JOKTOPCKE AUCepTaIinje

Hayuna obsiact aucepraiyje je HyKJaeapHa (pu3uKa U (pU3MKa BUCOKHX eHepruja. ucepra-
nuja Jlazapa Mapkosuha dokycupaHa je Ha IpoydaBaibe caMOMHTepaKIHje XUrcOBOT DO30HA.

AHannza nMa 3a /b Mepemhe KOHCTAHTE CIpPe3arha KOja OIMUCYje HHTePAKIHjy XUrcoBor 6030Ha



ca caMuM coboM, 1o je npeapuherno CraHgaapaHIM MOJEIOM AJIH je JOII YBEK PEeJIATUBHO CJ1a00
eKCIEePUMEHTATHO UCTPAZKEHO.

[VIaBHW IU/b WCTPAaZKUBAA je MePermhe TPOCTPYKe WHTepakiuje Xurcopor 6030Ha (03HaUe-
He Kao Ky ), IITO je KJBYYHO 3a pasyMeBarhe MeXaHu3Ma Hapyllermha eJeKTpocaabe cuMerpuje u
opeKJIa Mace ejgeMeHTapHuX dectuna. VMemnuran je pacmag ,off-shell” Xwurcosor 6030Ha y de-
TUPHU JeNTOHA (JBa mapa eJeKTPOHA WM MHOHA) TpeKo JBa Z Gozona. OBaj KaHas je Beoma
WHTEPECAHTaH 300T PeJIATHBHO YUCTOT CHUTHAJIA Ca MAJIOM O3 IMHOM, aJIi jeé W3Y3eTHO PeIaK.

WctpaxkuBame Kopuctu mnojarke npukyibene [IMC jgerekTopoM, jelHUM OJ IJIABHUX €K-
criepuMeHara Ha BesmkoM xamponckom cygapady (JIXIL) y HEPH-y, ca dokycom Ha mogar-
Ke U3 HpOTOH—1IPOTOH cyjapa u3 Run 2 u Run 3 (roauna 2022). Kopumhiene cy opurunasne
Monte Kapsio cumynanuje 3a MOIe0Babe KAKO CHIHAJMA (TPOCTPYKA CAMOMHTEPAKIHja XHI-
coBe pon3Bohe y CTanapIHOM MOJIeTy U Y OKBUDY EdeKTHBHOT mosba) Tako U Pa3inIuTHX
O3 IMHCKHX IIpolleca. 3a U3/iBajambe oJCTyIIama o1 CTaHaap Hor Mojiela KOpHIIieHe cy MyJI-
TUBapHUjaHTHE METOJe aHAJIN3€e, KAo IITO Cy JUCKPUMUHAHTE 3aCHOBAHU HA TEOPUjH MATPUIHUX
eJIeMeHaTa.

TokoM JOKTOPCKUX CTy/Mja, KaHJIUIAT ce Takohe OaBHO M3padyHaBambUMa IMOMPEYHUX TIPe-
ceka Bucokor peja kopucrehn MATRIX u saboparopujckum TectupameM ultra-fast silicon me-
rektopa (UFSD).

2.3 PeseBanTHe myOJauKaiuje

Al F. Siviero, R. Arcidiacono, G. Borghi, M. Boscardin, N. Cartiglia, M. Costa, G.-F. Dalla
Betta, M. Ferrero, F. Ficorella, M. Mandurrino, L. Markovic, L. Pancheri, G. Paternoster,
V. Sola, M. Tornago
Design optimization of the UFSD inter-pad region
Nucl. Instrum. Meth. A, 10.1016/j.nima.2024.169153, 2024

A2 CMS collaboration (with Lazar Markovic)
Measurements of the Higs boson production cross section in the four-lepton final state in
proton-proton collisions at /s = 13.6 TeV
JHEP, 10.1007/JHEP05(2025)079, 2025

Iutarn:

Al 1. Lastovicka-Medin, G., Kramberger, G., Kroll, J., and Rebarz, M.
Impact of the Guard Rings on Self-Induced Signal and Leakage Current in Trench-
Isolated Low Gain Avalanche Diodes
SENSORS 10 (2025) 3006.

2. Sola, V. et al.

The first batch of compensated LGAD sensors
NIM A 1064 (2024) 169453

A2 1. CMS Collaboration (Hayrapetyan, A. et al.)
Measurements of inclusive and differential Higs boson production cross sections at
/s =13.6 TeV in the H — v decay channel, JHEP 09 (2025) 070.



2.4 Ilpuka3 Hay4YHUX pe3yJ/iTaTa NPUKA3aHUX y JUCEePTAIUju

Jucepraiuja je cTpyKTypupaHa y MOIJIaB/ba W MOTY Ce M3JIBOjUTH TPH Jieja y KOjuMa je

jacHO pUKa3aH OpUTUHAJIAH JOTPUHOC KAaHINIATA.

1. Mepemwa Be3aua 3a UFSD

PenesanTue pedepenne: [Al, 111, 112]

Y mpunpemu 3a Hagorpaamy gerekropa [IMC 3a High-Luminosity LHC passujajy ce UFSD
JETeKTOPH 3a MPEIH3Ha Meperha BpeMeHa y pernony 3arBapada (endkap) . Cryanja mehymonnux
(nHTEp-TIAa 1) pacmope/ia yepeIcpeinia ce Ha ONTUMU3AIN]Y reoMeTpuje u npoduia JTOMupamba,
a pe3yJITaTd HHUIKjaJHe cepuje MPOU3BOILe YKa3yjy Ja je moryhe noctuhu Mmehynomme mupune
0J1 OKO 25 pm y ONTUMHU30BAaHUM YCJIOBUMA.

Esnactromepra nocraBka oMoryhaBa Mepeme yKyIHE CTpYyje Iypeha KOHTAKTHUPAHmEM CBUX
NojeIMHAYHUX MaI0Ba cer30opa. OOJUK HATOHCKO-CTPYjHUX KPUBUX YOTIIITEHO MPATH OYEKUBA-
Bba IpoW3Bohava, Majia Y3 CMamkeHy TPEIU3HOCT 3a CeH30pe ca IyO/biM UMILIAHTAMA. Y HEKUM
caydajeBUMa U3MepeHe cTpyje cy Behe o oHmX Koje HaBOmM Mpom3Bohad, MITO CyTepHIne Ia
je mocraBKa y cTamy Jla YXBATH ONIITH TPEHJ, ajii Jia Cy HOTpedHa jojarHa mobo/bIambha 1

HNCTPaKMBarma Kako Ou ce MaeHTH(MUKOBAJIN Y3POIN Pa3anKa.

2. Mepeme edpukacHuUX npeceka XUrcoBor 6030Ha

PeneBanTue pedepenie: [A2]

Mepeme dumynujannor epuracuor npeceka kanana H — Z7Z — 4l upu /s = 13.6TeV
MOKA3aJI0 je OJTMYHY CarJacHOCT ca odekmBambuMa CTaHmapaHor Mojesa. K/bydHn JOTPUHOC
omra je npomera NNLO QCD u NLO EW edukcanmx mpeceka 3a Hepe30HAHTHH 33 IIPOILEC.

MATRIX okBup ce nmokaszao poOGyCHEM ajiaToM 3a IpemnusHe npeaukiuje CTaHIapIHor Mo-
Jesia, moceGHo 3a aubo3oncke nporece. Kopumiherem MATRIX-a na NNLO QCD raunoctu (y3
NLO EW kopeknuje rie cy gocryiae) omoryhere ¢y npenusHe HpOIeHe MONPeYHHX IpeceKka Ha
eHepruju peaeanTHoj 3a Run 3 ycaose JIXII-a, npu vyemy xkomOmuanmja NNLO QCD u NLO
EW xopekrnuja jaje TAa4HOCT Ha HUBOY IIPOIEHATa 3a 47 MPOU3BOJIHLY .

3. Mepemwe camoumnTepakiiije Xurcosor 6o3ona y off-shell pexkumy

WNuoBaTtuBHA cTpaTeruja 3a HCIUTHBaIe camMounHTepakimje v off-shell mpoussomgaom pexku-
My moka3aJja je ja ce Kanan H — Z7Z — 4] mMoxKe KOPUCTHTH 33 OI'paHMYaBarbe HapamMerpa
camomaTepakmnuje. Marpuuanu emementu ykipy4ayjyhu SMEFT c¢g xopeknuje npebadenn cy ca
MII®M 8.0 mra JHUGen-MCFM Monte Carlo anare, omoryhasajyhu amanuse 3acHOBaHe Ha
eqeMeHTUMa Matpure. EduKacHr mpecenu cy W3padyHATH ca MOjeTMHAYHUM HJIH KOMOMHOBA-
HUM KOpekIjama (Ipou3BO/Iba, lponaranuja, pacuaj) u nopehenn usmely jaBa remeparopa,
nokazyjyhu 3a10Bo/baBajyhy carjiacHOCT y IpeceKy W KHHeMATHYKUM JIuCTpudyujama. Rewe-
ighting Tect Koju omoryhasa jgob0aB/baibe MHOTHX Cg XUIIOTE3a U3 jeJIHOI TeHEPHCAHOT Y30PKa
Takohe je mMokazao 100py KOH3UCTEHTHOCT €A JUPEKTHO TeHEPUCAHUM Y30PIHMA.

Marpuunu eeMeHTH 3a eJIeKTPO-cJIaby MPOAYKIN]y XHUTCOBUX KaHAJIA Cy Takohe m3pady-

HATHU, TPOIIUPYjyhu OpUTHHAJIHY [TapaMEeTPU3AIljy U3BaH IVIABHOT MOJIA.



Kopunihena je crarucruyka aHajim3a 3aCHOBaHA Ha TEMILIEJTUMA, IJie CY CBU e(PeKTH U3BaH
CM mapamerpu3oBaHn Kako OM ce TPOIEHWIa OCeT/HUBOCT Ha Mmommdurammje ky = cg + 1.
OueknBanu cKeH jiaje HajoOOby TIpoIenHy ky y cartacuocTu ca CTangapHuM MOJIEIOM, MaJia ca
BEJIUKUM HECHTYPHOCTUMA.

Off-shell meTononoruja je KoMIieMeHTapHA TPATUITMOHATHOM MPUCTYITY JAU-XHUIC TPOIECY:
Off-shell je ocersbuB Ha edexrTe BuIEr peja WHIAYKOBAHE Y MET/bH, AOK JU-XHUIC JTHPEKTHO
MepHu pou3Bo/ Iy napa Xwurcosux 603o0Ha. Mako je Off-shell ocerspuBocT ciiabuja, pesyararn y
nucepTraryju nmokasyjy norennujaia Off-shell mepema kao nezaBucue orpanndasajylie mepe.

3 Coucak nmyboJamkannja KauJamaaTa

A. PanoBu y mehyHapoaHUM Haconucuma
Panosu y Bogehum mehynapoauaum gaconucuma (umMnoakt gakTop » 1)

Jlazap Mapxkosuh je koayrop 56 pagosa y okpupy ILIMC kosaboparmje u ayTop jeaHor pajia
y MameM ayTopcTBy. HaBoje ce Haj3HAYajHUjU KOJH CY AUPEKTHO BE3aHU 3a JOKTOPCKU PaJI.

A1l F. Siviero, R. Arcidiacono, G. Borghi, M. Boscardin, N. Cartiglia, M. Costa, G.-F. Dalla
Betta, M. Ferrero, F. Ficorella, M. Mandurrino, L. Markovic, L. Pancheri, G. Paternoster,
V. Sola, M. Tornago
Design optimization of the UFSD inter-pad region
Nucl. Instrum. Meth. A, 10.1016/j.nima.2024.169153, 2024

A2 CMS collaboration (with Lazar Markovic)
Measurements of the Higs boson production cross section in the four-lepton final state in

proton-proton collisions at \/s = 13.6 TeV
JHEP, 10.1007/JHEP05(2025)079, 2025

B. Monorpaduje, yridbenuniu, noMmohHu yridoeHum

B1 N. Konjik, L. Markovic, P. Milenovic
Laboratory Manual in Elementary Particle Physics: Computer Ezxercises, Faculty of physics,
Unwversity of Belgrade, 2023
ISBN: 978-86-84539-38-2

1. Pamosu y 30opHUIIIMA MehyHapoaHnX KOHepeHImja
Ycmena n3iaarama

I11 L. Markovic
The Endcap Timing Layer detector for the CMS Phase-2 upgrade, FAST 2023, Elba, Italy
https://indico.cern.ch/event/1214183/contributions/5399414/

ITocTep mpe3eHTanuje

12 L. Markovic
Progress on characterization of LGAD sensors for the CMS ETL


https://indico.cern.ch/event/1214183/contributions/5399414/

Proceedings of the 11th International Conference of the Balkan Physical Union, PoS
BPU11 (2023) 095
https://doi.org/10.22323/1.427.0095

4 IMuraTtn;

56 pamosa I[IMC kosabopanuje (y kojuma je Jlazap Mapkosuh koayrop) nmajy ykymso 125
murata (118 Ge3 ayro-murara). Ilutatn Koju ce ogroce Ha pajgoBe Al m A2 nHaBemenu cy y
0JIeJbKY 2.3.



5 IlojegmHadHe oIlleHE pelleH3eHaTa

Nme penesenta: Hukomo Kapruspa
Nucturynuja pernesenta: INFN Torino

Henososban | Hosoman | dobap | Opnmnaan

VYkynHa Hay9YHa BpPEegHOCT
(OpUTHHAIHOCT, PeJeBaHTHOCT,
IOTIYHOCT ) X
YBoa u 6ubsmorpadcduja X
(noBospHO MHDOPMAIH]jA

JATO Y YBOAY,

aJeKBATHO IUTHPaHe pedepentie)
Metoaomnoruja X
(amasmza nojgaraka, oJronapajyhe
U jJaCHO OIMCAHe MeTOJie,
aJCKBaTHa W UCI[PITHA

aHAJIN3a TTOIATaKA )

Pezynratu X
(yBEpJBUBH U jACHO
o0jaIIbeHn pe3yJITaTH -
ojrosapajyhu 6poj u KBaJjiurer
Tabesia U CIMKa)

VkynHa omeHa (MOJUMO O3HAYUTH jeJIHY OIIIH]Y )

X Kanammar mMozke OUTH TPUMJ/BEH HA 3aBPIITHUA UCIUT

[ Kapaugar MoxkKe OMTH NMPUM/bEH Ha 3aBPIIHUA HCIIUT, aJM JUCEPTAIUja 3aXTEBa Mabe

U3MeHe; Jasba MPOoIeHa OJ CTpaHe pelleH3eHTa Huje moTpedHa

[J /la 6u kamugaT 610 NPpUMJbEH Ha 3aBPLIHK HCIIUT, JUCEPTAIja 3aXTeBa OOMMHE U3MEHe;
U3MeIbeHa Bep3uja Mopa OUTH J0CTaB/beHA Y POKY o 6 Meceld W MOHOBO OIEH-eHa O]

CTpaHe PereH3eHTa

IlocebHM KOMeHTapu W MTPEAJI03U

Y oBoj mucepranmju, Jlazap Mapkosuh je Beoma ycmemrso paano yHyTap CHIRIjyMCKe
nabopatopuje y Topuny. Casiamao je ynorpe0y 1abopaTopHjcKe ompeMe U /1a0 3HAYajaH J0-
HPUHOC Y HEKOJHUKO BaxKHUX Mepema. Bbruo je 100po MHTErpHCAH Y HCTPAXKUBAUKY TPYIY H
JIOIIPUHEO je OJ[prKaBaiby aKTUBHOT pajia jadboparopuje. Y HEJUHU, BEOMA CaM 33/10BOJbAH He-

roBuM OOpPABKOM W aHTrazKoBameM y Topumy.



Nme penesenta: Hukosma Amanaue
Nucturynuja pene3senta: YHuBep3uretr y Topuny

Henososan | Hososwan | dobap | Opinaan

YKynHa Hay9YHa BPEAHOCT

(OPUTHHATHOCT, PEJIEBAHTHOCT, X
IOTILYHOCT)

¥YBoa u 6ubaumorpaduja

(noBospHO MHOOPMAaIHjA X

JATO Y YBOJY,

aJIeKBATHO TUTUPaHe pedepeHtie)
Metoaonoruja

(amasnm3a mogartaka, oarosapajyhe
U JaCHO OITMCaHe MeTOoJle, X
aJIeKBATHA W UCIPITHA
aHAIH3a HOJATAKA)
Pezynratu
(yBEep/bUBH U jaCHO X
00jarImheHn Pe3yJiTaT -
ojarosapajyhu 6poj u KBajaurer
Tabesia U CIMKA)

VkynHa omeHa (MOJUMO O3HAYUTH jeJIHY OIIH]Y )

X Kangumar mMozke OuTu mMpuMJ/bEH HA 3aBPITHUA UCITUT

[ Kangugar Moxke OuTH HPUMJ/bEH Ha 3aBPIIHU MCIUT, aJMd JUCEPTAIU]d 3aXTEBa Marbe

U3MeHe; J[a/ba MPOIEHa OJ CTPAaHe PeleH3eHTa Huje moTpedHa

[ a ou kapaugaT 610 NPUMJbEH Ha 3aBPIIHN HCIIUT, JUCEPTAINja 3aXTeBa OONMHE U3MeHe;
U3MemeHa Bep3uja Mopa OMTH J0CTaB/heHA Y POKY Oj 6 Mecenu u IMOHOBO OIEHEeHA O/1

CTpaHe PereH3eHTa

Ilocebun xkoMeHTapu U IIPeaa03u

OBa aucepranuja mpyzka cBeoOYXBaTaH U KOXEPEHTAH MPUKA3 UCTPAKUBAYKUAX AKTHBHOCTH
KOj€ je KaHJuJaT CIPOBEO TOKOM CBOJUX JIOKTOPCKHUX cryauja. OHa ojpazkaBa COJHIHO OBJia-
JlaBarbe eKCIepuMeHTaIHOM (DU3UKOM ejleMeHTapHUX YecTuiia, ooyxsarajyhu passoj jerekropa
(3a ynampeheme CMS Phase-2 timing layers cucrema), padyHapcke TeXHUKE U HAITPEIHE aHATH-
3e mojlaTaka W3 mepcrekTuie (pusnke (OrpaHUYABARHE KOHCTAHTE TPOCTPYKE CAMOMHTEDAKIIHje
XwurcoBor 6030Ha MyTeM KOHAYHOI CTama ca YeTupu JentoHa). CopoBeeHr paj U CTpaTeruje
aHajn3e MaykK/bUBO CY MOTHBHCAHU W PEAJU30BAHU, 8 MPHUKA3 PE3yJITaTa je TeMe/bUT u J00PO
crpykrypupan. Hayunu pesyiararu cy pejieBaHTHU U 3Ha4YajHu 3a Tekyhe u Oyayhe ananuze y
okBupy LHMC kosraboparuje.



Nme penesenta: Pobepro KoBapenn
Nucturynuja pene3senta: YHuBep3uretr y Topuny

Henososan | Hososwan | dobap | Opinaan

YKynHa Hay9YHa BPEAHOCT
(OPUTHHATHOCT, PEJIEBAHTHOCT, X
IOTILYHOCT)

¥YBoa u 6ubaumorpaduja
(noBospHO MHOOPMAaIHjA X
JATO Y YBOJY,

aJIeKBATHO TUTUPaHe pedepeHtie)
Metoaonoruja

(amasnm3a mogartaka, oarosapajyhe
U JaCHO OITMCaHe MeTOoJle, X
aJIeKBATHA W UCIPITHA
aHAIH3a HOJATAKA)
Pezynratu
(yBEep/bUBH U jaCHO
0bjalmheHn pe3yaTaTh - X
ojarosapajyhu 6poj u KBajaurer
Tabesia U CIMKA)

VkynHa omeHa (MOJUMO O3HAYUTH jeJIHY OIIH]Y )

X Kangumar mMozke OuTu mMpuMJ/bEH HA 3aBPITHUA UCITUT

[ Kangugar Moxke OuTH HPUMJ/bEH Ha 3aBPIIHU MCIUT, aJMd JUCEPTAIU]d 3aXTEBa Marbe

U3MeHe; J[a/ba MPOIEHa OJ CTPAaHe PeleH3eHTa Huje moTpedHa

[ a ou kapaugaT 610 NPUMJbEH Ha 3aBPIIHN HCIIUT, JUCEPTAINja 3aXTeBa OONMHE U3MeHe;
U3MemeHa Bep3uja Mopa OMTH J0CTaB/heHA Y POKY Oj 6 Mecenu u IMOHOBO OIEHEeHA O/1

CTpaHe PereH3eHTa

Ilocebun xkoMeHTapu U IIPeaa03u

Y oBoj aucepranuju, Jlazap Mapkouh je mokazao g00py HaydHY 3peJIOCT U CHAXKaH IPH-
CTYHI aHAJIM3U MMOJATAKA Y (DUBUIHU, HAPOUUTO Ca padyHAPCKOr aciekra. OcTBapeHu pe3yararu
Cy BHCOKOT KBaJINTETa W BeoMa IewmeHn o crpaxe octarka [IMC komabopamnmje. N mennnn,
n3pazkapaM JAyOOKO MONITOBame npemMa paiy koju je Jlazap Mapkopuh crpoBeo TOKOM Tporo-

JIUTITET TePUoJIa CBOJUX TOKTOPCKUX CTYIH]a.



Nme penezenTa: 'aetano Bapone
Nucturynuja penesenta: YHuBep3uter Bpayn

Henososan | Hososwan | dobap | Opinaan

YKynHa Hay9YHa BPEAHOCT X
(OPUTHHATHOCT, PEJIEBAHTHOCT,

IOTILYHOCT)

¥YBoa u 6ubaumorpaduja X

(noBospHO MHOOPMAaIHjA

JIATO y YBOJLY,

aJIeKBATHO TUTUPaHe pedepeHtie)
Metomoaoruja X
(amasnm3a mogartaka, oarosapajyhe
U JaCHO OITMCaHe MeTOoJle,
aJIeKBATHA W UCIPITHA

aHAIH3a HOJATAKA)

Pezynratu X
(yBEep/bUBH U jaCHO
00jarImheHn Pe3yJiTaT -
ojarosapajyhu 6poj u KBajaurer
Tabesia U CIMKA)

VkynHa omeHa (MOJUMO O3HAYUTH jeJIHY OIIH]Y )

X Kangumar mMozke OuTu mMpuMJ/bEH HA 3aBPITHUA UCITUT

[ Kangugar Moxke OuTH HPUMJ/bEH Ha 3aBPIIHU MCIUT, aJMd JUCEPTAIU]d 3aXTEBa Marbe

U3MeHe; J[a/ba MPOIEHa OJ CTPAaHe PeleH3eHTa Huje moTpedHa

[ a ou kapaugaT 610 NPUMJbEH Ha 3aBPIIHN HCIIUT, JUCEPTAINja 3aXTeBa OONMHE U3MeHe;
U3MemeHa Bep3uja Mopa OMTH J0CTaB/heHA Y POKY Oj 6 Mecenu u IMOHOBO OIEHEeHA O/1

CTpaHe PereH3eHTa

Ilocebun xkoMeHTapu U IIPeaa03u

OBa jgucepranuja ommcyje Kako paJl CIIPOBe/IeH YV OKBUDPY JomaBama timing layer-a IIMC
jgerekropa 3a Phase-2 yupanpeheme, Tako ¥ HOBY aHa/iu3y CIEKTPa BEJUMKHUX Maca KOHAYHOT
crama ca JeTupu JentoHa (4]) pajaum orpaHHYaBama TPOCTPYKE CAMOMHTEPAKIHje XHICOBOT
6o30Ha. HuBo jletasba y ommcy Moje/10Bama 0CeT/bUBOCTH WHYKOBAaHE MET/baMa Ha mapaMeTap
K) OJiparkaBa BUCOK CTEIEH TEeXHWYKOI AHTAXKOBaIba Y YCIOCTAB/bAIbY AJaTa HEONXOJAHHUX 32
cripoBohere 0BOT Mepeba. HecyMmBuBoO je fa cy 100ujeHn pe3yITaTi O/ BeJIMKOT HHTEPEeca 33 OBY
obsiact. Jormn BazKHHje, M0 MOM MUIL/BEHY, 3HAKE CTEUEHO Y Pa3yMeBamby HAYUHA MOJIE/T0BAHA
OBe 0CeTJ/bUBOCTH TpejcTaB/hahe ocHOBY 3a mobosbmany nperusnoct y off-shell pexxumy y 22
KaHAJIUMa, Ka0 U IIHUpEe TJIEJAHO, y JIPYTHM KOHAYHHUM CTalbUMa, Y3 KOPHIINEhe KOMILIETHE

cratucTuke gocrymae y Run-3 dasm n Ha High-Luminosity JIXII-y.



Nme penesenta: Bykammma MunormmeBuh
NucTurynuja penesenra: YHuBep3utetr y beorpanay

Henososan | Hososwan | dobap | Opinaan

YKynHa Hay9YHa BPEAHOCT X
(OPUTHHATHOCT, PEJIEBAHTHOCT,

IOTILYHOCT)

¥YBoa u 6ubaumorpaduja X

(noBospHO MHOOPMAaIHjA

JIATO y YBOJLY,

aJIeKBATHO TUTUPaHe pedepeHtie)
Metogosioruja X
(amasnm3a mogartaka, oarosapajyhe
U JaCHO OITMCaHe MeTOoJle,
aJIeKBATHA W UCIPITHA

aHAIH3a HOJATAKA)

Pezynratu X
(yBEep/bUBH U jaCHO
00jarImheHn Pe3yJiTaT -
ojarosapajyhu 6poj u KBajaurer
Tabesia U CIMKA)

VkynHa omeHa (MOJUMO O3HAYUTH jeJIHY OIIH]Y )

X Kangumar mMozke OuTu mMpuMJ/bEH HA 3aBPITHUA UCITUT

[ Kangugar Moxke OuTH HPUMJ/bEH Ha 3aBPIIHU MCIUT, aJMd JUCEPTAIU]d 3aXTEBa Marbe

U3MeHe; J[a/ba MPOIEHa OJ CTPAaHe PeleH3eHTa Huje moTpedHa

[ a ou kapaugaT 610 NPUMJbEH Ha 3aBPIIHN HCIIUT, JUCEPTAINja 3aXTeBa OONMHE U3MeHe;
U3MemeHa Bep3uja Mopa OMTH J0CTaB/heHA Y POKY Oj 6 Mecenu u IMOHOBO OIEHEeHA O/1

CTpaHe PereH3eHTa

Ilocebun xkoMeHTapu U IIPeaa03u

OBa aucepraligja mpejcTaB/ba NPHKIAJIAH U 3a0KpYKeH 1Iperie paja Jlazapa Mapkosuha
TOKOM Iperxoannx roguaa. OH je moka3ao 100po pasyMeBame 00e cTpaHe CaBpeMeHe eKCIie-
puMeHTaJIHEe CI)I/ISI/IKGZ pPada Ha AJETEKTOPHUMa W PA3JIUYUTHUM IPUCTYIIHMa aHAJU3H IIOJaTaKa.
Jlobujern pesyaraTn Cy o BeJuKor 3Havaja 3a HZZ paxuy rpymy n unrtaBy IIMC komaboparm-
jy. ducepranmja je jacHO U KBaJUTETHO HANMCAHA, IPUA Y€MY je CBaKM KOpaK MEPHOT MOCTYITKA

JeTa/bHO U TeMe/bHO pasMOTPEH.



Nme penesenta: Hukoaa Komuk
NucTurynuja penesenra: YHuBep3utetr y beorpanay

Henososan | Hososwan | dobap | Opinaan

YKynHa Hay9YHa BPEAHOCT

(OPUTHHATHOCT, PEJIEBAHTHOCT, X
IOTILYHOCT)

¥YBoa u 6ubaumorpaduja

(noBospHO MHOOPMAaIHjA X

JATO Y YBOJY,

aJIeKBATHO TUTUPaHe pedepeHtie)
Metoaonoruja

(amasnm3a mogartaka, oarosapajyhe X
U JaCHO OITMCaHe MeTOoJle,
aJIeKBATHA M UCIPITHA
aHAIH3a HOJATAKA)
Pezynratu

(yBEep/bUBH U jaCHO X
00jarImheHn Pe3yJiTaT -
ojarosapajyhu 6poj u KBajaurer
Tabesia U CIMKA)

VkynHa omeHa (MOJUMO O3HAYUTH jeJIHY OIIH]Y )

X Kangumar mMozke OuTu mMpuMJ/bEH HA 3aBPITHUA UCITUT

[ Kangugar Moxke OuTH HPUMJ/bEH Ha 3aBPIIHU MCIUT, aJMd JUCEPTAIU]d 3aXTEBa Marbe

U3MeHe; J[a/ba MPOIEHa OJ CTPAaHe PeleH3eHTa Huje moTpedHa

[ a ou kapaugaT 610 NPUMJbEH Ha 3aBPIIHN HCIIUT, JUCEPTAINja 3aXTeBa OONMHE U3MeHe;
U3MemeHa Bep3uja Mopa OMTH J0CTaB/heHA Y POKY Oj 6 Mecenu u IMOHOBO OIEHEeHA O/1

CTpaHe PereH3eHTa

Ilocebun xkoMeHTapu U IIPeaa03u
Y oBoj aucepranuju, Jlazap Mapkosuh je 0bjequnno ¢hpeHOMEHOJIONIKN U eKCIIePUMEHTATHHA,
a y ojipeheHnM acieKTruMa ¥ TeOPU]CKHU HPUCTYII Y pelliaBaiby 1ocraB/beHor mnpobsema. Hberos

paJji npejicTaB/ba J100py OCHOBY 3a Oyayhe anasuze Ha JIXII-y.



ITPOIIEHA OPUT'MHAJIHOCTU AJOKTOPCKE /JIU-
CEPTAIINJE

Ha ocnoBy ,IlpaBuiHnKka 0 MOCTYNKY MpOBEpe OPUTHHAIHOCTH JOKTOPCKUX JTUCEepTaInja
onbparmeHux Ha YHuBepsurtery y Beorpany“ (v mabem Texcry: IIpaBUIHUK) M U3BEIITaja Te-
Hepucanor nporpamom iThenticate , koju je kopuiihen 3a TPoBEPy OPUIHHAJIHOCTU JTOKTOPCKE
JUcepranmje 1moj HazsuBoM ,, Mepeme TPOCTpPyKOr caMoclpe3arma XHUI'COBOTI O030HA y KaHAJTLY
pacnajga wa gerupwu Jjenrtona nomohy [IMC excrmepumenta®, ayropa Jlazapa Mapkosuha, mo-
TBphyjemo ma yrBphena rekcryanna camdnoct udnocu 18%.

OBaj HUBO CIUYHOCTH TOCTETUTA je TPUKAa3a OMIITHX WHMOpMAIUja O eKCIepUMEeHTATHOM
anapary (JIXIT akneseparop n IIMC ekcnepumvent) u CTaHmapIHOM MOJEJNY eJeMeHTAPHUX
4ecTHIa, UTHPaba KopuiheHe juTeparype (TEOPHjCKOT MOJEIOBAhA eKCIePHMEHTATHO HC-
nuTHBaHUX edeKaTa U pPeJeBaHTHUX eKCIePUMEHTATHHX MeTOJa), KA0 U MPHUKA3a MPEeTXOHO
00jaB/heHUX pe3yJITaTa KOjUu YKJ/BYUY]y M COIICTBEHE PAJIOBE KAHIHMIAaTa, IITO je CBe Y CKIALY Ca
yjianom 9 Ipasuiinuka.

Ha ocHOBy cBera mperxomHo HaBeIEHOr W y CKJjaagy ca dganoMm 8, craB 2 IlpaBuinuka,
n3jaB/byjeMoO Jla M3BEIITaj MOTBPhyje OPUTHHAIHOCT JIOKTOPCKE JUCEpTaluje, Te Ja Ce MOKe

HACTABUTH Ca MPOIUCAHOM IIPOIEIYPOM 3a HPHUIIPEMY HheHe oJ0paHe.

3akJbydaK

KoMmucuja je jgera/pHO IpOyUHIa IOJHETY JUCEPTAIU]y, OUCYjyhu je mpeMa KpUTepHjyMHMa
OPUTMHAJTHOCTH, PEJIEBAHTHOCTH, MOTIIYHOCTH, METOMOJIOTHje W YTUIaja JOOHUjeHUX PEe3Y/ITaTa.
Komucuja 3ak/pyuyje ja JOKTOPCKa jgucepraiuja , Mepeme TpoCTPyKOr caMOocCIipe3atha XHUIrco-
Bor 06030HA y KaHAIY pacrnaja Ha detupu jentoHa momohy IIMC ekcniepumenTa “, Kojy je moaHeo
Jlazap Mapkosuh, npejicraB/ba 3Ha4ajan JonpuHoc obracTu HykKJjeapHe (pusnuke u pusuke Bu-
COKHMX €Hepruja u Ja Cy UCIYI-eHU CBH IPOIKUCAHU YCJIOBH 32 0100paBamhe od0pane Jucepraiuje.

36or Tora koMmucuja mpeprazxke a1a HacraBno-nayano Behe Qusnukor dakyarera og00pu mHeny

ojibpany.



Kowmucuja 3a oneny jiokropcke jgucepraiiuje kanjugara Jlazapa Mapkosuha:

Harywm:

Hp Hukono Kaprusba
JIupekTop ucrpazKuBarmba
NH®H, Topuno, Uraimja

IHp TI'aetano bapone
JonenT (ncrpakubarbe)

Bpayu ynusepzurer, CAJl

JIp Hukona Amanane
Banpeanu nmpodecop, lenaprman 3a Gusnuky
Yuusep3uteT y Topuny

Ip Pobepro Kopapenn
Banpenuu npodecop, lenmaprman 3a ¢pusuxy
Yuusepsurer y Topuny

Hp Hukona Komuk
Honent, Puznun daKyaTeT
Yuusepsurer y beorpay

Jp Bykammuua Muiomesunh
Honent, Puznuxn dakyaTer
Yausep3uter v beorpamy



TO THE TEACHING AND SCIENTIFIC COUNCIL
OF THE FACULTY OF PHYSICS, UNIVERSITY OF
BELGRADE

At the session of the Teaching-Scientific Council of the Faculty of Physics of the University
of Belgrade held on November 19, 2025, we were appointed as members of the committee
for evaluation of the doctoral dissertation entitled "Measurement of triple self-coupling of the
Higgs boson in the four lepton decay channel with the CMS experiment", submitted by the
candidate Lazar Markovic. The dissertation was carried out under the joint supervision of
Prof. Dr. Predrag Milenovic from the Faculty of Physics of the University of Belgrade and Prof.
Dr. Roberto Covarelli from the Department of Physics of the University of Torino. To the
Teaching-Scientific Council of the Faculty of Physics we submit the following

REPORT

1 Basic information about the candidate

1.1 Biographical data

Lazar Markovic was born on August 6, 1996, in Belgrade. He completed the Zemun Gymnasium
in 2015. He finished his undergraduate studies at the Faculty of Physics, study program in
theoretical and experimental physics, in 2020 with an average grade of 9.59 (nine and 59/100).

He completed his master’s studies in physics at his home faculty, in the theoretical and
experimental physics program, in 2021 with an average grade of 10 (ten). During his master’s
studies, Lazar became a member of the CMS collaboration at CERN. His master’s thesis,
“Search for new phenomena in the production and decay of the Higgs boson using the effective
field theory method”, supervised by Prof. Dr. Predrag Milenovic, was defended at the Faculty
of Physics with an average grade of 10 (ten).

Lazar Markovic enrolled in doctoral studies in physics within the narrower scientific field
of Nuclear Physics and High Energy Physics in the 2021/2022 academic year at the Faculty
of Physics of the University of Belgrade and the Department of Physics of the University
of Torino. From January 2022 to August 2023, Lazar spent most of his time in Torino for
research and professional development, working in the laboratory of innovative silicon detectors.
From August 2023 to August 2024, he spent most of his time at CERN for research and
professional training. At both universities Lazar passed all required examinations, achieving at
the University of Belgrade in particular an average grade of 10 (ten).

Since March 2021 (four semesters), Lazar has been teaching computer-based exercises in the
course Physics of Elementary Particles, and since November 2021 (three semesters) also in the
course Advanced Course in Elementary Particle Physics 1. Lazar is one of the co-authors of the
laboratory manual written for these courses and is currently participating in the preparation
of a collection of problems. Since October 2024, Lazar has been teaching computational and

laboratory exercises in two courses: 1. Nuclear and Particle Physics, 2. Nuclear Physics.



Since March 2022, Lazar has been employed at the Faculty of Physics of the University of
Belgrade in the position of Research-intern, and since October 2024 Lazar has been employed
in the position of Teaching Assistant for the narrower scientific field of nuclear physics.

1.2 Scientific activity

Parallel to his master’s studies, Lazar, as a member of the ATLAS collaboration at CERN,
attended the prestigious CERN Summer School, where he conducted research and completed
his final project in the field of supersymmetry on the topic “Gluino pair production at the
LHC.”

During his PhD course, Lazar Markovic’s research has focused on the study of the self-
interaction of the Higgs boson: this is tackled by both measuring the benchmark Higgs cross-
section in the four-lepton final state and subsequently moving to a more challenging analysis on
the so-called "off-shell" region of the four-lepton mass spectrum. In this region next-to-leading-
order effects on the Higgs production and decay provide sensitivity to possible anomalies in the
self-interaction. During such studies, Markovic also worked on high-order perturbative cross
section calculations using the MATRIX software, and on the laboratory testing and qualification
of ultra-fast silicon detectors (UFSDs).

Based on his work and acquired expertise, Lazar became the CMS collaboration contact
person for the Monte Carlo (MC) event generator MATRIX and the HZZ MC contact person
within the CMS collaboration, thereby becoming a collaboration-level expert responsible for
the simulation of all processes relevant for all measurements and for internal reviews within the
HZZ group.

Lazar Markovic attended three major CERN schools dedicated to high-energy physics, sta-
tistical data analysis methods, and experimental technologies. He also participated in several
workshops and conferences where he presented the results of his work.

2 Description of the submitted thesis

2.1 Basic information

The thesis was carried out under the co-supervision of Prof. Dr. Predrag Milenovic from the
Faculty of Physics of the University of Belgrade and Prof. Dr. Roberto Covarelli from the
Department of Physics of the University of Torino. Both their research interests are in High
Energy Physics, and they have been members of the CMS Collaboration for several years. The
thesis consists of 6 chapters, including introduction and conclusions, and three appendices, for
a total of 110 pages. There are in total 72 figures, 25 tables and 246 references.

2.2 Subject and objective of the thesis

The scientific field covered in the thesis is that of Nuclear Physics and High Energy Physics.
Lazar Markovic’s thesis has focused on the study of the self-interaction of the Higgs boson.
This analysis aims to measure the coupling constant that describes the interaction of the Higgs
boson with itself, a phenomenon predicted by the Standard Model but still little explored



experimentally. The main goal of this research is to measure the triple interaction of the Higgs
boson (indicated as r) ), which is one of the keys to understanding the mechanism of electroweak
symmetry breaking and the origin of the mass of elementary particles. The decay studied is
that of the "off-shell" Higgs boson into four leptons (two pairs of electrons or muons), through
the intermediate process of two Z bosons. This channel is very interesting because it presents a
relatively clean signal, with a low amount of background, but also extremely rare. The research
uses data collected by the CMS detector, one of the main experiments at the Large Hadron
Collider (LHC) at CERN, with a focus on data from proton-proton collisions from Run 2 and
Run 3 (year 2022). The research uses original Monte Carlo simulations to model both the signal
of interest (triple-self-interaction Higgs production in the Standard Model and Effective Field
Theory) and the various background processes. Multivariate analysis methods, such as matrix
element discriminants, are used to extract deviations from the Standard Model prediction.
During his doctoral studies, Dr. Markovic also worked on high-order perturbative cross section
calculations using the MATRIX software, and on the laboratory testing and qualification of
ultra-fast silicon detectors (UFSDs).

2.3 Related publications

A1l F. Siviero, R. Arcidiacono, G. Borghi, M. Boscardin, N. Cartiglia, M. Costa, G.-F. Dalla
Betta, M. Ferrero, F. Ficorella, M. Mandurrino, L.. Markovic, L. Pancheri, G. Paternoster,
V. Sola, M. Tornago
Design optimization of the UFSD inter-pad region
Nucl. Instrum. Meth. A, 10.1016/j.nima.2024.169153, 2024

A2 CMS collaboration (with Lazar Markovic)
Measurements of the Higgs boson production cross section in the four-lepton final state in
proton-proton collisions at \/s = 13.6 TeV
JHEP, 10.1007/JHEP05(2025)079, 2025

Citations:

Al 1. Lastovicka-Medin, G., Kramberger, G., Kroll, J., and Rebarz, M.
Impact of the Guard Rings on Self-Induced Signal and Leakage Current in Trench-
Isolated Low Gain Avalanche Diodes
SENSORS 10 (2025) 3006.
2. Sola, V. et al.
The first batch of compensated LGAD sensors
NIM A 1064 (2024) 169453
A2 1. CMS Collaboration (Hayrapetyan, A. et al.)
Measurements of inclusive and differential Higgs boson production cross sections at
/s =13.6 TeV in the H — v decay channel
JHEP 09 (2025) 070.

2.4 Overview of scientific results presented in the thesis

The thesis is structured in chapters and three parts can be identified where an original contri-
bution from the candidate is clearly presented.



1. UFSD-related measurements

Related works: [Al, C1, C2]

In preparation for the CMS detector upgrade for the High-Luminosity LHC, Ultra-Fast Silicon
Detectors (UFSDs) are being developed to provide precise timing measurements in the endcap
region. The study of the inter-pad layout focused on optimizing both the geometry and doping
profile of UFSDs and results from an early production campaign indicate that, under certain
optimized conditions, inter-pad widths of approximately 25 pum can be achieved.

Regarding the elastomer-based setup, it enables measurements of the total leakage current
by making contact with all individual pads of a sensors. The shape of the voltage—current curves
expected from the manufacturer is generally well reproduced, albeit with reduced accuracy for
sensors with deeper implants. In some cases, measured currents exceed those reported by the
manufacturer, suggesting that while the elastomer setup captures the overall current trend
reliably, there is still room for refinement. Further investigation is needed to pinpoint the

underlying cause of these discrepancies.

2. Higgs cross-section measurements

Related works: [A2]

The fiducial cross-section measurement of the H — ZZ — 4¢ decay channel at 13.6 TeV shows
excellent consistency with Standard Model expectations. For this measurement an invaluable
ingredient was the estimation of the NNLO QCD and NLO EW production cross-section of the
non-resonant ZZ process.

The MATRIX framework has proven to be a highly robust tool for precision Standard Model
predictions, particularly for diboson processes. Using MATRIX at NNLO QCD accuracy (sup-
plemented by NLO EW corrections where available) enabled precise cross-section calculations
at a proton—proton center-of-mass energy of 13.6 TeV, corresponding to LHC Run 3 condi-
tions. The combination of NNLO QCD and NLO EW corrections demonstrated percent-level
theoretical precision for ZZ production.

3. Higgs self-coupling measurement in off-shell

The innovative strategy for probing the Higgs boson self-coupling in the off-shell production
regime demonstrates that the H — ZZ — 4/ channel can indeed be used to constrain the self-
interaction parameter. Matrix elements including SMEFT ¢¢ corrections were transferred from
the MCFMS.0 to JHUGen-MCFM Monte Carlo generating tools, enabling matrix-element-
based analyses. The production cross sections were computed with individual or combined
corrections applied (production, propagation, decay) and compared across the two generators,
showing satisfactory agreement in both cross sections and kinematic distributions. A reweight-
ing test, allowing many cg hypotheses to be derived from a single generated sample, also showed
good consistency between directly generated samples and their reweighted counterparts. Ma-
trix elements for electroweak Higgs production channels were also computed, extending the
original parameterization beyond the main mode.

A template-based statistical analysis, where all BSM effects are parametrized, is used to
estimate sensitivity to modifications of k) = ¢+ 1. The expected scan gives a best-fit value of



k) consistent with the Standard Model, though with large uncertainties.

The off-shell methodology is complementary to the traditional di-Higgs approach: the for-
mer is sensitive to higher-order loop-induced effects, while the latter probes deviations in the
Higgs self-coupling by directly measuring di-Higgs production. While the off-shell sensitivity is
weaker, the results presented in the thesis highlight the potential of off-shell measurements as

an independent constraint.

3 List of the candidate’s publications

A. Papers in international journals
Papers in leading international journals (impact factor > 1)

Lazar Markovic is author of 56 papers as co-author with the CMS collaboration, and author
of one paper with a small group of the authors. We list the most significant ones which are

directly related to his doctoral work.

Al F. Siviero, R. Arcidiacono, G. Borghi, M. Boscardin, N. Cartiglia, M. Costa, G.-F. Dalla
Betta, M. Ferrero, F. Ficorella, M. Mandurrino, L.. Markovic, L. Pancheri, G. Paternoster,
V. Sola, M. Tornago
Design optimization of the UFSD inter-pad region
Nucl. Instrum. Meth. A, 10.1016/j.nima.2024.169153, 2024

A2 CMS collaboration (with Lazar Markovic)
Measurements of the Higgs boson production cross section in the four-lepton final state in

proton-proton collisions at \/s = 13.6 TeV
JHEP, 10.1007/JHEP05(2025)079, 2025

B. Monographs, textbooks, auxiliary textbooks
B1 N. Konjik, L. Markovic, P. Milenovic

Laboratory Manual in Elementary Particle Physics: Computer Ezercises, Faculty of physics,
Unwversity of Belgrade, 2023
ISBN: 978-86-84539-38-2

C. Papers in proceedings of international conferences

Oral presentations

C1 L. Markovic
The Endcap Timing Layer detector for the CMS Phase-2 upgrade
FAST 2023, Elba, Italy
https://indico.cern.ch/event/1214183/contributions/5399414/

Poster presentations

C2 L. Markovic
Progress on characterization of LGAD sensors for the CMS ETL


https://indico.cern.ch/event/1214183/contributions/5399414/

Proceedings of the 11th International Conference of the Balkan Physical Union, PoS
BPU11 (2023) 095
https://doi.org/10.22323/1.427.0095

4 Citations

The 56 papers by CMS collaboration (with Lazar Markovic) have a total of 125 citations (118
without self-citations). The ones related to papers Al and A2 are listed in Section 2.3.



5 Individual reviewer assessments

Name of the reviewer: Nicolé Cartiglia
Reviewer’s institution: INFN Torino

Insufficient | Sufficient | Good | Excellent

Overall scientific merit
(originality, relevance,
completeness) X
Introduction and bibliography X
(sufficient information
provided in the introduction,
appropriately cited references)
Methodology b
(data analysis, appropriate
and clearly described methods,
adequate and exhaustive

data analysis)

Results X
(convincing and clearly
explained results -

adequate number and quality
of tables and figures)

Overall evaluation (please check one)

X The candidate can be admitted to the final examination

[0 The candidate can be admitted to the final examination but the thesis requires minor

revision; further evaluation by the reviewer is not required

[0 To be admitted to the final examination the thesis requires extensive revision; the revised
version must be provided within 6 months and must be re-evaluated by the reviewer

Specific comments and suggestions

In this thesis, Lazar Markovic has worked in the Torino Silicon laboratory with good profit.
He has learned to use laboratory equipment and contributed to several important measurements.
He was integrated in the group, and contributed to keep the laboratory active. Overall, I am

very pleased with his presence in Torino.



Name of the reviewer: Nicola Amapane
Reviewer’s institution: University of Turin

Insufficient | Sufficient | Good | Excellent

Overall scientific merit

(originality, relevance, X
completeness)

Introduction and bibliography

(sufficient information X

provided in the introduction,
appropriately cited references)
Methodology

(data analysis, appropriate
and clearly described methods, X
adequate and exhaustive
data analysis)

Results

(convincing and clearly X
explained results -

adequate number and quality
of tables and figures)

Overall evaluation (please check one)

X The candidate can be admitted to the final examination

[J The candidate can be admitted to the final examination but the thesis requires minor

revision; further evaluation by the reviewer is not required

[J To be admitted to the final examination the thesis requires extensive revision; the revised

version must be provided within 6 months and must be re-evaluated by the reviewer

Specific comments and suggestions

This dissertation offers a comprehensive and coherent account of the research activities un-
dertaken by the candidate during his doctoral studies. It reflects a solid mastery experimental
particle physics, spanning detector development (for CMS Phase-2 timing layers), computa-
tional techniques, and advanced physics analysis (constraining the trilinear Higgs self-coupling
via the four-lepton final state). The work done and the analysis strategies are carefully moti-
vated and executed, and the presentation of the results is thorough and well structured. The

scientific outcomes are relevant and significant for ongoing and future CMS analyses.



Name of the reviewer: Roberto Covarelli
Reviewer’s institution: University of Turin

Insufficient | Sufficient | Good | Excellent

Overall scientific merit
(originality, relevance, X
completeness)

Introduction and bibliography
(sufficient information X
provided in the introduction,
appropriately cited references)
Methodology

(data analysis, appropriate
and clearly described methods, X
adequate and exhaustive
data analysis)

Results

(convincing and clearly
explained results - X
adequate number and quality
of tables and figures)

Overall evaluation (please check one)

X The candidate can be admitted to the final examination

[J The candidate can be admitted to the final examination but the thesis requires minor

revision; further evaluation by the reviewer is not required

[J To be admitted to the final examination the thesis requires extensive revision; the revised

version must be provided within 6 months and must be re-evaluated by the reviewer

Specific comments and suggestions

In this thesis, Lazar Markovic has demonstrated good scientific maturity and a strong
attitude for data analysis in physics, especially from a computational perspective. The results
achieved are of high quality and highly appreciated by the rest of the CMS collaboration.
Overall, I express my deep appreciation for the work carried out by Dr. Lazar Markovic during
the three-year period of his PhD.



Name of the reviewer: Gaetano Barone
Reviewer’s institution: Brown University

Insufficient | Sufficient | Good | Excellent

Overall scientific merit X
(originality, relevance,

completeness)

Introduction and bibliography X

(sufficient information
provided in the introduction,
appropriately cited references)
Methodology X
(data analysis, appropriate
and clearly described methods,
adequate and exhaustive

data analysis)

Results X
(convincing and clearly
explained results -

adequate number and quality
of tables and figures)

Overall evaluation (please check one)

X The candidate can be admitted to the final examination

[J The candidate can be admitted to the final examination but the thesis requires minor

revision; further evaluation by the reviewer is not required

[J To be admitted to the final examination the thesis requires extensive revision; the revised

version must be provided within 6 months and must be re-evaluated by the reviewer

Specific comments and suggestions

This thesis describes both the work carried out in the context of adding timing layers to
the CMS detectors for the Phase-2 upgrade and a novel analysis of the high-mass spectrum of
the 4/ final state to constrain the trilinear self-coupling. The level of detail in describing the
modelling of loop-induced sensitivity to k) mirrors the technical involvement in setting up the
tools necessary to accomplish this measurement. Undoubtedly, the results are of great interest
to the field. More importantly, in my opinion, the knowledge gained in understanding how to
model this sensitivity will form the basis for improved precision in the off-shell regime in ZZ
and, more broadly, in other final states, with the complete statistics available in Run-3 and at
the High-Luminosity LHC.



Name of the reviewer: Vukasin MiloSevié
Reviewer’s institution: University of Belgrade

Insufficient | Sufficient | Good | Excellent

Overall scientific merit X
(originality, relevance,

completeness)

Introduction and bibliography X

(sufficient information
provided in the introduction,
appropriately cited references)
Methodology X
(data analysis, appropriate
and clearly described methods,
adequate and exhaustive

data analysis)

Results X
(convincing and clearly
explained results -

adequate number and quality
of tables and figures)

Overall evaluation (please check one)

X The candidate can be admitted to the final examination

[J The candidate can be admitted to the final examination but the thesis requires minor

revision; further evaluation by the reviewer is not required

[J To be admitted to the final examination the thesis requires extensive revision; the revised

version must be provided within 6 months and must be re-evaluated by the reviewer

Specific comments and suggestions

This thesis serves as a fitting summary of Lazar Markovic’s work over the past years. He
has demonstrated a good grasp of both sides of modern experimental physics: detector work
and various data analysis approaches. The obtained results are of high importance for the HZZ
physics analysis group and the entire CMS collaboration. The thesis is well written, with every
step of the measurement process examined in thorough detail.



Name of the reviewer: Nikola Konjik
Reviewer’s institution: University of Belgrade

Insufficient | Sufficient | Good | Excellent

Overall scientific merit

(originality, relevance, X
completeness)

Introduction and bibliography

(sufficient information X

provided in the introduction,
appropriately cited references)
Methodology

(data analysis, appropriate X
and clearly described methods,
adequate and exhaustive

data analysis)

Results

(convincing and clearly X
explained results -

adequate number and quality
of tables and figures)

Overall evaluation (please check one)

X The candidate can be admitted to the final examination

[J The candidate can be admitted to the final examination but the thesis requires minor
revision; further evaluation by the reviewer is not required

[J To be admitted to the final examination the thesis requires extensive revision; the revised

version must be provided within 6 months and must be re-evaluated by the reviewer

Specific comments and suggestions
In this thesis, Lazar Markovi¢ has merged both the phenomenological and experimental,
but also in some aspects theoretical approaches in solving the given problem. His work should

be good foundation for future analyses at LHC.



ASSESSMENT ON THE ORIGINALITY CHECK OF THE
DOCTORAL DISSERTATION

Based on the "Regulation for the procedure for checking the originality of doctoral dissertations
defended at the University of Belgrade" (hereinafter: the Regulation) and on the findings
presented in the report generated by the iThenticate program, which was used to verify the
originality of the doctoral dissertation “Measurement of triple self-coupling of the Higgs boson
in the four lepton decay channel with the CMS experiment”, authored by Lazar Markovi¢, we
confirm that the identified text similarity amounts to 18%.

This level of similarity is a consequence of the presentation of general information about
the experimental apparatus (the LHC accelerator and the CMS experiment) and the Standard
Model of elementary particles, the citation of the literature used (theoretical modeling of the
effects being experimentally tested, relevant experimental methods), as well as the presentation
of previously published results that include the doctoral candidate’s own research, all of which
is in accordance with Article 9 of the Regulation.

Based on all the facts presented above, and in accordance with Article 8, paragraph 2 of
the Regulation, we state that the report confirms the originality of the doctoral dissertation,
and therefore the prescribed procedure for the preparation for its defense may proceed.

CONCLUSION

The Committee has thoroughly examined the submitted thesis, evaluating it based on criteria
of originality, relevance, completeness, methodology and impact of the obtained results. The
Committee concludes that the doctoral thesis "Measurement of triple self-coupling of the Higgs
boson in the four lepton decay channel with the CMS experiment" submitted by Lazar Markovic
makes a significant contribution to the field of Nuclear Physics and High Energy Physics, and
that all prescribed requirements for approving the defense of the thesis have been satisfied.
Therefore, we propose that the Teaching and Scientific Council of the Faculty of Physics approve
its defense.



Committee for evaluation of the doctoral thesis submitted by the candidate Lazar Markovic:

Date:

Dr Nicolo Cartiglia
Director of Research
INFN, Turin, (IT)

Dr Gaetano Barone
Assistant Professor (Research)
Brown University, USA

Dr Nicola Amapane
Associate Professor, Physics Department
University of Turin

Dr Roberto Covarelli
Associate Professor, Physics Department
University of Turin

Dr Nikola Konjik
Assistant Professor, Faculty of Physics
University of Belgrade

Dr Vukasin Milosevic
Assistant Professor, Faculty of Physics
University of Belgrade
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