CERN-THESIS-2022-336

31/03/2023

@)

CAHKT-IIETEPBYPT'CKNI TOCYJAPCTBEHHBLINI YHUBEPCUTET

Ha npaBax pykonucu

Jlazapesa Tarbsina BaJiepheBna

lccaenpoBanne BBIXOJOB aJPOHOB, COAEPXKAIINX
Tsi2KeJIble KBapKH, B yJIbTPapeiTUBUCTCKUX
croikHoBeHnusX B 3kcnepumenTe ALICE na
Boapmom Aaponnom Konnaiimepe

Hayunas crienpajibnoctsb 1.3.15. @usnka aTOMHbBIX sijiEP
W 3JIEMEHTAPHBIX YaCTHIL, (PU3UKA BBICOKMX SHEPTHI

Huccepranms Ha, COUCKaHUE YUEHON CTereHn
KaHIugaTa (PU3NKO-MaTeMaTUIeCKUX HayK

HayuHblii pyKOBOJIUTEITh:
2Kepebuesckuit Biajiumup Uocudosuy
KaHUIAT (PUBUKO-MAaTeMaTHIeCKUX HayK

Cankr-IlerepOypr
2022



Conepzkanue

BBemenue . . . . . . . L e e e e e e e e e e e e 4

I'maBa 1 WccaenoBanus ITPOIIECCOB aApOoHU3AIAN
CUJIbHOB3aUMOIENCTBYIOIEl MaTepun 17
1.1 KsanToBasg XpoMOJUHAMUKA, TAPTOHHAT MOJED «.'vvererrernn... 18
1.2 TeopeMa (DAKTOPHBAIIIII ... vevuereteteeteee e teeeeeeeernennn, 19

1.3 MonenupoBanne IIPOIECCOB, BO3HUKAIOIIIX npu
B3aUMOJICHCTBUYM YaCTHI] B (DUBUKE BHICOKUX SHEPIUM . ..o ein. .. 21
1.4 O0630p KCITEPUMEHTATBHBIX JTAHHBIX « o \veteeteeieeeaaeaaenn. 23

I'maBa 2 Ykxcnepument ALICE na Boasmom Aaponnom KoJsutaiigepe 28

2.1 OcHoBHuble JileTekTOpHBIE cucTteMbl dKcnepumenta ALICE ... ... .. 28
2.2 PeKOHCTPYKIUS TPEKOB U BEPIIMH .. ..tttteit e e 34
2.3 Mopepumsamus Buyrpenmneit Tpexkosoit Cucremsr ALICE ......... 35

I'nmaBa 3 WccaemoBaHue paanaJjJbHON 3aBUCUMOCTH B aJAPOHHBIX

CTPY4X, COAEPXKAIUX TA2KeJIble KBapKu 43
3.1 Crparernst aHan3a, SKCIEPUMEHTATHHBIX JAHHBIX . ..o ... 43
3.2 UccnenoBanne pajuajibHbIX 3aBUCUMOCTEH aJIDOHHBIX CTPYI,

coptepKatnx DOMEBOH .. ... 48
3.3 MUcciiejioBanue pajitajibHbIX 3aBUCUMOCTEN aJIPOHHBIX CTPYH,

COMEPKAIIIX AT —OAPUOH ...\ttt 61
3.4 OcHoBHBIE pPe3yJIbTATbI uccJieJIOBaHus pauaIbHbIX
3aBUCUMOCTEN aJPOHHBIX CTPYM ¢ vvtt it 69

I'maBa 4 WN3ydyeHme KOppeasdanuii YaCTUI, COAEPKAIINX TAXKeJIbIe

KBapKu 74
4.1 PexorcTpyKimsa DP—Me30HOB .........cooiiiii i 74
4.2 AHAJINS JTAHHDIX « .\ttt ettt et e e e e e 75

I'maBa 5 WccaenoBanua MoHoauTHbIX AKTUBHBIX IInKceabHBIX
CencopoB JJ1d MO/IEPHU3UPOBAHHOM’ Buyrpenneii

Tpekonoii Cucrembl 3kcnepumenTa ALICE 81



5.1 MHcenenoBanne pabounx XapaKTEePUCTHK JETEKTOPHBIX MOJLYyJIei

BHEIIHUX M cpeaHux cjoeB Bryrpenneit Tpekosoit Cucremsl

skcrepumenta ALICE ... . 82

5.2 OcHoBHbBIE pe3yJIbTaTbl HCCeIOBAaHUil  XapaKTepPUCTUK

TMTUKCEJTBHBIX CEHCOPOB. .« .t vttt et te e e et et et e e et e e et e e e aeaas 90
BAKITIOUEHME . . + v v 2 v v v v e e e e et e e e e e e e e e e e e e 92
CIINCOK JIUTEPATYPBL . « v v v v v v v e v e e e e e e et e e e e e e 95
BaarogapHOCTI . . . . . . . . . . . e e e e e e e e e e e e e e 104
IIpnnoxxkeane A Bepudukamusa nporeaypbl pa3BepPTKHA 105

A.0.1 Bepudwkamus mponeaypbl  pa3BepTKU s CTPYId,
cogtepKatnx DO MEBOH ... ... oo 105

A.0.2 Bepudwuramuss mpouejaypbl  pa3BepTKu  JJIs  CTPYId,
COMEPKAITUX AT —OAPHOH ... .ot 107

IIpnnoxxeane b HMccaemoBaHme cucTreMaTHYeCKNX OIIMOOK 109
b.0.1 DBapumanum mnapamMeTrpoB aHaJW3a JaHHLIX JJId CTPYId,

cogtepKarix DO MEBOH ... ... oot 109
B.0.2 DBapwuanuu mnapamMerpoB aHaJin3a JIaHHBIX I CTPYIi,

coptepKaiux AT OapuOH . ... 116



BBenenne

CujibHOE B3aMMOJICHCTBHE SIBJISIETCS OJHUM M3 4YeTbipex (yHaMeHTaJIbHbIX
B3aUMOJICCTBUIl B TPHUPOJIE. Cornacno CranjgapTHoit Mojenun (HU3UKK
9JeMEHTapPHbIX YaCTUIl, CUJIbHOE B3aWMOJICCTBUE OTBEYAET 3a CBs3b KBApKOB U
[JIFOOHOB BHYTPH HYKJIOHOB U JIPYT'MX aJPOHOB. [JIIOOH cumMTaeTcss KaanOPOBOTHBIM
OO30HOM JIAHHOI'O B3aMMOJICHCTBUS M SIBJISIETCS €ro  1epeHocunkom.  CuibHoe
B3aMMOJICICTBYE BO3HHMKAET, KOTJIa KBapKW HAUMHAIOT OOMEHHBATLCS TIJIIOOHAMHU.
Kpapkn u riooHbl He HAOJIOMAIOTCSI B CBOOOSHOM COCTOSIHUKM W3-3a SIBJICHUS
KoH(alHMEHTa, I1PEJICKa3bIBAEMOI0 KBAHTOBOM XPOMOJIMHAMUKOM, OJIHAKO, B
IepBbIe MUKPOCEKYHIbI POXKICHIST BCEJIEHHON KBAPKHU U IJIIOOHBI MOIJIM HAXOIUThCST
B CBOOOJHOM COCTOSIHHH U OOpPa30BBLIBATL OCOOLIA BHJ SIEPHON MaTepum, TaK
HazbIBAEMYIO KBapK-riioonnyto miasmy (KI'TI).

B naboparopubix yenoBusix KI'TT moxker ObiTh 0Opa3oBaHa U MccJie0BaHa 11PU
3HAUUTEIbHBIX IJIOTHOCTAX WJIM TeMIIepaTypax MaTepuu, KOTOPbIE JOCTUTAITCS
B YJBTPAPEIATHBUCTCKUX CTOJKHOBEHUSAX IYUKOB TSYKEJbIX HOHOB (spa CBUHIA,
yckopennbie Ha Bosabmom Ajgpornnom Kosutaiinepe moryr jpocrturarh sneprun 2.76
TsB/Hykiion) B KostaiepHbix skcrepumenTax. CTOIKHOBEHUS TsXKeJIbIX MOHOB
MO3BOJISIIOT JIOCTUYL JoctaTounoro obbema KI'IT gng mabmogenns sddexTon
B3aumojieiictBust dactuil, B cpege KI'TI. Opnako, st Toro, 49ToObl OTHEIUTD
apdekThl, BozHukawme Toabko B cpeje KIII, or addekroB, Bo3HMKAIONNX
[IPY B3aUMOJEHCTBHUSI YaCTHI, B BaKyyMe, HEOOXOJIUMO PACCMOTPETb MEHbIINe
CTAJIKUBAIOIINECS CUCTEMbl — IIPOTOHHBIE M IPOTOH-SIJEPHBbIE CTOJKHOBEHU:, B
koropbix KI'II He obpasyercst B jjocTarouHOM OoObeMe,

C Jpyroit CTOPOHBI, WMCCJIEJIOBAHUS SIAEPHBIX MPOIECCOB, BO3HUKAIONIAX IIPH
CTOJIKHOBEHUSIX 1IPOTOH-IIPOTOH (pp) wuiu nporon-ceuner, (p—Pb) Heobxojumbl
TaKXKe JIsi  U3yUeHHs psija  3agad  KBaHTOBOi xpomomunamuku (KX/) B

BakyyMe u 3P dHEKTOB XOJIOMHON s/IePHOH MaTepuu (IIPOIECCHI, MTPOTEKAIOIIHE TIPH



CTOJIKHOBEHUW DPEJIITHBUCTCKUX MY4IKOB J10 obpazoBanust ropsdeit KI'TT).

Ob6pasoBanue aJIpOHOB, COJCPIKAIUX TsIKEJbIe KBAPKH (TKeJble apOMAThI),
B CTOJIKHOBEHUSX YJIbTPAPEJATUBUCTCKUX sIJIEP JIaeT BO3MOXKHOCTH MCCJIEJIOBATH
cBoOficTBa CcUJIbHOB3auMOjleiicTByIOEll Marepuu. B orjinune oT KBapKOB UP (u)
n down (d), Gosee mszkennie KBapku (strange (s), charm (c), beauty (b)) me
MPUCYTCTBYIOT B KadeCTBE BaJICHTHBIX KBApPKOB B HAaYaJbHOM COCTOSTHUU, HO OHU
MOTYT POXKJIAThCs B XOJI€ YJIbTPAPEJATUBUCTCKUX CTOJIKHOBeHu#t. Ha panHux
CTQTUSAX TAaKWX CTOJKHOBEHUWM, TsXKeIble KBApKM MOTYT POXKIATHCA B YKECTKUX
(mepTypOaTUBHBIX) MPOTECcaX MAPTOHHOTO DACCESTHUS MDY B3AMMOJCHCTBUN MapbI
JIIOOHOB WJIM  TIapbhl  BaJIEHTHLBIX KBapPKOB (HaHpHMep, geg — c¢C, qq —
cC) W 1OCPEJCTBOM BO30YXKJeHUsl apomara (HaIpuMmep, gc — gc, qc —
qc). Tsokesmbie apoMaThl TaK:Ke MOTYT POXKJIATHCSI B PE3YJIbTaTe MOCIEIYoIeit
TAPTOHHON SBOJIIONUK TPU PACIICIUICHUN TJIIOOHOB (Hampumep, g —» ¢C). OTH
MPOIIECChl  SBJISIOTCS JIOMUHUDPYIOIIUMU TIPU  POXKJICHUU Ts>KEJIbIX apOMaTOB C
BBICOKMM TOIEPEYHbIM UMITYJbcOM (pr). IIpu HUBKHMX TOMEPEUHBIX MMITYJIbCAX
pr 00pa3oBaHUE TSXKEJBIX apoOMAaTOB TPOUCXOJUT TYTEM HENepTypOATHBHBIX
nporieccos |1, 2].

CTonT OTMETHUTD, ITO Tsi’KeJIble, B 9aCTHOCTH, OUYapPOBaHHbBIE KBAPKN 00Pa3y0TCs
Ha panHeit crajuu popmupoBanust KI'IT u Oosibliasi ux dacth He nperepieBaer
U3MeHennii Mpy 3BOJIIOTINU cpefbl. Penkne mpespalenns ¢ m3MeHEHHEeM apoMaTa,
BO3MOXKHBI TIPU B3aUMOJIEHCTBUAX KBapkKa B CpeJie, B pPe3yJabTaTe TeIMI0BOTO
poxienus uin pacnaja [2]. Takum o6pazoM, TsixKesibie KBAPDKU HECYT UH(MOPMAIIUIO
O BCEM I[IPOLECCe Pas3BUTHUS CPEJbl M UX 3a4aCTyI0 HCIOJBL3YIOT B KavecrBe
MHCTPYMEHTA UCCJIEIOBAHUI BILIOTH JIO MAJIBIX UMIYJIbCOB (p &2 0).

B skcrmepuMmeHTax MO CTOJKHOBEHUIO YACTHI[ BBICOKHX 3HEPTUH U3ydatOTCS
HPOJIYKTHI JIPOHU3AIMN TSXKEJIbIX KBApPKOB. DB KauecTBe MeTOJI0B MCCJIe/IOBaHUs
dparMenTanuu  THXKEJbIX  KBAPKOB  MOXKHO — MCIOJIB30BaTh  KOPPEJsIun
HAOJTIOTAEMBIX, a TaKxKe MPOBOJUTH WCCAEOBaHuA (PYHKINUA (pparMeHTalun
aJIDOHHBIX CTPYil, BOSHUKAIOIINX MTPU POXKJICHUH TSXKEJIBIX KBAPKOB.

Mzmepennsi ¢ aJIpPOHHBIMKM CTPYSMHU, COJIEPYKAIIUMU Tsi?KEJIble KBapKW, JIAloT
NpsSMON  JIOCTYN K HaJaJbHONH KWHEMATHKe MapTOHOB W MOIYT ODECIednTh
JIOTIOJTHUTEJIbHBIE OTPAHWYCHUsT HA TOTEPI0 SHEPIUM TKEJIbIMUA KBapkamu |3

UccnepoBanus pp-CTOJKHOBEHUI HEOOXOIMMBI JIJIsi  ONpEJIeJIeHNsT  TTapaMeTpoB



obpazoBaHusi U (pparMeHTAIUNd TsXKEJbIX KBapKOB B BaKyyMe, 4YTO SIBJISIETCS
€CTECTBEHHbIM OPHUEHTUPOM I HMHTEpIpPETAllud Pe3yJbTaToOB CTOJKHOBEHUI
TSI?KEJIBIX MOHOB, B KOTOPBIX CYIIECTBEHHOE BJIMSIHAE OKA3bIBAET ropsidasi sijiepHast
mMarTepusi, a uMeHHo npouecchl B3aumojeiictBust ¢ KI'II. Opnako B coObITHSIX ¢
BBICOKOII MHOXKECTBEHHOCTHIO HAOJIIOMAI0TCA IPU3HAKU KOJIJIEKTUBHOCTH, TaKUe KaK
JAJIBHOJIHCTBYIOTIIE KOPPEIAIny |4, 5|, MOBBIIEHHBII BHIXO/ CTPAHHBIX dacTHil |6,
KOTOPbIE XapakTepHbl jJjisi oOpazoBanusi KI'TI.

Kpome Toro, megaBHme pe3yabTaTbl, MHOJyUYeHHLIe B KoJutaboparun Al-
ICE (A Large lon Collider Experiment) na Bosbmiom Anpornom Kommaiinepe
(BAK) mnokasaju, dro TPaJMIMOHHBIN MOAXOJ K TEOPETHIECKOMY ONUCAHUIO
0o0pa3oBaHMsi TsIXKEJIbIX KBAPKOB B PP-CTOJKHOBEHUSIX HEJJIOCTATOYHO TTOJHO
OMUCHIBAECT CIEKTPBI AJPOHOB, COJEPXKAINIMX OdYapoBaHHBIE KBapku |7, §|.
CoOTBEeTCTBEHHO, IIEPBBIM STAIlOM KCCJIEJIOBAHUN IIPOIECCOB aJIPOHU3AIUN CPEIbI
CTAHOBUTCST W3yUIeHHE COOTBETCTBYIOIINX TTPOIECCOB B BaKyyMe,TO €CTh B TPOTOH-
IPOTOHHBIX CTOJIKHOBEHUSIX.

B jannoit pabore ObLIM IIPOBEJEHBI MCCJIEIOBAHUSI IPOIECCOB  POXKICHUSI
aJIDOHOB, COJICPXKAIIIX TSKEJIbIe KBAPKH (TsAKEJbIe apOMATHI) B IPOTOH-ITPOTOHHBIX
CTOJKHOBeHUsAX npu suepruu ,/syy = 13 TsB B askcnepumente ALICE mna
Boabmom Ajiporrom Kosuraitjepe. OcHoBHO# 3aja4eit pabOThl SIBJISIIOCH N3y YeHHE
paJMaJIbHBIX 3aBUCUMOCTEl B aJIpOHHBIX CTPYSIX, COJAEpPXKAIIUX OYapOBaHHbLIE
KBapku. Kpome TOro, ObLIM IPOBEJIEHBI UCCICOBAHNS BBIXO0B TIXKEJIbIX apOMATOB
PU TTOMOIIM KOPPEJISIIIUil, COOTBETCTBYIOIINX MAPHOMY POXKIEHWIO OYapOBAHHBIX
DY me30HOB.

JuccepTaliys COCTOUT U3 MATU OCHOBHBIX IJIaB, BBEJICHUS, 3aKJIIOUCHUS U JIBYX
IPUJIOXKCHUIA.

B mepBoit riiaBe paccMaTupBaOTCS TEOPETUUECKUE ACTEKThl (DUBUKN YaCTHII,
COJICPKAIINX TsXKEJIbIe KBAPKH, IPOBOJNTCS 0030p JIUTEPATYPHBIX MCTOUYHUKOB 110
JIAHHOM TeMe U PacCMaTpPUBAIOTCS TEKYIIHMe UCCIe0BaHMs, BKJOUas HepelleHHbIe
po0IeMbl (DUBWKH TIPKETHIX apOMATOB W MTPOTOH-TTPOTOHHBIX CTOJKHOBEHW.

Bo BTOpOIii rinase npejcrasieno onucanue sxcrnepumenta ALICE na Bosbiom
Anponnom Komnaiimepe. Janbl XapaKTEepPUCTHKNA OCHOBHBIX JTETEKTOPHLIX CHCTEM
9KCIIEPUMEHTa, METOJMKH PErucTpaiur U UJAeHTUDUKAIUKE YaCTUIl, a TaKxKe

MPUBOJNTCA OITMCaHWE TPOLUE/LYPbhI IIONCKa U PEKOHCTPYKINU TPEKOB B SKCIIEPDUMECHTE



ALICE. Kpome Toro, paccmMarpuBaeTcss IIPOEKT MOJAepHU3anuun Bryrpenneii
Tpexosoit Cucremsr sxcnepumenta ALICE.

B Tpetbeit rmaBe 1ipejicraBiieHO UCCie0OBaHUE PaJiMaJibHON 3aBUCHMOCTH,
BO3HUKAIOIIEH B aJIDOHHBIX CTPYsX, COJEpKalluX Tskejble kapku. [Ipu anajinze
nanabix sKkcnepuMenta ALICE mosyuens u nccieoBanbl panaibHble 3aBUCHAMOCTH
crpyit, copepxatmx DP-Mmez0ubr 1 A -6apHOHBI.

B gerBepToii ritaBe 1pejicraBiieHbl UCCJIE/I0BAHNS KOPPEJAIUl POXKICHUS T1ap
TSIKEJNBIX KBapkoB. Jlms mabopa mammubix, mosayueHHbIX B 3kcmnepumente ALICE
OblLiIa pa3paboTaHa U IPUMEHEHA METOJIUKa aHaJIN3a POXKJICHUS I1ap DD’ mes0mHOE.
[Tapwr DOD°-mes0H0R MOTYT STBJISITHCST TIPOYKTAMU aIPOHU3AINN COOTBETCTRYOIIIX
1ap o4apoBaHHbIX KBAPKOB. B CBOIO 0uepe/ib, apHoe POXKJIEHUE TSXKEJIbIX apOMaTOR
SIBJISIETCST OJIHAM U3 KJIFOUEBBIX MOMEHTOB nepTypbarusHoit Mogean KX/ u rpebyer
9KCIIEPUMEHTAJIBHOIO MO/ITBEPK ICHHSI,

B mnaroit tiaBe mnpejcraBiieHbl pe3yibTarhl  ucciegoBanuit  MOHOIUTHBIX
Akrunbix [Tukcenbubix Cencopos (MAIIC) jyist MojepHusupoBantoii Bayrpenneit
Tpekopoit Cucremsr (BTC) skcnepumenta ALICE. Morusarueii k MojepHu3amnum
BTC saBnsnach HHM3Kass CKOPOCTh cOopa U oOpPabOTKU JAHHBIX U HEJOCTATOYHAS
s dexkTrBHOCTD pekoncTpyKIimn Tpekos dactull B BTC cyiecrBoBaBiieit BO BpeMst
IepBOro U BTOpOro ceancos paborsl Bosbinoro Ajgponnoro Kosuaitiepa (g0 2018
rojia. BKJIIOUUTENLHO). DTH HEJIOCTATKE OCOOEHHO CHJIBHO BJIMSIIOT HA PErHCTPATIUIO
PeJIKUX COOBITUI M KOPOTKOIPOOEXKHBIX YaCTHUIl, TAKUX KAK aJIPOHBI, COJIEpKAIIie
TsivKeJIble KBapKKM. B pamMkax peajin3aliiu nporpamMMbl UCCJIEOBaHU MapaMeTpoB
MAIIC, 6bin n3ydenbl BaykHERIIHE XapaKTEPUCTUKKN CEHCOPOB, KOTOPHIE MOMOTI'YT
PACIIUPUTDL JUAIIA30H TOJYUaeMbIX SKCIEPUMEHTAJbHBIX JAHHBIX, B TOM YHCJE B
00J1aCTU aJIPOHOB, COJAEPXKAIIUX Ts2Kesible KBapKu. B mTore, ucioJib3oBaHue HOBOI
BTC mnosBoiuT yBeJMdWTh CTATUCTUKY HW3MEPEHUi, TOBBICHTH (DPEKTUBHOCTH
perucrpaluu KOPOTKOXKUBYIIMX YaCTUI[ U OTKPOET BO3MOXKHOCTU JIJIsi peasin3aliun
HOBO# usnueckoit mporpammbl 3kcnepumenta ALICE mocne zamycka BAK B 2022
r.

OT,[Leﬂbele 9Tallbl aHaJIN3a JaHHBIX TaK2K€ BbIHECEHDLI B IIPUJIOZKEHU A A u B.



AKTyaJIbHOCTH TE€MBbI

UccienoBanne  BBIXOJOB — HPOJYKTOB  aJPOHU3AINKM  TSKEJIbIX  KBapPKOB
B YJIBTPAPEISITUBUCTCKUX CTOJKHOBEHHSX SIBJISIETCA OJHUM U3  HamboJiee
3P HEKTUBHBIX METOJI0OB M3yU€HUs] CBOWCTB CUJILHOB3AMMOJICHCTBYIONIEH MaTepuu.
OCHOBHBIMHM ~ IKCIEPUMEHTAJHHBIMA ~ METOJAMU  (DUBUKK  TSIKEJIBIX  apOMaTOB
SIBJISIETCSl  MCCJIEJIOBAHUE KOPPEeJSIUil J9acTull, a TakxKe W3ydeHue IPOIECCOB C
yIaCTHEM TSKEJIbIX KBApKOB B COCTaBe aJPOHHBIX CTPYil, KOTOPOMY VIEJIACTCS
OCHOBHOE BHHMaHHE B JIaHHOII pabore. [TomobubIe uccaeoBaHus KakK JIJist
CTOJIKHOBEHWI TPOTOHOB, TaK W JJIsi CTOJKHOBEHUH TSXKEJIBIX WOHOB, BKJIOYEHDI
u B JieficTBylomyo, u B Oyaylyio (U3MUECKYIO 1IPOrpaMMy KPYyIHERIINX
skcrepuMenToB (usnkn Beicokux suepruii (ALICE, CMS, STAR). C pacumpenuem
00JIACTU UCCJICJIOBAHUI B CTOPOHY OoJjiee TsXKEJIbIX KBApKOB, CTaBATCSA IIOJ]
COMHEHUsT TPAJUIMOHHBIE MOJEJN, OINUCHIBAIOIINE TTPOIECChl aJIPOHU3AINYT JTaXKe
JUIsT TIPOCTERIINX CUCTEM CTOJIKHOBEHHH. ODTO Tpebyer jeTajbHbIX HCCIIEeI0BAHMIT
TAKUX IMPOIECCOB U BKJOUEHNUS HOBBIX HA0JIIOaeMbIX, KOTOPHIE MOI'YT JIONOJHUTH
CYIIECTBYIONLYI0 HMH(MOPMAIMIO U BbIBUTH HOBbIE MEXaHHU3MbI, BJIMAOIIAE Ha
9KCIIepUMEHTaJIbHbIE Pe3yJIbTaThl.

K rakum HaOJIIOJAEMBIM MOXKHO OTHECTH PaJiiaJibHOE PACTOsIHKE OT aJIpOHA,
COJIEPKAIIEr0 TsKEeJIbIi KBapK JI0 OCH aJIPOHHOI CTpyH, OOpas3oBaBIIeiics IIpu
POXKJIEHNN STOTrO aJipoHa. llepBoe skcmepuMmeHTaIbHOE HCCTEIOBAHNE PaTUAJTbLHBIX
pacipe/ieJieHuit aJJpOHOB, COJAEPIKAIINX TsI>KeJIble KBAPKU, B aJIDOHHBIX CTPYSIX OBLIO
npejicrasieno kojuiabopanueit CMS B pabore [9]. Eie ojna pabora 110 pesysibraram
MOJICTUPOBAHNS PaIMaJbHBIX 3aBUCHUMOCTEI B aJIPOHHBIX CTPYIX JJIsd tOop KBapka
|10| 6pa onybaukoBana B 2021 roy, yXKe Mocje 3aBepIIeHnsT MPEJICTaBIEHHOTO B
JIaHHOI paboTe nccie0BaHus.

Kpome Toro, B jaHHOIl paboTe yjeiseTcsd BHUMAHUE U JIPYTOMY METOMIY
UCCIeJIOBAHNI (DUBMKK TSXKEJBIX apOMaTOB — HM3YUYEHHIO KOPPEJlnii pOXKJIEHUsI
nap ovapoBaHHBLIX ME30HOB. Dbljla pazpaboTaHa MeETOJMKa aHAJU3a POXKJICHUs
1nap Oo4apOBaHHBIX ME30HOB JIJIsi TPOBEPKHU OJIHON M3 OCHOBHBIX I'MIIOTE3 KBaHTOBOM
XPOMOJIHHAMUKE (O TAPHOM POXKJICHUHU TSKEJIBIX KBAPKOB). DTa METOJUKA MOKET
ObIThb INPUMEHEHA K JIaHHBIM, KOTOpPbIe OyjyT IOJIyYeHBbI IIOCJE MOJEePHU3AIUN

skcrepumenta ALICE u mnocie ypenmwdenusi cernmoctn Bosbimoro A nporHOTro



Konmaitniepe. DKcrnepuMeHTaIbHOE HCCIEI0BaHEe TapHOTo poxaenus DU-mezona
npejicrasieHo paboroii |11], B skcnepumente ALICE mogobnoe uccrenoBanue panee
HE TTPOBOJINJIOCH.

OjiHO# M3 OCHOBHBIX MPODJIEM HCCAeAOBAHUN B 00jacTh (DUBMKKH  TSIHKEIbIX
apoOMaTOB $BJISIETCS HECOBEPIIEHCTBO CYINECTBYIONIUX METOJIOB JIETEeKTHPOBAHMSI,
MO9TOMY Ba)KHEHITUM  3TaroM paboOThl  SIBJISIIOCH MCCIEIOBAHUE THKCETHHBIX
CEHCOPOB HOBOTO TTOKOJIEHUST, TTPUMEHsIeMbIX Jij1si Mojiepausaimn BTC skcnepumenTta
ALICE. Ilommmo BTC skcnepumenta ALICE, BBemenmoii B 3KCILTyaTanuio B
2021 rojy, TakKue CEHCOpPbl MOIYT OBbITh HCIOJb30BaHbI B TPEKOBBIX CHUCTEMAaX
skciiepumentos MPD u SPD na poccuiickom kosutaiiiepe NICA, B Jlybue [12].
Kpome Toro, wucciejyemMbie CEHCOPbI MOTYT Ha#iTH ¥ NPUKJIAIHOE ITPUMEHEHWE,
HAIIPUMEP, B KOMIILIOTEPHOH ToMorpaduu JJjs JUACHOCTUKKA U BUIyaAJIU3AIUN
OIIYXOJIEBBIX IIPOIECCOB C BHICOKOI TOUHOCTBIO.

Pazpaborka n uccienosanust npororuno MAIIC mist monepuusuposannoit BTC
skcrepumenta ALICE Besucn ¢ 2012 roga [13]. B Poceuu, takue uccsepoBanust
nposoausuchk B CII6IY u 6butn omybsmkosanbl B padbore [14]. B mpespcrasnennoii
JINCCEPTAINN UCCJIeIOBAHUS MTPOBOJIMINCH Y2Ke JIJIT PeAJbHBIX MOJTHOMACIITaOHBIX
cOOPOK JIETEKTOPOB, KOTOpbie ObLIM yCTaHOBJIEHBI BO BrHyTpeHH00 TpekoByto

Cucremy skcriepumenta ALICE.

e n 3agayum padboTh

Lenbio auccepralnyy siBIsJIOCh UCCJIEJOBAHUE BBIXOJOB aJIPOHOB, COJEPXKAIINX
Ts2KeJIble  KBapKH, B YJIbTPAPEJATHBUCTCKUAX CTOJKHOBEHHAX Ha Dojbiiom
Ajponnom Kosuraitgepe. B pamkax pannoro mccijenoBaiusi ObLIM MOCTABJICHBI 1

pelieHbl cJieyIoniue 3a/1a4um:

e O030p TeopeTHUeCKMX — Mojiesieil  (PU3MKU  TKEJBIX ~— apoMaToB B

YABTPAPEJIATUBUCTCKUX CTOJIKHOBEHUAX

e O0630p METOJINK HCCJIeIOBaHUSd MeXaHU3MOB aJpOHU3AIINN

CUJIbHOB3aUMO/ICUCTBY IO MaTepPUU

o O030p METOJMK PErucTpalud U PEKOHCTPYKIMKA YaCTHUI[ ¥ MOTOKOB YaCTHII

(agponnbix cTpyii) B 9xcrepumente ALICE
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e O030p MeTOUK aHaan3a JaHHBIX B dKcrnepuMente ALICE

e Pazpaborka MeTosa aHaJn3a paJinajbHON 3aBUCUMOCTH B aJ[POHHBIX CTPYSX
Ha OCHOBE aHaJ/in3a (PYHKIMUU (PparMeHTalluu aJIpOHHBIX CTPYH, COjepKalliuX

TsAXKeJIbIe apOMaTbl

o Anaynm3 paJuaJbHBIX 3aBUCHMOCTEN JIJIsT SKCIEPUMEHTAJbHBIX JIaHHBIX,
nosiyderabix B akcnepumente ALICE B pp-crosiknoBenusix B nepuoj ¢ 2016

o 2018 ros,

e Pazpaborka meroja mccienoBaHus POXKJEHUsT 1Tap 0YaPOBAHHBIX ME30HOB B

MIMPOKOM JIMAIIa30He TTONEPETHBIX UMITYJIbCOB B aKcrepuMente ALICE

e llccnenoBanme JeTeKTOPHBLIX cHCTeM Ha OCHOBe MOHOMUTHLIX AKTHBHBIX
[Tukcenbubix Cencopos (MATIC) st BHEIIHUX CJIOEB MOJEPHU3UPOBAHHOI

Buyrpenneit Tpekoroit Cucrembr sxcniepumenta ALICE

TeoperuvecKkad n mpakTudeckas 3HAYNMOCTh PaOOTHI

Teoperuueckasi 1 IpaKTUUeCKas IIEHHOCTb PabOTHI ONpeieNseTcsa pa3paboTKOi
METOJINKHM aHaJu3a paJinaJbHOMl 3aBUCHMOCTH B aJIpDOHHBIX CTPYSIX, COJEPKAIAX
TsiKEJIbIe KBapKM, a TaKxKe pas3spaDOTKON MeTONMKN aHajau3a POXKIEHUs Iap
O4YapOBaHHbLIX Me30HOB.  IlokazaHo, 4YTO MexaHM3Mbl OOPA30BAHUS TsXKEJbIX
KBapKOB U aJPOHHBLIX CTPYSX MOI'YT OKA3bIBATh OIpEJIeJIEHHOE BJIHMSHUE Ha (POPMY
pajuaJbHbIX 3aBHCHMOCTeil. B wumrore, mokazaHa 3HAYUMOCTH MCCJETOBAHUA
pajuajbHbIX 3aBUCHUMOCTEl B aJPOHHBIX CTPYSAX JJisi M3YUEHHUs] [POIECCOB
aJIPOHU3ALMU CPEJIbI.

Takxke B3HAYUMOCTb PADOTLI OOYCJIOBJIEHA HCCJIEJIOBAHUSIMU  ITHKCEJIbHBIX
CEHCOPOB HOBOI'O moKoJjeHus st MoaepansnpoBanaoit BT C skcnepumenTta ALICE.
[ToMruMO Hay4HO# IEHHOCTH TaKUX CEHCOPOB B PaMKaX (PU3UUECKOH ITPOrpaMMbl
skcrepumenta  ALICE, HeoOXoguMO — OTMETHTb  BO3MOXKHOE  IIPAKTHUICCKOE
IpUMeHEeHNe MCCIeOBAHHBIX CEHCOPOB B IMPHUKJIAJIHBIX 3aJadax paJualioOHHOIO

MaTEPUAJOBECHUSA U AJECPHON MEIUITUHBI.
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Hayuynasg HOBU3HA pabOTHI

BriepBble 10JiyYeHbl M WMCCJIE/J0BaHbl PaJiiaJbHble 3aBUCUMOCTU B aJ[POHHBIX
CTPYSX cojepxKamux odapoBannble kBapku B 3kcmepumente ALICE. Bnepsnie
MOJy4YeHbl W HCCJEOBAaHBI PaJUaJbHble 3aBUCUMOCTH B aJPOHHBLIX CTPYIX,
copepxkamux Al -bapnon. BriepBbie  TOJIyY€HO OTHOIIEHWE PaJinaibHbIX
3aBUCUMOCTEN /i1 @J[POHHBIX CTPYH, COJieprKaInX Aj—6ap1/10H K CTpysM,

conepskammm DY mezom.

ITosi02keHust BBIHOCUMBIE HA 3alIuTy

o Meronmka anajnza pajJuaJbHON 3aBUCUMOCTH B aJIDOHHBIX CTPYSAX Ha OCHOBE
aHajn3a QYHKIUU (parMeHTaluu CTPpyid, B KOTOPbIE BXOJAT aJIPOHBI,

cojiepzKallife TsKeJble KBapKu

e Pesysnprarnl  amaygms3a  gaHbix  9kcmepumenta  ALICE:  pagmanbmbie
3aBUCUMOCTH JIJIst cTpyit, cojepaimx Af—6apuon u DP—meson, a raxwxe

OTHOIIEHMA ITUX PaJraJIbHBIX 3aBUCUMOCTEN

L4 MGTOII;HK& aHaJin3a pPOKJCHHUA IIap OYapOBaHHBIX ME30HOB B SKCIIEDHUMCHTE

ALICE

e Pesymprarnr  uccnenosanmit  coopok  MAIIC  jgas BHemmmx — cjaoeB
mojepausuposannoit BTC ALICE: uccienoBanme IIyMOBBIX XapaKTEPUCTHK
nerektopoB MAITIC, uccienoBanme yHKINM OTKJINKA MTHKCEIHHBIX CEHCOPOB
IPU  BO3JIEHCTBUM Ha HUX HWOHU3UPYIOIIEIO U3JIyUYeHUs, UCCJeOBaHKIe

TeMIIepaTyPHBIX XapaKTePUCTUK COOPOK JIETEKTOPOB

JImunubIit BKJIaJ aBTOpA

Bce ocHOBHBIE Pe3YIbTATHI OBLITH MOy YeHbl JUIHO aBTOPOM UJIU ITPU COBMECTHOI
pabore ¢ JIpyruMu HcciejoBaressiMu.  Pe3ysibrarhl, MpejcTaBieHHbIe B JIAHHOM
pabore Obuin BrJOUeHbl B Boiycknyio Ksasudukanuonnyio Padory [15].

ABropoM paspaboraHa W TpPUMEHEHA METOJNKA MHCCIETOBAHUS PaIAAJbHBIX
3aBUCHMOCTEN B aJIpOHHBIX CTPYsX. s JaHHOTO HCjie/IoBaHus aBTOPOM OBLT CO3/IaH

HPOrpaMMHBIIl KOJI Ha OCHOBE IIPOrPAMMHOI0 oOOecledeHus Jijisi MCCJeJ0BaHMS
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dbyukuuu  dparmentanuu A —6Gapuona.  JaHubIi KO ObLI HMCIOJIB30BAH st
aHaJIM3a COOBITHII, pekoHCcTpynpoBaHHBIX B 3Kcuepumente ALICE, comepxkarmmx
Af—6apuonbr 1 Dy—Me30HbI.

Hnst  umccaeoBaHus  1apHOro  poxjeHnuss  Dg—Me30HOB — aBTOpPOM  Oblil
HAIIMCAH IIPOIPAMMHBIN KOJ, KOTOpBIA OBbLI INpUMEHEH I aHaJu3a COOLITHIA,
pekoncrpyupoBanabix B 9kcrnepuMente ALICE, cogepxanmx Dy—Me30HbI.

B pamkax usydenusi xapakrepuctuk MAIIC g mopepamsuposannoit BTC
skcrnepuMenta ALICE nwumo aBTopoM OBLLIM HMCCIEIOBAHBLI U MPOTECTUPOBAHDI
nopsaiaka 70% cbopok cpeauux u suemnux ciaoes BTC. Takxke aBropoMm 6bL1
cjlelaH  BKJIaJ, B Pa3paboTKy IMPOrpaMMHOIO obecrieueHust JiJisi WCCJIeIOBaHUs

xapaktepuctuk MATIC.

JlocTOBEpHOCTDb MOJIy4UeHHbIX Pe3yJIbTaTOB

g ToNyueHHBIX pe3YJIbTATOB aHaJW3a SKCIePpUMEHAJbHBIX JIAHHBIX UX
JIOCTOBEPHOCTb 00ECIIEUMBAETCST MHOTOYHMCJIEHHBIMUA OOCYXKJIEHUsIMA BCEX 3ITAIOB
aHaJM3a C MEXJIYHApPOJIHON paboueil TPYNIoi (PU3NKK TsXKEJbIX apoMaToB
kosutaboparuu ALICE. st Kaxkj10ro U3 3TalioB aHaJn3a JaHHbIX ObLIO IPOBEJIEHO
uzydenne QQIYKTyaIuil MOJYUYEeHHBIX Pe3yJabTATOB MpPU HW3MEHEHUW IapaMeTpoB
uccyieloBanus.  Yder (QIYKTyaluil MOJydeHHbIX Pe3yJbTaToB OblI BKJIIOYEH B
CUCTEMATUYECKYIO OIMOKY ucciejgoBanuii. [yt oT/ieibHBIX TAllOB aHaJu3a, 110
BO3MOXKHOCTH, ObLIO IIPOBEJEHO CPaBHEHUE 10JIyYEHHbIX PEe3YyJIbTaTOB € paHee
ONyOJIMKOBAHHBIMY PE3yJIbTaTaMK COTOCTABUMBIX WCCJIECJIOBAHUI W pe3yIbTaTaMu
MonTte-Kapo MopennpoBanus.

Pesysnbrarer  uccnegoBanusi MAIIC g mopeprmsuposannoin  BTC
skcrepumenTa ALICE moarBepkialorcst Kak IHMOCJIEAYIOMMMU  UCCIEJ0BAHUSIMI
BTC B pamkax paboumx CMeH MO BBEJIEHUIO B IKCILTyaTAIUIO MOJECPHU3UPOBAHHOM
BTC, rak n pesyabraramu padors BTC npu perucrpaiium cTOJIKHOBEHUN TTPOOHBIX

nyakoB BAK B 2021 roy.

Arnpobarus paboTsl

PesyabraThl paboThI ObLIN IPEACTABICHBI Ha MEXKIYHAPOIHBIX KOH(DEPEHITUSIX I

MEKIYHAPOJIHBIX COBEIAHUAX:
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1. T. Lazareva, G.M. Innocenti, V.Kucera, N. Zardoshti, A.— and Dy —jets radial
displacement, ALICE Physics Forum,
https://indico.cern.ch/event/1029235/

2. V. Zherebchevsky, T. Lazareva et. al., Silicon Pixel Detectors for the Inner
Tracking System of MPD Experiment at the NICA collider, 75Th International

Conference «Nucleus-2020»

3. T.Lazareva, Assembly and Commissioning of the ALICE ITS Upgrade,The
28th International Workshop on Vertex Detectors «Vertex-2019», 13.10.2019
— 18.10.2019, Lopud Island, Croatia

4. T. V. Lazareva, F. F. Valiev, V. 1. Zherebchevsky, D. G. Nesterov, G. A.
Feofilov, New detector for studying cumulative processes in hadronic collisions
, Nucleus-2018, 2-7 Jul. 2018, Voronezh

5. T. V. Lazareva on behalf of the ALICE collaboration, Upgrade of the ALICE
Inner Tracking System, Nucleus-2019, 1 — 7 Jul. 2019, Dubna

6. T. Lazareva, V. Zherebchevsky,G. Feofilov, D. Nesterov, N. Maltzev on behalf
of the ALICE collaboration, Pixel detectors for experiments at the NICA
collider, AYSS-2018, 23 — 27 April 2018, Dubna

OcHoBHBIE pPE3YJILTATHI AHAJIN3a JAHHBIX OBLIM OJI0OPEHBI W IIPUHSITHI B KAUECTBE
odurmanbubix pesyabrato kcnepumenta ALICE [16], u Bomum B jokmajgsr or

nmenu xKostabopannn ALICE:

e Gian Michele Innocenti for the ALICE collaboration, Recent experimental

open heavy-flavor results, The 19th International Conference on Strangeness
in Quark Matter (SQM 2021), 17-22 May 2021, Online

e Andrea Dubla for the ALICE collaboration, Jet substructure of heavy-flavour

tagged jets with ALICE at the LHC, EPS2021 - European Physical Society
conference on high energy physics 2021, July 26-30, 2021


https://indico.cern.ch/event/1029235/
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1. V.I. Zherebchevsky, T.V. Lazareva et al., Experimental investigation of new

ultra-lightweight support and cooling structures for the new Inner Tracking
System of the ALICE Detector, Journal of Instrumentation 13(08):T08003-
T08003 DOI:10.1088/1748-0221/13/08/T08003, 2018

2. M.Deveaux, A.Aduszkiewicz, ..., T.Lazareva et al., The Small Acceptance
Vertex Detector of NA61/SHINE, EDP Sciences, Vol. 171. 6 p. 10003. (EPJ
Web of Conferences; vol. 171), 2018.

3. T.V. Lazareva et al., A New Detector for Studying Cumulative Processes in
Hadronic Collisions, Bulletin of the Russian Academy of Sciences: Physics.
83,9, p. 1155-1160, 2019.

4. V.I. Zherebchevsky, T.V. Lazareva et al., Silicon Pixel Detectors for the Inner
Tracking System of the MPD Experiment at the NICA Collider, Bulletin of
the Russian Academy of Sciences: Physics, 2021, Vol. 85, No. 5, pp. 541-547.

5. S. Acharya, D. Adamovd, ...,V. Zherebchevsky, T. Lazareva et al. (ALICE
collaboration), Measurement of the production of charm jets tagged with D°
mesons in pp collisions at /s = 7 TeV, JHEP 08(2019)133

6. S. Acharya, D. Adamovd, ...,V. Zherebchevsky, T. Lazareva et al. (ALICE
collaboration),A} production and baryon-to-meson ratios in pp and p-Pb col-
lisions /syy = 5.02 TeV at the LHC, Phys. Rev. Lett. 127 (2021) 202301

7. S. Acharya, D. Adamovd, ...,V. Zherebchevsky, T. Lazareva et al. (ALICE
collaboration), Observation of a multiplicity dependence in the pT-differential
charm baryon-to-meson ratios in proton-proton collisions at /s = 13 TeV,
preprint: arXiv:2111.11948

B 2022 romy roroBuTcd K IMyOJUKAIUU CTaThsl HEMOCPEJCTBEHHO IO PE3YJIbTaTaM

aHaJIM3a JIAHHBIX, PEJICTABICHHOrO B JaHHON pabore

MMommsrit crmrcox mybamkanmii B coctase kKosabopannu ALICE: InspireHEP: Tatiana Lazareva


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=Lazareva%20Tatiana&ui-citation-summary=true
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e ALICE collaboration, Measurement of in-jet production of A. baryons in pp
collisions at \/syn = 13 TeV with radial displacement analysis for A, and DY
tagged jets
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Hcnonb3yemble 0003HAUEeHNS 1 COKPAIeHU S

ALICE — A Large Ion Collider Experiment

BAK — Boabmmoit Ajgponnsiii Kostaiimep

KX/I — KparnToBasg xpoMoguHaMHIKa

KT'TI — KBapk-rroontasi 1jiasma

BTC — Buyrpennsisi Tpexkoast Cucrema

KMOII — KommiuMmenTapHas CTPpyKTypa METaJLI-OKCHI-IIPOBOIHUK

MATIC — Mownosntabie Aktusabie [Tukcennanie Cencoph
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['JTABA 1

NccaepoBannga npomeccoB aapOHU3AIN

CUJIbHOB3aMMO/IEMCTBYIOIIEl MaTepun

Aponnl, cojepxKampe TsXKeJIble KBapKu, OOpasyloTcsi B CTOJKHOBEHUSIX
9JIeMEHTAPHBIX YaCTHUI[ U SIJeP BBICOKHX SHEpTHii B pesysibrare (parMeHTallnn
COOTBETCTBYIOIINX KBAPKOB, BO3HUKAIOIINX B IMPOIECCAX YKECTKOIO PaCCesiHhsT Ha
PAHHUX CTaJMSIX CTOJKHOBEHHUsl. B 9aCTHOCTH, CTOJKHOBEHHUsI TSAXKEJbIX HOHOB
MO3BOJISIIOT JIOCTHUB JIOCTATOTHOTO 00beMa CHCTeMbl CTOJIKHOBeHUsT (pucyHOK 1.1)
JIUIsT BO3MOXKHOCTH H3YUEeHHs BEIIECTBA B COCTOSHUU JeKOH]aiHMEHTa — KBapK-
rooorHod masmbl (KT'TT) — u nporieccos ero ajipoHusanum.

B pesysbrare  yJibTPaApPEJSITUBUCTCKONO  CTOJIKHOBEHHUsI  JIOCTUIAIOTCS
9KCTPEMAJILHO BLICOKHE TEeMIIepaTypa U ILJIOTHOCTL SHEPIUHU TOPSIIKA HECKOJLKHX
['5B/bwm?, B pesynbrare qero KBapKu U IJTIOOHBI IIEPEXOJAT B CBODOHOE COCTOSHHE
u noutu cpazy tepmajusyiorcs B KI'TI, obpasysi Tak HazwbiBaemblil daitepbo.i.
QaijtepboJi  JJOCTATOYHO OBICTPO PACIIUPSAECTCS W OCTHIBACT JIO0 KPUTUYECKON
TeMIepaTypbl 1., MOCJe Yero KBapKH M TJIIOOHBI CBSI3BIBAIOTCS U 00pa3yioT
aJipoHHBIl Ta3 (pucynok  1.1). B ampoHHOM raze MpPOUCXOAAT HEyNpyrue
CTOJIKHOBEHHMsI MAPTOHOB ¢ M3MeHeHWeM apomaroB. Jlajee cucrema OXJaxkaeTcs
JIO TEMIIEPATYPbl XUMUYECKOIO BbIMOPAXKUBAHUSI, B 9TOT MOMEHT [PEKPAILAITCs
HEYIIPYTue CTOJKHOBEHUsI aJIpOHOB M aPOHHBIA COCTAB CTAHOBUTCS MOCTOSHHBIM.
Sarem, Temmeparypa JOCTHUTaeT KWHEMATHIECKOrO0 BBHIMOPasKMBAHMUsI, KO/
yIpyrue CTOJKHOBEHWSI TakyKe IpeKkpariaorcsa. VIMEHHO B TakOM COCTOSTHWH,
JACTHUILI JJOCTUTAIOT JEeTEKTOPA.

Tak kKax OOJbIIAsg YACTh TSXKEJIBbIX KBAPKOB POXKJIAETCI B CaMble IEePBLIE
MOMEHTBI CTOJIKHOBEHWsI, OHU SIBJISIIOTCS WHCTPYMEHTOM HCCJIEIOBAHUST IBOJIIONNN
CHCTEMbI CTOJIKHOBEHHsI B TEYEHWE BCEr0 BPEMEHH ee CYIIeCTBOBaHuWs. 'lem He

MeHee, JIJTHA PACIajia TAKEIBIX apoOMaTOB JOCTATOYHO MaJia, ¥, HampuMep, s DY
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Me30Ha, COCTOAIIEro U3 09apOBaHHOTO KBapKa U U aHTUKBapKa, COOCTBEHHAs JIJIMHA,
pacmajia ¢ cocrapiser nopska 123 mxwm [17]. [losromy B jgerekrope MoryT 6bIThH

3apPErucTpUupoOBaHbl MIPOJIYKTHI PACIajia aJPOHOB, COJCPXKAIINX TAXKEIbIe KBAPKU.

Ho cronkHoBeHus Agponu3auus —~0.3-
: S " |early universe
e EEEEE—— [T
o |LHC Quark Gluon Plasma
— [ RHIC _
b <Py>~0
0.2 crassoner SPS

tri-critical paint

‘ > Porder
= colour
- 0.1 superconductor —|
| H ic ph
! adronic phase rys 50
v <pys ~ (0237 Gev®  GSI
; 28C
hadron " Fermi CFL
vacuum gas \‘ liquid  neutron stars core
0 0.4 GeV nuclei
s 0.93 GeV
ne(GeV)

(a) (0)

Figure 1.1: (a) DBOJIIONHUS [EHTPATBHOTO YIBTPAPEIATHBUCTCKOTO CTOJKHOBEHUSI HOHOB CBHHIIA;

(6) ®azoBas muarpammva ajapoHHON MaTepun [1§]

Curenyrorreit BakKHeien 3ajlayeit ocJje perucrpaimnmn YaCTUI],
ABJICTCA WHTEPHpeTalusd MOJYYCHHLIX Pe3yJIbTaTOB. Yementnoe  onmcanune
9KCIIEPUMEHTAJbHBIX PE3YJIbTATOB JIOCTUIAETCS IIPH IIOMOIIU IepTypOaTUBHOI

kBaHTOBOH xpomouuamukn (KX]T).

1.1 KBaHTOBasg XpOMOJMHAMUKA, MAPTOHHAA MOJIEJIb

Opnnoit m3 ocHOBHBIX TIiesieil meprypbaruBnoit KX/I saBisercs omnucanue
MapTOHHON MOJIesM B paMKax Teopun moJist. [lapromnast momens |19, 20| BosHuk A
KaK CJIeJICTBUE IKCIePUMEHTAJIbHBIX Haboenuit [21, 22, 23|, cBuieresibCcTBy 10X
00 addekre ckeiyimura.  Janubiii 3pPeKT MOXKHO OObSICHUTH PEJIITIOJOKUB,
YTO B MPOTOHAX CYIIECTBYIOT TOUYEHUHbIE 3apsiKeHHbIe KOHCTUTYEHTDLI, KOTOpble B
KX/l mpejcTaBiasgioTcs Kak MOPCKHE W BaJeHTHbIE KBapKdH. IDTH KOHCTUTYEHTBI
HE B3aMMOJIEHCTBYIOT MeXKJly coDOil M MMEIOT MpPeHeOPEKMMO MaJiblii MoTepevdHbIit
UMITYJIC, TIPU ITOM KaXKJblii M3 HUX C HEKOTOPOH BEPOSATHOCTHIO HECET
JIOTIO UMITYJIbCa COCTABHOTO aJpoHa. DB TakoMm ciaydae, cedeHusl aJPOHHBIX
IIPOIECCOB MPU OOJIBIIOM TIePEIAHHOM HMITYJILCE MOTYT OBITh BBIYHCJIEHBI UYepe3
CeUYeHUs] B3aMMOJICHCTBUS OTJIEJbHBIX TMAaPTOHOB M WX HapTOHHBbIE QYHKIUN

pacupejiesiernsi.  AKKypaTHOE TEOPeTHYeCKOe OIMCAHUEe HAPTOHHBIX IIPOIECCOB
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IIO3BOJIUT YTOUHUTH MOJIeJIbHBIE IpecKaszanus. OJHUM U3 NPEUMYIIEeCTB ONUCAHUS
apTOHHON MoJjiesin B paMmkax meprypbaruphoit KX/l sBisiercss BO3MOXKHOCTH
OIMUCAHUA KECTKUX MPOIECCOB POXKJICHUA KBAPK-aHTUKBAPKOBBIX T1ap U aJIPOHHBIX
CTPpY#, UPOUCXOAAINIUX B HaYaJbHbIE MOMEHTbl CTOJIKHOBCHUS. Hauboiee
pPaCIpOCTPAHEHHBIN TEOPEeTUYCCKU TOAXO K OIMUCAHUIO CEYCHUN aJIPOHHBIX

MPOIECCOB OCHOBaH Ha Teopeme daxropusaimn KXJI [24].

1.2 Teopema dakTopusanuu

Teopema bakTopuzaluy MPeJIIIOIaraeT, YTo CpeHEE BPeMsi apTOH-T1aPTOHHOTO
B3aMMO/IeiCTBIE KOPOUe, 1eM BpeMs JIFOObIX B3aUMO/IeCTBI TapTOHOB Ha, JJTMHHOMI
JINCTAHIIMK BHYTPH SJIpa B COCTOSHUU KOH(aRHMEHTa J0 UJIU II0C/Ie CTOJKHOBEHUSI.
COOTBETCBEHHO MOXKHO Pa3/eanTh OJMKHNE U JAJbHIE TPOIECCH JIJIS BhIUMCICHUSI
IIOJIHOI'O CE€YEHMsT POXKJICHHSI aJIPOHOB. DJIMKHEE IIPOIECChl MOIYT ObITh OIMCAHbI B
pamkax neprypbarusnoit KX/, a JajbHIE IPOIEcChl MOIYT OBITH OIMUCAHBI TOJHKO
B HellepTypbaTUBHOM pexkuMe. Teopema (paKTOpPU3AIMH IPEJIIIoIaraeT, UTo CeUeHnue
POXKJIeHUA aJ[pOHA B CTOJIKHOBEHUUW aJ[POHOB WJIM dJieP, PaCCUYUTHLIBAECTCA KaK
CBEPTKA TPEX HE3aBUCHUMbIX YJICHOB: (DYHKIMU PACIIPEEICHUS BXOIAIIMX IIAPTOHOB
(PDF), cevenust mapTOHHOrO paccesiHusi, B PE3yJIbTATE KOTOPOTO POXKIAIOTCS
TsKesible KBapku, u dynkinuu dparmentanuu (FF), xoropas mapamerpusyer

HenepTypOATUBHYIO IBOJIIOIMIO TSKEJIOr0 KBapKa B 3aJlaHHbINH BijL ajipoHa [18]:

Aol = faa(a, Q%) @ foyp(7p, Q%) @ Aol (24, Tp, Q%) ® Des(2, Q7), (1.2.1)
[e:

° fa/A(a:a,QQ) —  (yHKIUS paclpeiesieHdss [apTOHAa, COOTBETCTBYIOIIEEe

BEPOATHOCTHU HaXOXKIAEHHs IIapTOHa C apOMaTOM a B CTa,.HKI/IBaIOH_LeI'/JICH

Pa
pa’
byHKIME  pacupejiesieHns  HEOOXOJMMbBbI  JIJI  OIpejeseHusl I[IapTOHOB,

gacruie A v Hecymias JI0JI0 UMIYJIbCA HYKJIOHA, T = [TapronHbie
YYIaCTBYIONINX B IMOCJTEYIONEM PACCAHUH, IPH 9TOM aHAJUTUIECKOE OIMMCAHHE
¢ ucnosib3oBanneMm neprypbarusaoit KX /I HEBO3MOXKHO B CBsI3U € ITUPOKUM
JIMAIIA30HOM HMMILYJIBCOB, BKJIOYAIOIMMM MSIKYI0 00/aCTh. [Tosnarasi,
4170 (DPYHKIMKM paclpejie/ieHdsl [MapTOHa HEU3MEHHBI JIJII BCEX CHUCTEM

CTOJIKHOBEHUA, JJIsdd MX BbBIYUCJICHUA MCIHOJIB3YIOTCA 3SKCIHEPUMEHTAJIbHBIC
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JJaHHBIE, B TOM YHCJE II0 TJIYDOKOHEYIIPYIOMY pAacCCEesHHUIO, a TaKKe
ypasuenus loxmurnepa-I'pubosa-Jlunarosa- Anprepesu-Ilapusu (AIJIAIT)
|25, 26, 27, 28] u Basunkoro-®amuna-Kypaesa-Jlunaropa (BOKJI)[29],
KOTOPbIE OTPaXKaioT IBOJIONUIO KBAPKOBBIX M IVIIOOHHBIX paclpejie/ieHnii B

HYKJIOHE TIpH n3MeHeHn# (QQ° u ;

hard

° (Tab—+c

(24, 1y, Q%) — cedenme KecTKOro mapToHHOTO TIponecca a + b — ¢ +
X. Tak kKak Juis »KECTKUX IPOIECCOB C BBICOKUM HMMIIYJILCOM KOHCTAHTA
B3aMMOJICHCTBHS MaJia, CeYeHHe MOXKHO BBIUHCIUTH C KCIOJb30BaHUEM

neprypbarusaoin KX/I;

° Dc_m(z,éf) — (dyskuust QparmMenTalnuu COOTBETCTBYIONIAs BEPOSITHOCTH
Ph

C

(bparmenTaluy maproHa ¢ B aJpoH h ¢ Jojeil UMIIyJbca MapToOHA Z =
ITporieccor nporekarolue npu (parMeHTAIMU 110 OIPEJICJICHUIO ABJISIOTCA
HenepTypOaTuBHBIMK, COOTBETCTBEHHO MX MEXaHM3M HE MOXKET ObITh OIKMCAH
QHAJIUTUICCKU. Takke Kak u B cjydae IapPTOHHBIX PaCIPEICJICHUI,
onn onpegensiorcs n3 ypasuenuit JI[JIAII u BOKJI ¢ mapamerpamm

H3BJICHECHHbIMU HNJIX SKCTPAIIOJNPOBaHHBIMUA N3 3IKCIIEPUMEHTAJLHBIX JaHHDbIX.

Cxemarudeckoe — IpeJICTaBJCHUE  HPUMEHEHHsI  TeopeMbl  (pakTopusaiuu
npeJicTaBIeHo Ha pucyHke 1.2. B seBoit 4dactm jauarpaMMbl TIpeJICTaBJICHbBI
MMApTOHHBIE PACIpPEJIeJICHUd CTAJKUBAIOIMUXCA aJPOHOB, B IIEHTpPE — IPOIECC
JKECTKOT'O IMapTOHHOI'O PaCCesiHhs, a B IIPaBOil 4acTU MPJCTaBJICHbl (DYHKIUN

dgparmenranuu JByX aJPOHHBLIX CTPYil, 0OpPa30BaHHbIX B PE3YJibTaTe CTOJKHOBEHUS.
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fa(z1, Q%)

—_— -

— Parton distribution

e —

E Parton distribution ,3
—— L

— =

fe(re, Q%)

-

hadrons

Figure 1.2: Cxemaruveckoe IMpeJCTaB/JIeHHEe ITPUMEHEHHS TeopeMbl (DAaKTOPU3AIMU IIPU

dbopmupoBanum 1BYX aJpOHHBIX cTPYil [18]

1.3 MoageaupoBaHue IIPOIECCOB, BO3HUKAIOMINX MNPU B3aWMMOJI€iCTBUN

qacTull B (pu3mKe BHICOKUX IHEPTUil

st MojeTupoBaHusi MPOTECCOB B (DMBUKE BBICOKUX SHEPIHI HCIOJb3YIOTCs
reHepaTopbl coObITHT - crernyaJbHble 1porpaMMHbIe OoubJioTeKy,
OIIMCBLIBAIOIIIE POXKJIEHHE, B3auMOJEiCTBUE M pachajbl YacTUIl, HAIPUMEp B
YJIBTPAPEISITUBUCTCKUX CTOJKHOBEHUSTX. [ eHepaTrophl COOBITHII yUNTHIBAIOT KakK
TPAJMIIMOHHBIE  MOJICJIM  KBaHTOBOI xpomojuuamuky (neprypbarushas KX/,
TeopeMa (HAKTOPU3AIMU U T.JI.), TaK U (HEHOMEHOJOTHIECKUE MOJEH, XOPOIIO
BOCIIPOM3BOJIAIIAE Te WUIM HHBbIe 3(D@EKTh, HaOJ0JaeMble B SKCIEPUMEHTE.
BeposiTHOCTH TOTO WM WHOTO TIPOIECCa B TeHepaTopax COObITHII OIEHWBAETCs MO
merosty Monre-Kapsio [30]. Haubosiee pacrupocrpaneHHbIM reHepaTopoM coObITHil

B (pU3MKe BBICOKUX SHEPruil sipjsiercst renepatop cobbrtuit PYTHIA [31]. Ilaker
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PYTHIA conmep:kur HabOp TEOPETHYECKUX ¥ SKCIEPUMEHTAJILHBIX MOJIEJIeH,
OIUCBIBAIONIMX YKECTKUE U MSATKHE B3aUMOJCHCTBUsI, NAPTOHHBIC PACIIPECJICHUS,
HAPTOHHBLIE JIMBHU B HAYaJbHOM M KOHEYHOM COCTOSIHMSAX, MHOI'OIHAPTOHHDIE
B3AUMOJCHCTBUSI, AJAPOHMBALMIO, BKJIOYas IIOJHbIE W IaPUUAJIbHBIE CeUYeHUs]
Pa3JIMUHBIX IIPOLECCOB.

['eneparop coonrruit  PYTHIA  ocHoBmIBaeTcst Ha  JIyHJIOBCKOW — MOJENH
dbparmenranuu crpynbl ([32, 33]). CornacHo jaHHON MOJIENN MEXK/Ly HOCHTEJSIMU
[IBETOBOTO  3apsja, HaXONANMMUCS Ha paccrognun ~1 ¢ dopmupyercs
Ge3MaccoBasl CTpyHa 3a CUeT HATSKEHWd JMHHUNA [[BETOBOIO IOJA. 1 pajJuirOHHO
B Mojessax Monre-Kapiio paccmarpubaercst npubJinskenue BeiyIiero 1Bera, Korjua
OJIMH U3 KBApPKOB B (DUHAJIBLHOM COCTOSIHUM COEJIMHEH CTPYHON € MCKJIOUYUTEJHLHO
OJIHUM [APTOHOM, & KarKJIbIil [JIF0OH, HECYIIMil IIBeT U AHTUIBET COCJIUHEH C JIBYMSI
napronaMu. OOLIYHO II0/Ipa3yMeBaeTCsl, 9YTO Ha MIPOTUBOIOIOXKHDBIX KOHIAX CTPYHLI
pacIioIaraeTcss KBapk U aHTUKBAPK.

I'eneparop cobwbrtnit PYTHIA Bkitogaer B cebsi MHOXKECTBO TOJITIPOIECCOB,
rakux Kak kecrkue nporecchl KX/ (Hard QCD), msarkue npomecesr KX (Soft
QCD), mepecoeiHeHRE [BETOBBIX MOTOKOB (color reconnection), pacrajikuBaHue
crpyH (string showing), crpyrtbie BepeBku (string ropes) u Jp, u, COOTBETCTBEHHO
0O0JILIIOE KOJMYECTBO CBODOJHBLIX HAPAMETPOB.  BbIJAEJSIOT OT/e/bHbie HADOPbI
mapamMeTpoB (tunes), ONTUMU3UPOBAHHbBIE B TEX WJIU UHBIX yCJIOBUsX. Tak, Hanbosee
pacripocrpaneHHbIME Habopamu sBistiorcs Monash u Perugia 0 |34, 35| B koropbix
napaMeTpbl aJalTUPOBAaHbl IS M3y4eHusl CToJKHOBenuit ajponos na BAK.
Takue napamMerpbl reHeparopa XOPOLIO OIMCLIBAIOT »KECTKUE ILPOLeEcchl. bBolee
MSITKHE TIPOIECCHI JIy4dIlle OMKUChIBaoTCs Habopamu napamMerpoB SoftQCD, rue npu
(bOPMUPOBAHIHN YIEPKUBAIONIUX MOTEHIMAJIOB (CTPYH) YIUTHIBAIOTCS KOPPEJISIIIHH
IIBETOB 3a TpejesaMu npubsmkenusi ocHoBHoro 1pera [36]. Tlpu srom, aunosu
CBSA3HBLIX 1APTOHOB MOIYT PaCCMaTPUBATBLCS KaK OTJAEJbHbIE 1ICEBIOYACTHULbI,
a BepoaATHOCTH hopmupoBanus ompejenseanoro SU(3) wmymabruruera (agpoHa)
ONpPEJIC/ISETCS TyTeM MUHUMU3AIMN MOTEHIMAILHON 3Heprun ¢TpyHbl. (OCHOBHBIM
Habopom mapamerpon SoftQCD sisisiercst mabop mapamerpos SoftQCD Mode 2,

KOTOpPBIIi TpeOyeT cTporoe coOJ0IeHRe TPUHITAIIA IIPUIUHHOCTH JJIsI BCEX JIUIIOJIEN.
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1.4 O0630p 3KCIEepUMEHTAJBHBIX JAHHBIX

Teoperuueckue pacdeTbl, OCHOBaHHbIE Ha TeopeMe (aKTOpU3AIUU, IO
CUX II0D OCHOBBIBAJINCH Ha IPEJIOJOXKEHUNU, 4YTO (QYHKIUA (parMeHTaIn,
KOTOpasi OOBITHO M3MEpsieTCsi B 9JIEKTPOH-3JIEKTPOHHBIX (3JIEKTPOH-IIO3UTPOHHBIX )
CTOJIKHOBeHUsIX [37], yHUBEpCaJIbHA JIjisi BCEX CUCTEM CTOJKHOBEHUI U SHEPruii.

Takoro poja pacdeTbl, ObLIM IPOBEPEHbl B HSKCIEpUMEHTaX Ha Bojbiiom
Anpornom Kosunaitniepe (BAK). IleprypbaTuBhbie BBIYHCICHUS CJIE/YIONIEIO-3a-
seayipm nopsiika (Next-to-Leading Order) ¢ nepecymmupoBatuem cJie/iyromiero-
3a-Beymum Jorapudma, Kak Obuto mokazano B [38, 39, 40, 41|, ycnermHo
OIMCBLIBAIOT O00Opa30BaHUE CTPAHHBIX M OYApPOBAHHBLIX HE-CTPAHHLIX ME30HOB, a
TaKXKe WX OTHOIIEeHWsT KakK (DYHKIMIO TIONEPEUYHOr0 WMMITYJIhCA W CKOPOCTH B
IPOTOH-ITPOTOHHBIX (PP) CTOJKHOBEHUSIX B IMPOKOM JIMANIA30HE SHEPIHil HEeHTPa
macc [2, 42, 43, 44, 45]. Dror mmpokuii HaOOP SKCIEPUMEHTOB MOITBEDINIT
00OCHOBaHHOCTb TEOPETUUECKON 0a3bl, IPUHATON JIJId ONUCAHUS OOpPa30BaHUs
TSIKEJIBIX apPOMATOB, ¥ TIPEJIOCTABUJI IKCIEPUMEHTAIbHBIE JOKA3aTEIhCTBA TOTO,
9TO MPOIECC AJIPOHU3AINNN OYaPOBAHHBIX ME30HOB B PP-CTOJKHOBEHHUSIX MOXKET
OBITH OMHUCAH NPU MMOMOINKU (DYHKIINK (pparMeHTallnl, U3BJICUCHHBIX U3 3JIEKTPOH-
9JEKTPOHHBIX (€€) MM 3JIETPOH-TIPOTOHHBIX (€p) CTOJKHOBEHHIL.

C Apyroit CTOpOHbI, U3MEPEHHbIe cevdeHust POXKJeHust Al B PP-CTOJKHOBEHUSIX
CTaBsT 110/l COMHEHME TUIoTe3y 00 yHUBEPCAJbHOCTH (DYyHKIMN (DparMeHTaluu Jijist
odapoBaHHBIX GapwonoB |7, 8]. Bmepsbie momobhas mpobiema HaOMIOIATACH B
AuAu cronkuosenusax wa RHIC [46, 47|, rme yBeswdenHoe poxkjeHue 6aApHOHOB
110 CPABHEHWIO C €p W PP CTOJKHOBEHWSIMY HAOJIIOIAIO0CH IJIsT OTHOIIEHUI BBIXOIOB
m/p n AJK?. Uccneposanue poxgenns AT-6aprona kak (QyHKIUM 1OIEPEIHOrO
nMIysabca, nposefennoe koJutaboparmeit ALICE nmsa pp-cronkmoenmit mpu
TsB [8|, mokazasno ysejuuenue cedenusi A7 10 CPABHEHUIO C TEOPETUICCKUMHE
PEJICKA3aHUsIMA  TIPU  HU3KUX [OMEPEIHbIX HMIIYIbCax pPr. B kauecrse
TEOPETUICCKUX MOJIesIel ObLIM NCIIOJIH30BAHBI PACCUETHI, BBIIIOJHEHHDIE ¢ TOMOIIHIO
PYTHIA 8 B mogudukarmu Monash [34], a Takzke pacuersl ipu IOMOITH FeHEPATOPA
cobbrtuit HERWIG 7 [48|, rak:ke yuIuThIBAIOIIEr0 MOJIETH MEPECOCTUHEHNUST TIBETOB.
Oba reneparopa COOBITHIT MCHOJIB30BAIN (DYHKINIO (PArMEHTAIMA OYaPOBAHBIX

KBAPKOB, OCHOBAHHYIO Ha U3MEPEHUsIX JIJis ee U ep crojikHoBenuit [38, 39).
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Otnomenne Buxon0s A —6apuonos k D'mezonam, KoTopoe GbLIO BLEIYHCICHO
JUlsl Bbljlesiennd g dekrTa dpparMeHTanuy, HaxXouJoch B juainazone or ~ 0.6 B
unrepsajie 1 < pr < 2 I'9B/c¢ jo ~ 0.3 jyist 8 < pr < 12 T9B/c¢ | B 10 Bpems Kak
PYTHIA 8 B mogudukanun Monash 1 HERWIG 7 npejickasbiBajin OTHOCHTEIHLHO
nocrostHuoe coorHommenue A /DY ~ 0.1,

Bnaunresnnioe yseanuenue ornonenust AT /DO no cpasnenuio ¢ reopernueckumu
MOJIEISIMU TaK»Ke HabJII0JIaJIOCh [IJIsi HU3KHX MHOXKECTBEHHOCTEH B WMCCJIEIOBAHUN
MHTEPBAJIOB MHOXKECTBEHHOCTH, BbIMoJHeHHOM Kojmaboparueit ALICE  mna
cronkuosernit ipu 13 ToB [49] (em. Puc. 1.3 (a)).

DTOT MWPOKUil HADOpP IKCIEPUMEHTANbHBIX HAOJIOACHWH  TTPEJIoIaraer,
YTO  MEXaHU3Mbl aJPOHU3AINKA OYapPOBAHHBLIX OapHOHOB B PP-CTOJKHOBEHUSIX
OTJIMYHBI OT MEXaHU3MOB aJIPOHMU3AIMN OYapPOBAHHLIX OAapHOHOB B €€ WJIN
ep-CTOJIKHOBEHHUSIX, YTO CTaBUT II0JI COMHEHHE OCHOBHYIO TIHMIIOTE3y TeOPEeMbI
dgaxTopmzaIMU. DTO TAKXKE MOJATBEPKIACTCST TEOPETHIECKUMI PacdeTaMi, KOTOPhIe
BKJIFOUAIOT HOBBIE MEXaHU3MbI 8 IPOHUBAIMH, BBIXO/SIIUE 38, PAMKU TPaJIAIIMOHHON
¢dparMenTanuun B BaKyyMe. [opasno Jydimee coryiacue ¢ IOJYyYEeHHBIMU
B sxciepumente ALICE pesyabraramn jos ornomenuss A /DY) nocruraercs
pacaeramu PYTHIA 8, koropble BKIIOUAIOT MEXaHU3MbI [TEPECOEUHEHNUs [[BETOB
3a  upejesiamu  pubJIMKeHus OCHOBHOIO nBera  [36], wiau paccueramu Ha
ocHoBe opmasu3ma Burxepa u pelsdTUBUCTCKON JAHXKEBEHOBCKON JTMHAMUIKH,
KOTOpbI€ BKJIFOUAIOT MeXaHU3Mbl (DOPMUPOBAHUS O0UAPOBAHUSA Uepe3 KOAJIECIICHITUIO

B IPUCYTCTBUKM MaTe€PUU B cOCTosiHMU JleKoHdaitumenTa [50].
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Figure 1.3: (a) ornomenne A /DY kax GpyHKIUA pr MO CPABHEHUIO ¢ TEOPETHIECKAME MOJIETAMHA
g KiaaccoB MuoxkectennocTu {1-9}, {60-99} [49]; (6) dbyukmua dparmentanum aIpOHHBIX
crpyii, cogepzxkaimux AT —6apuoH, B 3aBUCHMOCTH OT J0JIM UMILYJIbCA CTPYH, IEPEHOCUMOTO JTAHHBIM

bapuonom [51]

Hecmorpst  Ha ~ MHOIOYHMCJIEHHBIE — 9KCIEPUMEHTAJbHBIE  CBUJIETEIHCTBA
CYIIECTBOBAHUsI OTJMYHBIX OT OOIIEHPUHATHIX MEXAHU3MOB &JIPOHU3AIUN B
PP-CTOJIKHOBEHHUSIX, MUKPOCKOIIMYECKOEe TIOHUMAHKE IIPUPOJIbl STHX HOBBIX sIBJICHUIL
elle He JIOCTUIHYTO. B cBoto ouepe/ib, uccieoBanme aJpoHHbIX CTPYil, COJIepKaIIUX
OYapOBAHHBII KBapPK, MOXKET JIaTh HOBOE, DOJiee JeTaJbHOe TOHUMAHNE MEXaHIN3MOB
AJIDOHUBAIMHU 110 CPABHEHUIO ¢ PACHPEJEJCHUsIMA U OTHOLICHUSIMUA OTJIEJIbHBIX
yacTuil. JleiicTBUTENbHO, MOINEPEUHbIi UMIIYJIbLC CTPYU U HAIPaBJIEHUE OCU CTPYHU
CUJILHO KOPPEJWPYIOT ¢ HaJaJbHON 3HEprueil u HampaBJIeHUEeM PaCcCesTHHOTO
KBapKa. BO3MOXKHOCTH OJJHOBPEMEHHOI'O JIOCTYIIA K aJPOHY B KOHEUYHOM COCTOSTHUN
1 K HaYaJbHOH KMHEMATHKE OYapPOBAHHLIX KBAPKOB MOXKET IO3BOJIMTL IPSIMbIE
UCCJIeJIOBAHNS JIMHAMUIECKIX CBOMCTB aJIpOHUBAIIIY.

[Tepsoe uamepenne GyHKIMN GparMeHTalnl aJPOHHBIX CTPYii cojepxkamx Af—
OAPUOH B 3aBUCUMOCTH OT JIOJIM UMITYJIbCA CTPYH, TEPEHOCUMOro A, BbIIO 110JIy1eHOo
B PP-CTOJIKHOBeHHAX HpH /syy = 13 TaB (Puc.1.3 (6), [51]). Bbuio nokasano,
YTO HAUJIy4dIllee COOTBETCTBUE M3MEpPEHHOU (DyHKIMK (pparMeHTaIun HabJIro1aeTcst
B Mozesn PYTHIA 8 SoftQCD, Bkiouaomeit nepecoeinienyie nBeTos.

B kaugecrBe JIONOJHUTEBHBIX —HUCCAeJOBaHMi  (ByHKInM  parMeHTannn

aJIPOHHBIX Cprﬁ OBLIIO Ipeajo2KEeHo HU3Yy4IUTb pPaJUaJIbHYIO 3aBHCHUMOCTD
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aJIPOHHBIX cTpyil, comepskamux AT u DY ajpoHbl, 1 HOMyUMTL COOTBETCTBYIOMIEE
OTHOIIIEHKE BBIXOJIOB ODAPUOHOB K Me30HaM, M3MEPEHHOE B CTOJKHOBEHUSAX PP IIPU
Vsnn = 13 TeB B skcnepumente ALICE B nepuop ¢ 2016 no 2018 rog.

[Toso6Hoe uccneoBanne (nccaepoBanne uddys3nun 04apOBaHHBIX KBAPKOB
BHYTPU AJPOHHBIX CTPYii) ObLIO BIEpBbie BBIMONHEHO Kosutaboparweit CMS s
crpyii comepxkaimx D0—ve30nbr B crosikaoBeHusix pp u PbPb B |9, [lanuas pabora
oKa3aJia pasHuily B pajnajibHoM pachpesenenni DY -Me30HOB B CTOJIKHOBEHUSAX PP
o cpaBHenuio ¢ PbPb, ¢ yuerom 3HaunTenbHON mOrperrHocTr. TakuMm obpaszoM,
OblJIa [TOKa3aHa 1yBCTBUTEIbHOCTD PaJIUaIbHON 3aBUCUMOCTH K MUKPOCKOIIMIECKIM
spdexTam ropsideit sIepHOit MaTepnun, B 9aCTHOCTH JAHHBIE 3aBUCHMOCTH OTPAYKAJIN

sdpdekrol ramenus crpyit B PbPb cronknosenusix (em. Puc.1.4).

27.4 pb™ (5.02 TeV pp) + 404 ub™*(5.02 TeV PbPh) 27.4 pb™ (5.02 TeV pp) + 404 pb™ (5.02 TeV PbPb
—_———— ———————

— R
C z ] =
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D Ml SR M
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Figure 1.4: Pacopenenenne D’-Me30HOB B aIpPOHHBIX CTPYAX B 3aBHCHMOCTH OT PaHAIbHOTO

paccrosiuust OT ajpoHa jio ocu crpyu (r) B pp u PbPb-cronkuoBenusix upu /syy = 5.02 TsB.

HM3mepenne npoBoanTea B ananasone 0o=144,20} I'sB/c (cneBa) u o > 2019B/¢c (cupasa).
T,.D ) T,D

CooTHOIIeHNs paanaIbHBIX pacIpeaeseHnii CTpyil, comepKaIimx DO—Me30H, g fananix PbPb u

pp HOKa3aHbI Ha cpeIHUX IaHe aX. Ha HUKHUX naHeIdx IpecTaBaeHbl OTHOIIEHUS PaTHaIbHBIX

pacupesesenuii cTpyii, cogepzxaiux D% me3zon m1s aByx remeparopos cobbrruit MC [9].

Y100BI MPOBEPUTDH MPEINOJOKEHAE O TOM, YTO MHKPOCKOIHYECKHE I(PD(DEKTHI
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B3aMMOJIEMCTBUSA TAPTOHOB OKA3bIBAIOT BJINAHNE Ha PaJUAJIbHBIC 3aBUCUMOCTH U JIJId
CTpYii, IOJIYYEHHBIX B CTOJIKHOBEHHSX IIPOTOHOB, OBLIO IIPOBEJCHO KCCJIE/IOBAHUE
pajuaabHbIX 3aBUCUMOCTEN JIJis1 n3ydeHus 3pderra JeKOPPeIsiiii, BOSHUKAIOIIETO
B pe3yJsibrare IPOLEecCOB PEKOMOMHAIMU B IIPOTOH-IPOTOHHBIX CTOJKHOBEHHUSIX.
Uccnepyemoit BeIMauHOM siBjisieTcss Oe3pa3MepHbIil YIJIOBOI mapaMeTp 7, KOTOPbIii
npeJicTaBisier coboit pajMajbHOE PACCTOSTHUE MEXKJy OChI0 CTPYM W aJIpOHOM,

COJIEPZKAIINM TAXKEJIbIH KBapPK:

r= \/(ijet — ¢ur)? + (Ujet — nur)? (1-4-1)
['ne:
® Ojet M QHF A3UMYTAJIbLHBIC YIUIBI CTPYW W aJIpOHa, COOTBETCTBEHHO
® et U MHF 11CEBJIOOBICTPOTHI CTPYU U a/IPOHA, COOTBETCTBEHHO

[lesb JaHHOIO aHaju3a - OIEHUTH BJHUAHME MEXaHM3MOB aJ[pOHU3AIMK Ha
paJinabHble 3aBUCHMOCTH aJPOHHBIX CTPYii, COMEPIKAIINX TIKEJIbIe apOMATHI.
Kpome rToro, B pabore ObLia PacCMOTPEHa BO3MOXKHOCTH SKCIEPUMEHTaAJIbHOMI
IIPOBEPKHU I'UIIOTE3bI O MAPHOM POXKJICHUN KBAPKOB. DTa I'UIIOTE3a SIBJIsIeTCsl OCHOBOI
neprypoarupuoii KXJI u mojenu JIynja, rjie poxKJeHUE HapTOHOB IIPOUCXOJIHUT
napamMu KBapK-aHTHKBAPK, MPW 3ITOM 4YacCTUIA W AHTUIACTHIA PA3JIETAIOTCS B
HIPOTUBOIIOJIOKHBIX HalpaBjieHusx 110J1 yryiom 180°. Tlojobnoe ucciejoBanue ObLIO
nposesieno kojutabopanueit LHCb B pabore [11]. B pamkax manuoi#i paboTer
OblIa CAesaHa [ONbITKA BblieacHus curmaia map DYDY MesoHa Kak HpPOLYKTOB

dparmenTanuy nap c¢ KBapKoOB, 3aperncrpupoBaHHbix B dKcrepuMente ALICE.



28

['JTABA 2

dkcnepumenT ALICE ma bojabmom AaponHom

Koanaiinepe

Oxcrnepument ALICE saBnsiercst ogunM n3 SKCIEPUMEHTOB, PEAJU3YEMbIX Ha
Boapmom Apnpornnom Komnaimepe B ILIEPH. Jlerexkropubiii kommieke ALICE
npeanasHavden Jiisd M3Y4YeHusd CBOWCTB CUJIBHOB3AWMO/JICHCTBYIOIE MaTepun B
CTOJIKHOBEHHUSIX TsI2KEJIbIX MOHOB, a TAaKXKe IIPOTOH-IIPOTOHHbBIX U IIPOTOH-5IJI€PHBIX
CTOJIKHOBeHUsAX. [JIaBHbIE HMCCJIeIOBaHUsI CKOHIIEHTPUPOBAHBI B 00JIACTH U3y UEHUST

KBapK—FJIIOOHHOfI IIJIa3MbI 1 9aCTHUIT, KOTOPbIE MOI'YT XapPaKTEPU30BaTb €€ COCTOAHHUE.

2.1 OcHoBHbIe geTeKTOpHBIE cucTeMbl 3kcriepumenTa ALICE

OcHoBabie jerekTopHbie cucrembl skcriepuMenta, ALICE moxno ortHecTn

CJIEJIY UM KaTeropusiM:

L HOSI/ILH/IOHHO 9yYBCTBUTECJIbHbIE JIECTEKTOPDI, O6€CH€‘{I/IBaIOH_H/Ie BOCCTaHOBJICHUE

rpaekropuii vacrur, (ITS, TPC);
o Jlerexropsl st upenrudukanuun vacturn (TPC, TRD, TOF, HMPID);
e Jlerekropnl MHOXKecTBeHHOCTH 3apsikenubix dacrui, (PMD, FMD, V0);
e Kamopumerpsr (T0, ZDC, EMCal, PHOS, MtoonH®bIii crieKTpOMeTD ).

Oo6mmas cxema jerekropa ALICE npencrasiena na Puc.2.1.
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Figure 2.1: Cxema skcnepumentanbuoil yeranoskun ALICE [52]

Paccmorpum 6oJtee o/ ipoOHO OCHOBHBIE CHCTEMBI JIETEKTOPOB, OTBETCTBEHHBIE 32
PErucTpaImio aJipoHoOB, CoJlepKallux TsxKesbie KBapku B sxciepumente ALICE [53,
54|. VkasaHHbIE JIETEKTOPHbBIE CUCTEMbI IPEJICTABJIEHbI B TEXHUYECKOM UCIOJHEHUY

0 Monepunsanuu skcnepumenTa ALICE, nposegennoit B 2018-2021 rr.

1. Bayrpenusasi tpekoBasi cucrema (Inner Tracking System — ITS).
BHyTpeHHss TpeKoBast CUCTeMa sIBJISIeTCsT OTIMKANIINM K TOUKE CTOJKHOBEHS
IIYYKOB JETEKTOPHBIM KOMILIEKCOM M COCTOUT W3 HIECTH IUJIWHJIPUIECKIX
CJIOEB KDEMHMEBDBIX JIETEKTOPOB, PEAJM3YIONIMX TPU PA3IMUHbIE TEXHOJIOIMHN:
KpeMHUeBble THOPUJIHBIE MHKcenbHble jerekTopbl (Silicon Pixel Detec-
tors — SPD), kpemumesbie mpeiidosbie gerektopsl (Silicon Drift Detec-
tors — SDD) u kpemuuesbie crpunosbie jerektopbl (Silicon Strip Detec-
tor — SSD). Cisionu SPD coyepxar 9.8 x 10° nukcesneit pasmepom 50 X
425 MKM2. BAM30CTh MHKCETBLHBIX JIETGKTOPOB K TOUKE CTOJKHOBCHUS TyIKOB
B COYETAHHU C BBICOKMM IPOCTPAHCTBEHHBIM pa3pelleHrneM O00ecIednBaeT
paspelieHue 10 MPUIEJLHOMY NapaMeTpy TPeKa 10 OTHOIICHUIO K ePBUIHOM
BEpLIMHE MeHee 7D MKM /il TPEKOB C LOLEPEYHbIM MMIYJbLCOM pp >

1 I'sB/¢. Cron nipeiidhoBbIX U CTPUITOBBIX JETEKTOPOB, TTOMUMO MO3UITHOHHOM
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JYBCTBUTEJILHOCTH, TaKXKe JaloT BKJAJ B OIpeJesieHne MOTePh SHEPTUn
3apsiKeHHbIX dacTul] (dF /dx).

BuyrpenHsist TpekoBasi cucTeMa OXBaThIBAET JMANA30H 11CEBIOOLICTPOT |n] <
0.9. TIpu srom nepsblii ciioit oxBarbiBaer obJactsb 1cesobbicTpor |n| < 1.8,
ITO MPEJOCTABJSAET BO3MOXKHOCTH HEIPEPBIBHO M3MEPSATh MHOXKECTBEHHOCTH
coOBITHIl (COBMECTHO € sieTeKTOpoM MHOXKecTBeHHOCTH FMD).

Ocnosroit nipobsiemoit gannoit BTC sBisiercst 3HaduTe/IbHOE OTpaHUICHUE
10 CKOPOCTU 00pabOTKH MH(MOPMAINK: MaKCHMAJIbHAS UaCTOTa CUMTHIBAHUS
cocrapyser 1 kI['i mpu MmepTBOoM Bpemenn npubsnzkatomumes K 100%. B cesasu
¢ sarum nocie 2018 roga (B mepros Long Shutdown 2) BTC 6buia 3amenena
Ha HOBYIO, B COCTaB KOTOPO# y»Ke BOILIN JETEKTOPHBIE MOJLYJIH, 00J1a1af0II1e

PSJIOM OTIMIUTENLHBIX 0COOCHHOCTEH (MOMIpOOHO B MyHKTE 2.3).

Bpemsnpoeknmnonnasi kamepa (Time Projection Chamber — TPC)
Bpewmsinpoeknunonnasi kamepa 1TPC mnpencrasisier coboit MUJIWHAD JJIUHOM
510 cMm ¢ BHyTpeHHUM pajuycoM 85 cM U BHeIHUM pajuycoMm 250 cwm.
Bpewmsipoekimonnasi Kamepa oxBaTbiBaeT 06JacTh meesgpodbicTpor |n| < 0.9
v NOJIHBIH asumyTaiabHblil yros. Kamepa sanoanena cvmecnio razos Ne(90%) u
CO2(10%), npu 9TOM BpeMsiIPOEKIIMOHHAs KaMepa pasjiesieHa MeMOpaHoil Ha
nBe qacTu. Mex iy MeMOpaHoil U TOPIEBLIMI YACTSIME JIETEKTOPA, IPUI0KEHO
Hanpsizkenne 100kB, obecneuusatoiee jpeiidd MOHM3UPOBAHHBIX ATOMOB K
TOpIaM JIeTeKTopa. B Topiax jerekTopa pacriooKeHbl MHOTOPOBOJIOTHDIE
TPOIOPIIMOHABLHBIE KaMepbhl, pas3jieJIeHHbIe Ha 18 CerMeHToB, ¢ KOTOPBIX
IPOUCXOIAT CUYUTLIBaHUE WHGOpManun. TpaeKTopuu 3apsKeHHLIX YACTHII,
Iepecekaonux 00bLeM BPEeMSIIPOEKIIMOHHON KaMepbl, BOCCTAHABINBAIOTCS 110
WOHMBAINK, TTPOU3BEIeHHON B Tase. Ujgentndukaiums dacTui; BO BpeMmsi-
IIPOEKIIMOHHON Kamepe OcHOBaHa Ha norepsix ux suepruu (dE/dz) B rase.
Herexktop ALICE cmocoben BoccTaHaBIMBATL TPEKH 3apSXKEHHDLIX TACTHI]
¢ momepednbiM uMmiyiabcoM ot pr = 0.15 I9B/c mo pr = 20 IsB/c ¢
pasperiienneM nopsjka 2%.

OcnoBHO#t 11pobJieMoit, BozHuKIIEH 1npu dKciiyaranun TPC craso cuibHoe
HCKaXKeHne peii(pOBBIX TPAGKTOPUH Ha KpasiX HEKOTOPBIX CUYUTHLIBAIOIIIX

KaMep, CBI3aHHOE C JIOKAJTbHON aKKyMYyJIAlmedi 3apsijoB B KaMepax [55].
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3. BpemsanpoJieTHbIi JEeTEKTOP (Time-of-Flight — TOF).

BpeMAanpoieTHbIH  AeTeKTOp TpeJgHa3HadeH s WACHTUMUKATMA  TacTHUIl
B cpejHeil obsactn umiysibeoB (o 2.5 ['9B/c st mMoOHOB M KaoHOB U JI0
4 TB/c g nporonos). TOF cocrour uz maccuBa Kamep € 3a30pami,
COJIEPYKAITIAX PE3UCTUBHBIC TJIACTUHBI 1 3amnojHeHHbIX razoM (Multigap Resis-
tive Plate Chamber, MRPC) n oxBarsiBaet obiacts ncemobpicTpor |1 < 0.9
U TOJIHBIA asuMyTaJibHblil yroj. Ujpentudukaiums dacrui obecrieunBaeTcs
U3MEPEHNEeM BPEMEHM MpoJieTa YacTUIBI OT TOYKH CTOJKHOBEHHS ITyYKOB
JI0 MONAJAHUM YaCTUIBI B 3JIEMEHT BpeMg-nipojieTHoro jgerekropa MRPC.
Hawamproit Toukoit orcuera Bpemenn st TOF wmoxker smasThest 6o
nomnajaHne 9acTuil B YepeHKOBCKUil cderduk T0, jgubo rmomnajaHue cambix
MEPBLIX YACTHI[ TOCTE CTOJKHOBeHHsT B obbem camoro TOF (¢ yuerom
creruaiabHoli  KasuunOposku).  Wcenonbzosanme kombunanuun TPC u TOF
obecrieunBalOT pasjiesieHne TMMOHOB W KAOHOB Ha yPOBHE 30 JIJIst JACTHIL C

notepednbiM uMitysibcom 0.5 < pr < 2 I'sB/c.

. Jerexktop mnepexomnoro wu3ayqenusi (Transition Radiation De-
tector — TRD). [lerekrop MepexogHOrO W3JIyUIeHUs TpeTHASHAUECH JIJIsI
nJIeHTHDUKAIMY  9JIEKTPOHOB ¢ mMITysibcoM Oosbiie 1 ['9B/c, a rakke
KaK TPUITEp JJIsST JJIsi  9acTUIl ¢ OOJIBIMUM  TIONEPETHBIM  WMITYIHCOM.
[Tpuniun paboThl jIeTeKTOpa OCHOBAH HA U3MEPEHUN EPEXOIHOTO U3JIy YeHUST
IpU IIepeceueHny YACTUIEHl TpaHUIbl JABYX MaTepHajioB C PasJIMIHON

JINRJIEKTPUUIECKON TTPOHUIAEMOCTBIO.

. derekTop /g naeHTUMUKAIUA FACTUL] C OOTIBIINMEI UMITyJIbcaMu (
High-Momentum Particle Identificaton Detector - HMPID). HMPID
SIBJISICTCs KOJIbIeBbIM YepenkoBckuM Jerekropom (RICH), npepnasnadennbim

IS I3MEpEeHHsT UMITyJThcoB Goabiie 1 I'9B/c.

®oronnsiit cmektpomerp (PHOton Spectrometer — PHOS).
QOTOHHBI  CIEKTPOMETP  BBICOKOTO  pa3pelieHus —IpeJHa3HadeH i
WCCJIEJIOBAHNS TEIJIOBBIX W JIMHAMHUYECKUX CBOWCTB HadaJbHON (a3l
CTOJTKHOBEHUsI, a TakK»Xe /Il uccjeoBanus 3¢pdekra raiieHus CTPYI.

QuiekrpomarauTHbiil Kasopumerp PHOS ucnosbdyer B cBoeit KoHCTPyKInn
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CITUHTHUJLISITMOHHBIE MOJIyJIM Ha OCHOBE KPUCTAJJIOB BOJIbbpamMaTa CBHUHIIA.
OH 3aKpbIBaET JMAIA30H MCeBA00BICTPOT |1| < 0.12 1 MOXKeT perucTpupoOBaTh
He TOJIbKO (GOTOHBI, HO U aJIPOHBI (B TOM 4mcJie U HefiTpasbhbie). Bbiienenue
COOBITHI C yUaCTUEM JIAHHOI'O KJIACCA a/[POHOB IIPOBOJIUTCS C UCIIOJIb30BAHUEM

TOIIOJIOTUYIECKOI'O aHaJIn3a Pa3BUTUA JINBHA.

DaekrTpomarauTHbiii kagopumerp (Electro-Magnetic Calorimeter
— EMCal). EMCal npejcrapisier coboit  OOIbLIION HUJIMHPUAIECKAI
KaJIOPUMETP Ha OCHOBE CBUHIA W COUHTHJISATOPOB, IpeJIHA3HAYCHHBINA JIJIsd
UJICHTH(DUKAIIUY YaCTUIL ¢ OOJIbIIMMU [IOIEPEIHbIME UMITyJIbcaMu. Kazk iblii
JIETEKTOPHBIN MOJLYJIb KaJoOpuMeTpa cocrout u3 Habopa: 1.44 mwm csunen/1.76
MM CHHTHLISATOP. CUnThIBAHWE CUTHAJIA CO CIIMHTUILISITOPA OCY IIECTBIISICTCS
C TIOMOINBIO CIEKTPOCMEMAIONNX BOJOKOH COEJIMHEHHBIMU C JaBUHHBIMU
dborommomavu.  BosiokHa MpoOXOAST TMPOJOJBHO Yepe3 BCo COOPKY CBUHEI/

COMHTUJLJIATOD.

HerekTop kocmmtueckoro wusaydenus (A COsmic Ray DEtec-
tor — ACCORDE). JlerekTop KOCMHYECKOTO H3JIyUCHUS IIPEJICTABIISET
coboit COOPKY MJIACTUIECKUX CIMHTUJIISITOPOB, PACIOJOXKEHHBIX HA BEpPXHE

IMIOBEPXHOCTU OCHOBHOI'O MaI'HUTA.

MiI10OHHBII CIIEKTPOMETP. Perucrpaliyss MIOOHOB IPOMCXOJUT B 0OJIaCTH
ncesnoobicTpor —4.0 < |n| < —2.0. Perucrpanums pacnajios B Kanagax -
[O3BOJISIET U3MEPUTH CIIEKTPbI BEKTOPHBIX ME30HOB, COJIEPXKAIIUX TsizKeJIble

APOMATBI, TAKUX Kak J/1) PE3OHAHCHI, & TAKIKE (-ME3OHbI.

Kanopumerpst uyneBoro yria (Zero Degree Calorimeter — ZDC).
Kajopumerpbl HyJI€BOTO yIjia IO3BOJIAIOT OIPEAessTh IeHTPAJIbHOCTH B
PbPb cronkHoBeHUsIX IyTeM M3MepeHUsl SHEPIUU HYKJIOHOB-CIIEKTATOPOB, HE
yIaCTBOBABIIUX B CTOJIKHOBCHUU W JICTSIIUX 110 HANPABJICHUIO MydKa (O[T
yraom 0°).  JIBa Habopa KaJOpMMETDPOB DACIOJararoTcsi Ha PaccTOSHWUH
116 M ¢ o00oux CTOPOH OT TOYKM B3aUMOJIEHCTBUS. Kaxpiit  u3
KaJIODUMETPOB COCTOUT M3 JIBYX JETEKTOPOB, PACIIOJOXKEHHBIX BOJIU3U OCH
nydka. B MarHuTHOM 1moJIe IATIOJLHOTO cerapaTopa, MPOUCXOAUT Pas3Jie/IeHre

IIPOTOHOB UM HEWTPOHOB, W, TAKUM 0DpPA30OM, OJIUH JIETEKTOP PErUcCTPUpPyeT
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CIIEKTATOPHBIE IIPOTOHBI, a Jpyroit Heilrponbl. Kamopumerpnsr ZDC cocrosT
M3  METAJUIMIeCKUX IUIACTHH (JJIsi  JIETeKTOpa HEHTPOHOB - BOJIb(DpaM,
JUIs JIeTEeKTOpa [POTOHOB — JIATyHb) B KOTOPbIE HMMIJIEMEHTHPOBAHbBI
KBapIEBbIe BOJOKHA. AJIDOHBI NPUCYTCTBYIOIIUME B JIMBHE, BO3HUKAIOIIEM
Ipyd  B3aMMOJECHCTBUM TPOTOHOB M HEHTPOHOB € MaTepHaJIOM ILJACTHH,
CO3JIAI0T B KBapIIEBhIX BOJIOKHAX YEPEHKOBCKOE M3JIyUeHHe, KOTOPOEe 3aTeM
PErucTPUpPyeTcsi CleluaJbHbIM (POTOIIEKTPOHHBIM YMHOXKHUTEJIEM. TakxKe
ZDC nomnonHaoTes 3JeKTPOMarHUTHBIMU KAJOPUMETPaAMU, PACIOI0KEHHBIMA

na paccrosaun 7 M ot ZDC (Bosb ocu mydka).

HerekTopsl mHoxkectBeHHOCTH (Forward Multiplicity Detector —
FMD, Photon Multiplicity Detector — PMD). [lepenuuii gerextop
muoxkecrsentoct (FMD) npejcrapisier u3 cebst KpeMHUEBBIH CTPUTIOBBI
JIETEKTOP TO3BOJISIIOIII M3MEPSTh MHOXKECTBEHHOCTH dYacTHUI[ B 00JacTh
obictpor (—34 < n < —1.7, 1.7 < n < 5.0). Dorounslii JgETEKTOP
muokectsennocT (PMD) mosBossier u3MepsTh MHOXKECTBEHHOCTH (DOTOHOB

B obJiacTu 1icenjiobbicTpor 2.3 < n < 3.7

HerekTop V0. /lerekTop V0 cocToUT U3 ABYX MaCCUBOB CIUHTUIIATTAOHHBIX
CUETUUKOB, PACIOJIOXKEHHBIX 110 00€ CTOPOHBI OT TOYKM B3aMMOJICHCTBUS HA
paccrosgiun -90 u 340 cm or Hee u oxBaTbiBaeT 00J1ACTH 11CEBJIOOLICTPOT
—37 < n < —17mun 28 < n < 51 Jerekrop VO obecreunBaer
TPUTTUPOBAHKE COOBITHI ¢ MUHUMAJIBHBIM B3anMojieiicrBueM (min-bias). Tak
KaK KOJIMYECTBO YaCTHI] 3apPEruCTPpUpPOBaHHbIX B jieTekTope V(0 3aBucUT OT
KOJIMYECTBA 4aCTHUl, B COObITUM, MOXKHO OIPEJIEJIUTh KJACC HEHTPAJbHOCTU
COOBITHsI KaK (PYHKIMIO MHOXKecTBeHHOCTH.  Kpome Ttoro pgerekrop V0
UCTIOJIB3YeTCs MPU M3MEPEHUN WHTEHCUBHOCTH B3aWMOJICHCTBUS YACTUIL TIPU

CTOJIKHOBEHHMU ITYIKOB — CBETHUMOCTH.

HerekTop TO. J[lerektop T0O cocrout m3 gBYyX MacCUBOB UepEeHKOBCKUX
CYETUYUKOB, PACIOJOXKEHHBIX 110 00€ CTOPOHbI OT TOYKW B3aUMOACHCTBUS
Ha PACCTOAHMAX -72 m 375 CM M OXBaTbIBAIOIKUX OOJACTH IICEBIOOBICTPOT
—-328 < g < =297 m 461 < n < 492 HerexkTop TO
omipesiesisieT HadaJIbHYI0 TOYKY OTCYeTa BPEeMEHW IS BPEeMSIPOJIETHOTO

AETEKTOPa, rZ[‘a,HHbeI CUr'naJi COOTBETCTBYET MOMECHTY CTOJIKHOBEHUMA (C y4dq€eToM
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BPEMEHU 3aJIePXKKH CUTHAJIA) U OmpejieiseT Tpurrep Hysjesoro yposas (LO0).
Kpome Toro, maHHblii JeTEKTOp IIO3BOJISIET ONPEACJUTDL IOJOXKEHUE TOUYKN

CTOJIKHOBEHH BCTPEYHDBIX ITYYKOB.

Cucrema tpurrepos B jerektope ALICE pasnenena wa tpw yposus. Ilepsbrit
yposetb Tpurrepos (L0) onpejessiercss caMbiM 1EpBbIM CUIHAJIOM COOPAHHBIM Ha
nerekropax VO u TO B mepsoie 0.9 mkc mocie B3aumojeiictBus. Cremayronmm
tpurrepom (L1) aBagercs curnan, nocrynusinuii Ha jgerektopsl VO u TO ¢
3aJIepKKOit mopsiyika 6.5 Mrc. Oba 9TUX CHUTHAJA TEPEAl0TCsd BCEM OCTAJTBHBIM
CHCTEMaM JIETEKTOPOB C 3aJIepKKOi 1nopsijika 0.3 MKC U ONUpPENe/siior CTapT
obpaborkn manubiX. [IpmMmepno gepes 100 MKC 9acTHIBI TOJMXKHBI TPOApeiidoBaTh
B 00beMe BPEMSANPOEKITMOHHON KaMepbl U 3TO 3a/aeT TPUITED TPEThero ypPOBHSI,
KOTOPBIi OTpejiesisieT BpeMst cOopa CUTHAJA ¢ JIETEKTOPOB.

OCHOBHBIME JIETEKTOPAMH, MCIIOJIb3YEMbIME JIJIsl PETUCTPAIMN aJIPDOHHBIX CTPY il
U aJIPOHOB, COJNEPIKAIIUX TIXKEIbe KBAPDKHU ABJSIOTCS: BHYTPEHHSS TPEKOBas
cucrema (ITS), Bpemg-npoeknuonnas kamepa (TPC), Bpems-mposieTHpiii geTeKTOp
(TOF) wu cumarnmasropsr V0. Jannbie JIeTeKTOPbI  MCHOJIL30BAJINCH  JIJIsT
OIpEJICJICHUST BEPIIUH, BOCCTAHOBJICHUM TPEKOB M TOCIEYIONEH ujieHTu(uKanmum

qacTHIl, a Takke B KadecTBe Tpurrepa (VO0).

2.2 PekoHCTPYKIUS TPEKOB U BepIINH

[ToxpobHoe onucanme npoiecca PEKOHCTPYKIIMU TPEKOB YACTHIL B IKCIIEPUMEHTE
ALICE moxHo Haiitu B pabore [54]. PekoncTpyKIysi TPEKOB U BEPIIMH BbIIOJIHSETCSI

¢ ucnosb3oBanneM (uibTpa Kanvana [56] 0 mporcxomuT mo cieayorieil cxeme:

1. Jlnsa Bcex JEeTEKTOPOB BBIMOJMHSAETCS KjacTepu3allds, TO €CTb BbIJeJeHne
00JIaCcTH  B3aMMOJIEHCTBUS  KOHKPETHOW  4YacTUIlbl €  JIETEKTOPOM W,

COOTBETCTBEHHO TOYKH IIOIIa/JaHKWA YaCTUIbI B JJETEKTOD (XI/ITa);

2. B pesysbrare aHajqu3a MONaJaHUl IAaCTHI] B Mepble JBa CJOS MUKCEJHHOTO
jgerektopa SPD omnpenensiercss BO3MOXKHOE TTOJIOKEHUE TEPBUYHON BEPITHHbBI

B3aUMO/ICUCTBUA;

3. IIpomsBojuTcsa BoOcCcTaHOBJIEHHE TPEKOB YACTUIL BO BPEMAIPOEKITMOHHOMI
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kamepe (TPC) u Bo BHyTpeHHell TpeKOBOil cucTeMe mpu MOMOIH (GUIBTPa

Kanmana;

4. TlpousBojiurcsi cliMBaHue TPEKOB U3  BPEMSIPOEKIIMOHHONW KaMepbl |

BHYTPEHHE TPEKOBOW CUCTEMDI;

5. IIpousBojurcst  3KCTpAIoOsIUsi PEKOHCTPYUPOBAHHBIX TPEKOB BO  BCE

OCTaJIbHBIC CUCTEMbI JETECKTOPOB;

6. [IpousBojuTrcs obparTHasi SKCTPALOJSIUS PEKOHCTPYUPOBAHHBIX TPEKOB BO

BHYTPEHHUE CJION U (pUHAJIbHAS TOJINOHKA;

7. Tlo BoccTaHOBJIEHHBIM TpPEKaM ONpPENIEISICTCs TOUYHOE MOJIOXKEHHE TEePBUIHOM

BEPIINHBI BBaHMOﬂeﬁCTBHH — TOYKH CTOJIKHOBEHU:A I1Y4IKOB;

8. BoccranapimBaloTcsi BTOPUYHBIE BEPIIMHbI B3aUMOJICHCTBUS — BEPIIUHbI

pacCliaoB KOPDOTKO2XKUBYIINUX YaCTHUIL;

9. BoccranaBimBaioTcs JIMBHUA YACTHIL.

2.3 Mopepuusanusa Buyrpenneii TpekoBoii Cucrembr ALICE

BarkneinmmM 3TarnoM aHaIn3a, JIaHHBIX SIBJISETCS PEKOHCTPYKIMSI TPEKOB YaCTHI]
U oIpejieJieHne BepIIH UX pacta1oB. KiroueByo posb B UACHTHMUKAIIUT YaCTUIL B
skcrepumente ALICE urpaer Bayrpenusas Tpekosas Cucrema. C MoMeHTa 3aI1ycKa
srcrepumenta ALICE n no memasnero Bpemenn Bryrpennsis Tpexorasi Cucrema
COCTOSIIA U3 MIECTH [UJIMHJPUIECKUX CJIOEB KPEMHUEBBIX JETEKTOPOB (CM. IyHKT
2.1), pa3meIneHHbIX KOAKCHAJIBHO BOKPYT HOHOMPOBOIA. Paiychl CJI0EB COCTABIISLIIH
ot 39 710 430 MM ¥ mepeKpbIBAIH JHANAa30H HceBaoobicTpoT |n| < 0.9 mys BepimH,
PACIOJIOKEHHBIX B Iipejiesiax 2 = £60 MM or Toukn croikHoBerns mydkos BAK (
T.e. 10 obsacTu CBETUMOCTH ).

B cpenneit obnactu OwbicTpor, umenno BTC ompegenser BO3MOXKHOCTD
PEKOHCTPYKIUU TPEKOB YACTHUII, COJIEPXKAIINX Tsi?KeJIble KBaApKU. B CTOJIKHOBEHUSIX
TSIPKEJIBIX  MOHOB, JIOMOJIHUTEJHHAS PEKOHCTPYKIIAS TPEKOB W WJICHIUPUKAIMST
JACTHI[ C TOMOIIBIO BPEMSATIPOCKIIMOHHOW KaMepbl U BPEMSIIIPOJIETHOIO JIETEKTOPA

obecrieynBalOT BbIJIEJICHHE CHTHaJa. LeM He MeHee perucrpaius OapuOHOB,
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COZIEpKAIIMX TsKeJIble apoMmarbl, B dacTHocTd AF u Ay B CTOJIKHOBEHUSIX
TSAZKEJIBIX WOHOB SIBJACTCA CJIO?KHOM U NPaKTUYECKA HEepa3pelnMoi 3ajiadeil.
Heno B ToMm, uro A.~OaproH umeer COOCTBEHHYIO JJIMHY pacrmajga Bcero 60
MKM. 9IT0 HMKe paspemaionieii cnocoonocru BTC mo npunenbHOMYy Hapamerpy
B JIMAIIa30He MTOIEPEIHBIX UMIIYILCOB OOJNBIIMHCTBA JOUepHUX dacTull A.—Oapuona.
CrenoBarenbHo, OdapoBaHHbIe OaproHb 10 Mogepau3annn skcrnepumMenTa ALICE we
MOTJTH OBITH U3MEPEHbBI C JOCTATOYHON CTATHCTHIECKON 3HAUMMOCTBIO C MOMOIIBIO
CYIIECTBOBABIINX Ha TOT MOMeHT naerekropubnix crucreM ALICE B menTpanbHbix
cronkHoBenusix Pb—Pb. Ilo Tem ke npuunnam, perucrpaliusi YaCTHUIL, COJEPIKAIUX
KBapKU, TsDKeJIee, YeM C-KBapK He MPEeJICTaBJsIach BO3MOXKHOI [13].

KioueBbiM  orpannuenuem cyinecrBoBapiieit jgo 2020 . BTC sasisiiach
HU3Kasl CKOPOCTb CUYUTHIBAHMS JAHHBIX: MaKCHMaJbHas JacToTa paboThl JETEKTOpa
cocrapisiia 1 k' (¢ meprBeiMm Bpemenem, Ojmskum k 100%).  Ilpm 3rtowm,
Boabmoit Axponnsiii Kosnaiigep 10 HacTosmero BpeMeHn padoTa Ha YacToTe
Pb—Pb crosknosennit npakrudecku 8 kl'm, um Oosibinas dacTh JjgaHHbIX Pb—
Pb cronkHoBenmit He perucrpupoBajach B SKCIepuMeHTe.  Kpome Toro, He
ObLJI IIOJIyUeH 3HAYUTEJIbHbII MaCcCUB JAaHHBIX B pp-CTOJKHOBeHu#AX. (C yderom
MJaHOB 10 yBesmdennio cBernmoctn BAK, cramo oueBwgHbIM, dTO Takas
BTC ne cmoxker pemuTh 3aj@49d, KOTOPHIE OHPEIESSIOTCS HOBOW ITPOrPaMMOii
dmsnueckux wuccaemopannit  axcmepumenta ALICE. Ilostomy mnorpebosaiach
JIOBOJILHO 3HAUYUTEJbHAs MOJIEPHU3AIMs COOTBETCTBYIOMNUX JIETEKTOPHBIX CUCTEM U
kouctpykimn BTC.

[Tpoexr mojepuusaiuu Buyrpenneit Tpekosoit Cucrembr [13, 57| upesiosnaraer
cosnanue copepirenno HoBoit BTC ¢ wucnosb3oBanmeM JIeTEKTOPHBIX MOJYJIeit
na ocnoe Monosmrabix AxTuBmbix [lukcespubix Cemncopos (MAIIC) mosoro
nokosierust [58, 59].  TiasubiM rpebosanuem st mojepuuzanuun BTC ALICE
SIBJISIETCST BOBMOXKHOCTHL cOopa u obpaborku Jianubix or PbPb crosiknosenuit ¢
yactoroit jjo 50 kI'm. Kpome Toro, s peajmsanuy IporpaMMbl HCCJIEI0BAHUI
KOPOTKOXKUBYIINX YACTHUIl, JETEKTOP JOJIKEH OBITh pAaCIOIOKeH MaKCHMAJIhHO
OJIM3KO K TOYKE CTOJKHOBEHHUs, COCTOSATH W3 OOJIBIIOIO KOJIMYECTBa, CJIOER,
JUIsT HAMJIyUIIeil peKOHCTPYKIIMK TPEKOB U 00JIaJIaTh BBICOKOH TI'PaHYJIsIPHOCTHIO
JUIsl JIYYIIero IHIpOCTPAHCTBEHHOI'O pas3pelleHus TPEKOB 4YacTull.  TakxKe, /st

obecriedeHnsi MaKCUMaJibHOW 3(DPEKTUBHOCTU PEKOHTPYKIMU TPEKOB, HEOOXOINMO
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MUHAMHU3UPOBATH BEIIECTBO JETEKTOpa U MEXaHUUECKUX CTPYKTYP JJisd 00ecIIedeHusI
paJIMalMOHHOI IPO3PAUYHOCTH, TO €CTh JIjIsd MUHUMUBAIUN PaIMaIllMOHHbLIX IIOTEPb 1
nepepaccesiius Ha BEIIeCTBE JIETEKTOPa.

Bo MHOIMX BHYTPEHHMX TPEKOBBIX CHCTEMaX IKCIEPUMEHTOB (DUBUKU BBICOKKMX
saepruii: CMS, ATLAS, LHCb na BAK, ucnonnsyrorcs rubpugable THKCEIbHBIE
ceHcopbl. B Takmx cencopax, aKTHUBHBIH 0O0ObEM KpPEMHUSI W CUYUTHIBAIOIIAS
9JEKTPOHWKA PA3JIEJEHbI, 9YTO TPUBOAAT K ODOIIEMY YBEJWYEHHIO MaTeprasa
ceHcopa. Kax mnokazaja TpakKTHKa, JAPYroil mpobiemMoil TakKux JEeTEeKTOPOB
SIBJISIETCS  XPYIKOCTb U HEJOJI'OBEUYHOCTH KPEIJIeHUsI MOJyJieil CUMThIBaloIeit
9JEKTPOHWKN K KPEMHWIO, B PE3yJbTaTe Uero MUKCEJN B TaKUX JETEKTOPax dacTo
BBIXOJMJIN U3 CTPosi. PerenueM 31ux npobsem crajio nosiBjienue MOHOJIMTHBIX
Axkrusnbix [Tukcenpubix Cencopos (MATIC), riie 9/eKTPOHUKH CEHCOPA BHEPSETCST
HEIIOCPEJICTBEHHO B KpeMmHuil. Brepsble, Takue ceHCOpbl ObLIM UCIOJIH30BAHBI JIJIst
nerekropa STAR PXL [60] npu mogepuusaiun sxkcnepumenta STAR na kosuiaitiepe
RHIC. OcHOBHBIM HEOCTATKOM CEHCOPOB, MCIOJb30BaHHBIX B jerekTope STAR
PXL craJia Hu3Kass CKOPOCTh CUMTHIBAHUSA JAHHBIX, CBA3aHHAS B EPBYIO OUePeb C
ocobenHocTsiMu apxuTeKTypbl Roller Shutter, obecnieuusartoneit mocseoBarenbHoe
CYNTBIBAHKWE JIAHHBIX ¢ Kaykjioro nukcessi. Obimiee Bpemst cOopa 3apsijia ¢ TaKOTrO
cencopa cocrapjsjio 185 .6 mkc. Takyke, 3TW CEHCOPbI € COOTBETCTBYIOIIEH
9JIEKTPOHUKOHN 00J1aJa/Ii JOCTATOTHO HU3KON padaIlllOHHON CTORKOCTLIO.

Mg monmepumsanmmun BTC ALICE 6buin paspaboranst MAIIC ALPIDE na
6aze 180 um KMOII rtexnosorun. Kaxxjiplit cencop mnpejcrapjser coboit
MUKCEJIbHYIO MaTpuily pasmepoM 1.5X3 cm, cocrosniyio uz 512x1024 nukceseit.
Ha pucynke 2.2 mpejcrabieHa cxema cOOpa 3apsijla B IIHKCEJe TaKOro CEHCOpA.
Ha muskope3ncTuBHON KpeMHHEBOU IIOJIJIOXKKE PAaCIOJIOKEH BBICOKOPE3WCTUBHDIN
SMUTAKCUAJBHBIN  CJION P-TUIA TOJIMAHON 25 MKM, SABJSIONNANCT aKTUBHBIM
00 beMHOM jieTeKTOpa.  llpm nepecedeHun 3apsKEHHOW dYacTHIEl CeHcopa, B
SMUTAKCHAJBLHOM CJIO€ JIETEKTOpa 00pa3yloTcss HOCUTEIU 3apsjia, KOTOpbIe IIyTeM
u jpeiiba u puddysun cobuparorcs Ha Juoze. [Ipu sTOM, KapMmMaHbl p-THIIA,
UMILIEMEHTUPOBAHHBIE B 001aCTH TTeprpepPUitHON 9JIEKTPOHUKHI, SKPAHUDPYIOT 3aPsi]I
U He JOMYCKAIT CO3MaHUs JOMOJHUTEIbHBIX IIYMOB B 3JEKTPOHUKE JIETEeKTOpa.

Ob6rast Tosmmua ceacopa, cocrapisier 50 MKM.
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Figure 2.2: Cxema cbopa 3apsia, oOpa3’0BaHHOTO HOHU3UPYIOMIEH dacTuieil, B IMUKCETbHOMI
staeiike MATIC ¢ ray6okum kapmanom p-tuna (deep p-well) [13]. 1 —~kpemuueBast mojyioxka; 2 —
SMUTAKCHAJBHBIN CJIOM; 3 — aekTpo, codupatoruii 3apsan; 4 — NMOS Tpan3ucrop ¢ KapMaHOM

p-tuna (p-well); 5 — PMOS tpansucrop ¢ kapmanom n-rumna (n-well) [13].

Bakubim ormsmmauem jrerektopos cemeiicrBa ALPIDE spisiercss apxurekTypa
CUUTBIBAHMS JAHHBIX, KOTOPast PAdOTAET 110 HPUHIUILY HPUOPUTETHOIO CUUTHIBAHUSI
CHUTHAJIOB ¢ cpaboTaBuimx mukceseil (apxurekrypa Priority Encoder). B ornnuue
oT mocJsiesioBaresibHoro cunthiBanus Rolling Shutter, cunrwiBanue wndopmaium ¢
MUKCeJIel TTPONCXONT MapaslIeJIbHO JIJIsi CJIBOEHHBIX KOJIOHOK TuKceneil. Ajpec
KasKJIOro cpabOTaBIero MHUKCeIsi B KOJOHKE KOJUPYeTCs U IepelaeTcss B KOHEI|
C/IBOCHHOU KOJIOHKHW IHUKCeJeil, re 3aluCbIBaeTCd B COOTBETCTBYIOIINIA PErucTp
namsT. TakuMm 0OPa3zOM CUYUTHIBAHUE MTPOUCKXOJIUT HEMOCPEJICTBEHHO € KayKJIOi
JIBOWHON KOJIOHKH, IPUYEM CUUTBHIBAIOTCS TOJBKO ajipeca cpabOoTaBIIUX MUKCEJEH,
YTO 3HAUUTEHLHO YCOPsieT BeCch Iporece coopa nHMOpMAIIIH.

[Tukcenpupie  gerekropnr  cemeiictBa ALPIDE  mosBomsar — obecmeunts
MIPOCTPAHCTBEHHOE pa3pellieHre TPEKOB Ha ypPOBHE O MKM, TPHU 3DEPEKTUBHOCTH
perucrpaiun 99.9%. Bpems 06paboTku curuaga ¢ TakKux JIETEKTOPOB COCTABJIACT
~ 5 MkKc, a yposenb myma — Fake Hit Rate(FHR) — wmuoro menpme 107°
cpabaTbIBaHUl HA COOBITHE Ha, ITHKCEJIb.

Hogast Bayrpennsist Tpekopasi Cucrema sxkciepumenTa ALICE cocrout u3 cemu
CJIOEB TUKCEJIbHBIX JIETEKTOPOB: TPU BHYTPEHHUX CJIOS, JIBa CPEJHUX CJIOs U JBa

BHEITHUX cJios1. [eomerpuueckast mojiesnib BTC npescrasiena wa pucynke 2.3 (a).
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Figure 2.3: (a) IIpoekr momepuusuposanunoii Buyrpenneii Tpekosoit Cucremsr [13]; (6) Cxembr

cOOPOK BHYTpEHHHUX U BHelrHuX(cpeanux) caoes BTC [13]

[IukcenbHBIE CEHCOPBI PACIOJIAralOTCA Ha CBEPXJIETKHX — YIVICILJIACTUKOBBIX
dbepmax [61, 62]. Vremnactukosbie (Gepmbl ObLIM U3rOTOBJIEHBI U3 YIJIEPOJHBIX
HUTEH 10  CcHenuajbHON  TexHoJjornu, paspadborannoit  yuenbimu  CIIOLY.
Koncrpyknuss  ¢epM  MO3BOJSIET JOCTHYbL MAKCUMAJbHOW  HMPOYHOCTU  IIPH
MUHHAMAaJIBHBIX 3aTPaTaX BEIECTBa, UTO 00ECIeUrBACT PEKOP/HYIO paJIdaIlMOHHY O
MPO3PATHOCTh, a TaKxKe TO3BOJIsIeT W30eKaTh WMCKAXKEHUsT Pe3yJabTaTOB TPH
BOCCTAHOBJICHMM TPEKOB W3-3a HPOrMOOB  MOJJIEPXKUBAIOIINX  CTPYKTYP U
napymenus reomerpun BTC. Mcnonb3oBanne yrileKOMIO3UTHBIX MaTEPHAJIOB JIJIsT
OXJIAXKIAOINEH IOJJIOKKNA U IIOJIJIEPXKUBAIOIINX CTPYKTYP OOYCJIOBJIEHO BbICOKOIt
TEILJIOITPOBOJHOCTBIO YTJIEBOJIOKHA,9TO obecieunBaeT 3(p(MEKTUBHbIA OTBOJI TEILIa
or cercopoB. K kaxioit cOOpke OT HEHTPAJU30BAHHON CHUCTEMbI OXJIaXK/JCHUS
HOJIBEJICH  OXJIAXKJIAIOIIUI KOHTYpP, IPEJICTABJISIONIIII co00it  MOJTHAMUIIHY O
TpyOKYy C IIOCTOSIHHO IUPKYJUPYIOIeil »Kujkocrbio. Kaxkjas Takasd depma ¢
CEeHCOPAMU, 3JIEKTPOHUKON M CHCTEMOI OXJIaXKJieHusi 00pa3yioT 0a30BbIil dJI€MEHT
cJiosi jlerekropa — Stave (jasee: cbopka). Cxema ¢OOPOK BHYTDEHHUX M BHEIIHUX
CJI0eB TpeJicTaBaeHa Ha pucynke 2.3 (b).

Paznuane BHYTpeHHWX, CPEJIHWX W BHEINTHUX CJIOEB  3aKJIYaeTcsi B
reoMerpuuecknx pasmepax coopok MAIIC, cocraBastiommx KaxKAbIlii CJI0#, u
PACIIONIOKEHNN MUKCEJIbHBIX CEeHCOPOB Ha, YIVIIJIACTUKOBBLIX IOIIEPXKUBAIOINX

KOHCTPYKIHUAX.
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Buyrpennne ciou BTC (Inner Barrel)

[Tepsoie Tpu cimosi BTC cocrost w3 48 c¢Oopok jerekTopoa JjauHOl 27
CM W MUpHHONH 1.5 cM KaXKJblil, 00pa3yoIuX MUJINHIPUIECKYIO CTPYKTYPY,
OKPY2KafoIIyI0 TOUKY CTOJKHOBeHU:A myukoB BAK.

Kaxgast coopka jgerekropoB cocroutr uz 9 MAIIC, dbopMupyronmx Moyiib
JIETEKTOPOB  BHYTPEHHErO  CJIOS. st Kaxkjijoro Mojysist  nutaHue u o cOop
JIAHHBIX, obecreduBaeMble T'MOKOH IevaTHON ILIATON, a TaK»Ke CaMbl CEHCOPBI
obbenuHeHbl B TuOpuHyo uaTerpupoBannyio cxemy (HIC). CuunrbiBanue gaHHBIX
IIPOMCXOJIUT HATIPSAMYIO C KayKJIOIO CEHCOpa 4epe3 CKopocTHOH kanat 1.2 T'our/c.
[Turanue u cOOp JlAHHBIX, peaJiu3yeMble Yepe3 €JUHYIO IIUHY [O3BOJISIOT eIle
OOJTBITIe MUHUMU3UPOBATH KOJIMYECTBO BEIECTBA, MCIOJIb3YEMOTrO B TEPBBIX CJIOSIX
neTekTopa. Kpome Toro, Ha MO/IOKKY JIETEKTOPA MOXKHO MPUJIOKUATDH HAIIPIKEHNE
0o0paTHOTO CMeIeHNsI, KOTOpPOE IMO3BOJUT YBEJUYUTHh OOEJIHEHHYIO 30HY B
KPEMHUM, 4TO MO3BOJIUT YJIyUIIUTh XapaKTEPUCTUKU JIETEKTOPA 110CJI€ JIJIUTEJbHbIX
paJInanoOHHBIX HArpy30K [13].  Moaynb JeTeKTOpoB BMecTe ¢ 3JEKTPOHHUKOIL
pas3Merenbl Ha YIVIEKOMIIO3UTHON OXJIaKIaloleil TMOJJIOKKe KOTOpas, B CBOIO
ouepejib 3aKperjieHa Ha yrJenjacTukoBoit gepme. VMmeHHO BHYTpeHHUE CJIOU
obecriequBaloT TOYHOCTh PEKOHCTPYKIMU TOYKU CTOJIKHOBEHUSI U BEPIIUH PACIa/0B.
Marepuas n reoMeTpust MOJIEPKUBAIONTUX CTPYKTYP BHYTPEHHUX CJIOEB COBMECTHO
¢ texunosorueii MAIIC mosBosisier pacrIosOXKUTL EPBBIA  CJIOH  JTETEKTOPOB
Ha pacCcTosTHUU 2.2 €M OT TOYKWM CcTOoJKHOBeHust mydkoB DBAK, obecnieaunast
KaQueCTBEHHYIO0 PEKOHCTPYKIMIO BEPLIMHBI 1IpKU dactore crojkHoenuit 10 100 KI'n

( B cronkroBenusix Pb-Pb).

Buemnane u cpename ciaou BTC (Outer Barrel m Middle Barrel,

COOTBETCTBEHHO )

Tax kak cpejnue n paemraue ciaon BTC HaxomsaTess HAMHOIO JAJIbIIe OT TOUYKH
CTOJIKHOBEHHUs TIYYKOB, UeM BHYTPEHHHUE CJIOW, OHU TIOJIBEPralOTCs 3HAYUTETHHO
MEHbIIIeH J103e paguallii, KpoOMe TOrO CUJILHO CHUXKAETCs IJIOTHOCTH TPEKOB YaCTHII,
COOTBETCTBEHHO TPeDOBaHUsI C JIETEKTOPAM CPEJIHUX M BHEIIHUX CJIOEB HUXKE, YeM K
JIETEKTOPaM BHYTPEHHUX CJIOEB.

Mexy coboii, cpeaune n BHemnue cjgou BTC paziauuarorcs TOJBKO JJIHHOM
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cOOPOK, T.e. KOJHMYECTBOM CEHCOpPOB, YCTAHOBJIEHHBIX B OJIHYy cOOpKy. Kax u
BO BHYTPEHHUX CJIOAX, CEHCOPbI BO BHELIHUX CJIOAX CIPYIIKMPOBAHbI B MOJLYJIH.
Kaxxprit Momysib cocrout u3 14 ceHCOpPOB, PACHOJIOXKEHHBIX B JiBa psijia 1Mo 7
wryk. [ KaxKjoro MOjyJisi, CEHCOPbl € MHOJABEJECHHON K HUM CHUIHAJIbLHOI
muHOM 006pasytor rubpuaHyo unTerpuposannyto cxemy (HIC). B kaxmom mosyse
CYIIECTBYET OJINH MaCTepP-CeHCOp W 13 3aBUCUMBIX CeHCOpPOB. Kark bl 3aBrcuMbIii
CEHCOP TIepejlaeT JaHHBbIE B KOHEI[ MOJYJIsI K MacTepP-CeHCOPY, MOCJe 9ero CUTHAJ
OT MacTep-CeHCcopa CUYUTBIBACTCA Uepe3 CUTHAJLHYIO IuHy. Kpowme Toro ¢ uepes
JIOTIIOJIHUTE/IbHBIE T depeHiiuajibible Iapbl Ha CUTCHAJBHON IIIMHE Ha CEHCOP
nepeialoTcst KOH(DUIYPAITMOHHBIE CUTHAJBI ¥ WHAMOPMAIAs O BPEMEHU, KOTOPast
1o3BoJIsIeT cBsi3aTh Kax bt sjemenT BTC u Bce ocrasibHbIE HETEKTOPHBIE CUCTEMbI
sKcrepuMeHTa. llepejavua JaHHBIX UYepe3 CUTHAJBLHYIO IIHHY OCYIIECTBJSETCS B
dbopmare 86ut/106uT. B orimume or BHYTPEHHUX CJI0EB, [INHA TUTAHUST TOBOJIUTCS
K MOJYJIsIM HEe3aBUCHUMO OT CUIHAJILHON mmuubl.  OT OJIOKa MUTAHWS Yepe3 ITHHY
HUTaHUsT Ha KaXXJIblii MOJYJb IOJAeTCa IMU(POBOE U aHAJIONOBOE HAIPSI>KEHNE
nutanusi.  Kpome Toro, K cOOpKaM BHEIIHUX K CPEJIHUX CJOEB IIOJBOIUTCS
oT/ie/IbHAs IIMHA HAIpsXKeHUus oOpaTHOro cMmenieHusi. Mojyjin pacio/iaraTcs
Ha YIJIEKOMITIO3UTHOW OXJIaXKIAIOIeil TOJI0XKKe: TI0 CeMb MOJYJIed B Psaja JJId
cOOPOK BHEIIHUX CJIOEB M TI0 YETHIPE MOJYJiss B Psiji Jijisi COOPOK CPEJIHUX CJIOEB.
OxJaxKieHue MoJABOAUTCS K YIJIEKOMIIO3UTHOM mojioxkke. CucreMa u3 MojiyJieit ¢
COOTBETCTBYIONIEH 9JIEKTPOHUKON 1 OXJIaKIAI0IUM KOHTYPOM Ha, yIJIEKOMIIO3UTHOI
OJIJIOXKKE HasbiBaeTcs 1ojycobopkoit. Ilpm srom, Ha oxHo#t depme mnapasiiesbHO
paciiojioKenbl jiBe Takux 1oJjycoopku.  Takum obpazom Mojysin Ha COOpKe
pacmojiaraloTcs B JBa pAfa: 2 X 7 MOJyJAeil JJisd BHEIIHUX CJIOeB U 2 X 4 Juid
cpejnux. JyinHa cOOPOK BHELIHUX CJIOEB cocTapjsgeT 1.5 M, obIree 9icjio CEHCOPOB B
coopke: 196, jmHa cOOPOK cpegHux ciaoes cocraniisier (0.9 M, obiee 4KncI0 CeHCOPOB

B coopke: 112. Ha pucynke 2.4 upejcrapjiena cOOpKa JIeT€KTOPOB BHEIIHUX CJIOEB
BTC.
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Figure 2.4: Coopka merexkTopos BHemHux cioes BTC ALICE

B nacrostinee BpeMs, MojepunsnpoBannas BuyTpennsasa Tpekosas Cucrema yxe
ycranoBjieHa B mmaxty skcrepumenTa ALICE u ycmenino nporectupoBana cOBMECTHO
CO BceMu JleTeKTopHbIMU crcTemamu sKcrepuMenta ALICE, B Tom anciie na npobHOM
nyuke BAK. Ha pucynke 2.5 nokazan Bui Baemnnx cjaoes BTC nociie nx ycraHoBKu
B IIAXTy 9KCIEPUMEHTa (a), MOJOBWHA OJHOTO U3 BHEITHUX CJIOEB JIO YCTAHOBKH B

mmaxty ().

Figure 2.5: (a) Buyrpennss Tpekopas Cucrema B mraxrte gerekropa ALICE (10 ycranosku

BHYTpeHHUX ¢J10eB) |63] ; (6) Bepxussa nososuna suemuero cjios BTC ALICE
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I'JTABA 3

HccaenoBanue paanajabHOl 3aBUCUMOCTH B

AJAPOHHbLIX CTPY4dX, COACPzKAIINX TA2KEJIbIEC KBAPKU

OniHa M3 OCHOBHBIX TIieJieil JaHHO# pabOThl COCTOUT B H3YUECHUU BJIMSTHUSI
MHUKPOCKOIINIECKHIX 3(PPHEKTOB B3aUMO/ICHCTBHS IAPTOHOB B YILTPAPEJIATUBUCTCKUX
CTOJIKHOBEHMSIX Ha PaJinajbHbIe 3aBUCUMOCTH B aJIPOHHBIX CTPYSIX, COIEPIKAIIAX
Tsizkesible KBapku. Ilpejiiiosiaraercs, 4ro pajinajibHOE PacCTOSHUE OT OCU aJIPOHHOM
CTPYHU JIO aJIPOHA, COAEpPXKAaIero OYapoBaHHBI KBapK MOXKET HECTH MHMOPMAIUIO
O MexaHu3Me o0pa3oBaHHUs aJ[pOHHOI cTpyu.  Tak Kak paHee paJuaJjbHble
3apucuMocT He wudydaynch B 9kcrnepumenta ALICE, nmannoe wccnenoBanue
IIO3BOJIMT JIOIOJIHUTh Y2Ke CYILIEeCTBYIOIIUe PadoTbl B 00/aCTU (PDUBUMKU TsXKEJbIX

apoOMaTOB U PACIIUPUTDH OYIYIINYIO IPOrPaMMy HCCJIEI0OBaHMIA.

3.1 Crparerusa aHaJn3a 3KCIIE€PUMEHTAJbHBIX JTAHHBIX

AHaim3 mpoBOJUJICA Ha OCHOBE COOBITHI HEYIPYroro pp-B3aMMOJEHCTBHA C
MUHUMaJIbHBIM 0TO0pOM (minimum bias), 3aperucrpupoBantbix jerekropom AL-
ICE B nporoH-IpoTOHHBIX CTOJKHOBeHMsAX B Tedenue 2016, 2017 u 2018 rojos.
s cpabarbIlBaHUsI TPUITEpa IPU PECUCTPAIME OJHOTO COOBITHS TPedOBAJIOCH
COBIAJICHWE CUTHAJIOB B JIBYX CHUHTUJLIATOpax Jerekropa V0. donoBbie
COOBITHS, TTPOUCXOJISAIINE OT B3aUMOJEHCTBUN YaCTUIL ¢ ra30M, ObLIM MCKJIIOYEHbI
U3 MOCJEAYIOIIero aHajn3a MHpHd IMOMOIM HH(MOPMAIUK O BpeMEHU COOBITHSI,
nosiyaernoir or VO U HEATPOHHBIX KaJopuMeTpoB. UToObI CMATYUTh 3PPEKT
HAJIOXKEHNST OT PErucTpaliy HEeCKOJbKUX OJHOBPEMeHHbIX coObiTuii (pile-up),
COOBITUS C HECKOJIbKUMU PEKOHCTPYMPOBAHHBIMKM MEPBUYHBIMU BEPIIMHAMU ObLIN
OTKJIOHEHBI. JIJIsT KOpPeKINu HeOTHOPOIHOCTH aKIIeNITaAHCa JeTeKTOpa, JJIs aHaJ 134,

MCTIOJIb30BAJIUCH TOJBKO COOBITHSI ¢ TOJIOXKEHUEM MEPBUIHON BEPIIHAHBI |2yty| < 10
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CM BOKPYT HOMHHAJILHOI TOUKH B3auMojeiicTeust. Hakonen, coObITH JOTAKHBI ObLIN
VMEThb 10 KpajiHeil Mepe OHy 3apsKCHHYIO YaCTHUIy B OOJACTH IICEBIOOLICTPOT
In| < 1.0 , uro coorsercTByer npumMepHo 75% OT MOJHOrO HEYNPYTrOro CeYeHust
IIPOTOH-IPOTOHHOIO B3auMmogeiicTsus [64, 65]. Tlocsie orbopa, onucaHHOIO Bbille,

BBIOOpPKA JIAHHBIX COCTOUT U3 1.8 MuJImap/ia coObITHIA.

PekoHCcTpyKIUsi apOHOB

Af—Gapronbl peKOHCTPYHpPOBaHbl B KaHase ciaboro ajporHoro pacrnaga Al —
pKS — prtm~ (BeposrhocTh pacnajia 1o janHomy Kanaiy: BR o= 1.59 +
0.08%) [17], B unreppame momepeunHbX uMIyabcos AF 1 2 < ppa+ < 12 T'aB/c.
Hanupiit kapaa pacmajga OblLI BRIOpaH B CBSA3M C TEM, 49TO B Cydae pPaciaja IIo
KaHaJy ¢ bosbineir BepositiocThio (AT — pK™ "), kombunaropubiit hoH B JaHHOM
KaHaJIie 3HAYUTENbHO BbIMe. st aHajmM3a paccMaTpUBAJINCh TOJBKO TPEKH C
In| < 0.8 u pr > 0.4 I'sB/¢, KOTOPbIE MONHOCTHIO COOTBETCTBYIOT KPUTEPHUSIM,
omucanubiMm B [66].  Kpurepun Bnibopa mncenobbicTporsl Tpeka Af, Obuiu
10100paHbl TAaKUM 00pPa30M, 9TOOBI COOTBETCTBOBATH PENEPHON UyBCTBUTEIHHOCTH
Jerekropa:  9MMEKTUBHOCTh PErUCTPAIMU FaCTUIL PE3KO MagaeT 0 HyJisi IPH
ly| > 0.5 B obnacTw HM3KOTO TMOMEPEYIHOro WMIyabca u mpu |y| > 0.8 B
obmactu pr > 5 IsB/c. Ilo sr10it mpuuamnae COOTBETCTBYOIINE OTPAHUICHUS
HAKJIQIbIBAIOTCS Ha OBICTPOTY KaHIMIATOB: B JMaNa30He TOMEPEIHbIX UMITYJIHCOB
0 < pr < 5 I'sB/c¢ orpannuenue na ooicrpory pacrer 0.5 jio 0.8 u onucbiBaercst
OJIMHOMUHAJIBHON (DyHKIHEH BTOporo mopsiyika, a jis pr > 5 [9B/c asnsgercs
KoHCTaHTOI: yiq = 0.8. Boibop A —KaHumaroB ocymecTBiIsics ¢ HCHOIb30BAHIEM
METOJ/IOB MAIIMHHOrO 00ydeHust, OCHOBaHHbIX Ha aJjiropurTMme Boosted Decision Tree
(BDT), upegocrasisiemom nakerom XGBoost [67]. [Ipu onrumusanuu mosesin
YUIUTBIBAJUCH KAK TOIOJOTHIECKHE TapaMeTPhl TaK U MapaMeTpPbl UACHTU(MUKAIIHI
gacTril. K Takum mapamerpam MOXKHO OTHECTH KOCHHYC yTJja pasJjeTa MpPOJLYKTOB
pacriajia, paccTosiHie MaKCUMAaJbHOIO COJIMMKEHWs TPOJYKTOB PACIa/ia, UMITYJIbChI
IIPOJIYKTOB paclaja 1 1 psjl APYTruX mapaMerpoB. Tak Kak ONTUMAJILHLIE 3HATCHIS
IapaMeTpOB 3aBUCAT OT MOIEPEYHOr0 WMILYJIbCAa KaHJIWIaTa, BECh IHaIla30H
nornepevbx MMIYabcoB Af—Kanugata OblT pasOMT HA WHTEPBaJbl, B KOTOPBIX
3HAYEHUST TTAPAMETPOB MOIVIH OCTaBAThCs MOCTOSHHBIMEU. (OOydeHune MmpoBOINIOCH

B HMHTEPBaJlaX IIOIIEPEIHOI0 MMIIYJIbCa Ag—*KaH,ﬂ;HﬂaTa, raie ChUr”HaJl OBLT InoJry4dex
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13 MpsIMOil KoMIoHeHTHI oT remeparopa cobpituii PYTHIA 8.243 ¢ macrpoiikoii
Monash-2013 [68], a don Obur mosyden u3 OGOKOBBIX MOJOC DACIPEICJCHUS
MHBAPUAHTHBIX MaCC JIaHHDIX.

DY Me30HBI M MX 3apsJI0BO-COIPAKEHHbIE ObLIM PEKOHCTPYMPOBAHbI B KaHaJe
ajipornoro pacnana DY — K~7F, KoTopblit mMeeT BeposTHOCTD pacia/ia 110 JTAHHOMY
kanany BR = 3.8940.04% [17]. B xasknom cobbrtin, Kamguaars B DV—vesomn n nx
BEPIINUHBI ObLJIM PEKOHCTPYUPOBAHbI U3 AP TPEKOB C HPOTUBOIIOJIOXKHBIM 3aPsiJIOM.
st ananusa paccmarpuBaiuch tpeku ¢ || < 0.8 u pr > 0.3 9B/ ¢, umeromntue
He MeHee 70 CBI3aHHBIX MPOCTPAHCTBEHHBIX TOUEK BO BPEMS-IIPOCKITMOHHON Kamepe
(TPC) (u3 makcumym 159), x/ndf < 4 B TPC (rme ndf - konmdvectBo cremneneit
cBODOOJIbI, BAJOKEHHBIX B IPOIEJYPY BOCCTAHOBJICHWs TPEKOB), MUHUMYM OJHO
norajiaiue B JIIOOOH U3 JBYX CJIOEB INHKCEJbHBIX JIETEKTOPOB W MHUHUMYM 3
I0TIaIaHUsI BO BCell BHYTpPeHHeil TpekoBoii cucreme. Kpurepum ordopa OBICTPOTHI
U TCEBJIOOBICTPOTHI TPEKa, a TaK»Ke MOTHUBAIUs JIJIs WX BbIOOPA COOTBETCBYIOT
KPUTEPUSAM ONUCAHHBIM Bbiie Jiist AT

D" Me30HBI UMEIOT CPeAHIO COOCTBEHHYIO JJIMHY pacuafa ¢ = 123 MKM
|17], mosTOMYy BTOpUYHAST BEpIIHHA OOBITHO CMEINEHA Ha HECKOJBKO COTEH MKM OT
NEPBUYHON BEPIIUHBI B3auMOJIecTBUS. B KavecTBe reoMeTpuiecKnxX OrpaHudeHuit
na Tpekr DY-Me30HOB ObLIM HCIIOIB30BAHBl OIPAHUYEHIA Ha CMEIEHHEe TPEKOB OT
BEPIINHB B3ANMOJICHCTBHS, Ha PACCTOSHUE MEXKJIy BepIIMHON pacnajga DU-Mmezona
¥ [EPBUIHON BEPUIMHOM (JyIMHA pacmiajia, L) u Ha HAIpPABICHHE BOCCTAHOBJIEHHOTO
nmrysbea DV-Me30Ha 0THOCHTEIBHO TIEPBUYHOI BEPITNHBI B 1a00PATOPHOI CHCTeMe
koopgunar. Takxke, kak u g AT-Gapuona, JMana3oH HONEPEUHBIX UMILYJILCOB

D%-meszona 6b11 pasbuT Ha HHTEPBAJBI ¢ HAMIYYIINM BLIGOPOM orpamuyenuii [69).

PekoHCTpYKIUs aAPOHHBIX CTPYit

B KauecTse BXOIHBIX JIAHHBIX JJI PEKOHCTPYIMY 8JIPOHHOI CTPYY UCTTOJIB3YIOTCA
pekoncTpynposannbie Tpekn Kanangaros AT u DY, TIpu pekoncerpykimu, jouephue
TPEKM 3aMEHSIOTCA UYeTLIPEXUMIIYJILCOM MATEPUHCKOrO aJpoHa JJIS  KaxKJI0ro
KaH1aTa, HaiJIeHHOrO B COOLITMH. Ilporenypa PEeKOHCTPYKIMHM U MAPKHPOBKH
aJIPOHHOI cTpyn peajusosana B nporpamuom nakere AliPhysics [70].

PekoHCTpyKIMg TPEKOB KaHUIATOB

st peKOHCTPYKIMK aJIpPOHHBIX CTPY#l paccMaTpUBAIOTCA BCe COOBITHSI,
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conepxkamme AT m DY, Ecmu B coOLITHE MOXKHO DEKOHCTPYHPOBATH TOJLKO
OJIMH aJIpOH, COJIEPKAIUN TAXKEJbIil KBapK, JIOUYepHHE TPEKH IIPOJIYKTOB €ro
paciajia 3aMeHsI0TCSI TPEKOM JIaHHOro ajpoHa. Ecim B COOBITHH HECKOJIBKO
KaHJIMJIATOB, 9Ta, IPOLELypa IHOBTOPAECTCS JIJIsl KaXKJIoro u3 Kauamgaaros. CoObITusl,
B KOTOPBIX J[Ba 1 DoJiee KaH/I1/1aTa COOTBETCTBYIOT BCEM KPUTEPHUsIM 0TOOpa, OUeHb
penkn u cocrapiasior npumepno 0.9% cobwrrmit. Takum obpasom, B gasabHeiieM

aHaJM3e B KaXkJIOM COOBITUM PACCMaTPUBAIOTCS TOJIBKO PEKOHCTPYUPOBAHHBIE

"meeBrnorpekn"  KamaMIaTOB. st peKoOHCTPYKIUU aJIpOHHOI CTpPyH, yIroJ
pacTBOpa Komnyca cocrapiger 0.4 paj. [Ipu stoMm, 6Gosee 50% anpoHOB,
copepkaiux c-kpapk ("ouaposanubie" azgporb) ¢ pr = 3 ['sB/c ucnyckator

LPOJLYKThI PACIajia 1o/, YoM, npesbimaionym 0.4 paj OTHOCUTEILHO HAllPABJICHKS
nMmIyabca "ogaposannoro' ajpona. Kax ciaencTBue, NpOAYKTHI paciajia
"ouapoBaHHBIX" aAPOHOB ¢ HU3KUM HMIIYJLCOM YACTO HAXOMIATCS 38 IMPEIeTaMU
PEKOHCTPYUPOBAHHOTO KOHYyCa aJPOHHON CTPYH. Henocraomuit  nmmnysibce,
YHOCUMBIH HPOJlyKTAMKU Paclajia, yXyAlaeT paspelieHre CTPYd [0 UMILYJILCY |
cHmKaeT 3 HEKTUBHOCTDL OOHAPYKEHUS apOHa, COAEPIKAIIEro TIXKeIble KBAPKH, B
coctaBe crpyu. Ha pucynke 3.1 (a) mokazaHo, Kak pPEKOHCTPYKIIUS aJPOHHBIX CTPYil
¢ 3aMeHOi TPEKOB TPOAYKTOB pacraa TPEKOM CaMOro aJipoHa perraeT IaHHYIo

1pobJIemy.

— ——>
1 Och agpoOHHOH
CTpYH

Figure 3.1: (a) 3ameHa j0uepHUX TPeKOB TpeKaMu DY—Me30HOB IIpH PEKOHCTPYKIIMH aPOHHOI

cTpyu
(6) agponnast cTpys, comep:kamuii D°—mesomn

ITouck ampoHHBIX CTPYIA

[Towck afpoHHBIX CTPY# MPOU3BOIMIICS Ha BHIOOPKE "TICeBIOTPEKOB! € TOMOIIHIO
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nakera FastJet |71, 72] ¢ wucmonbzoBanmem asropurma antu-kp FastJet [73] c
paspelieHueM 1o azumyTajibHoMmy yriay R = 0.4. Ajnropurm anTu—kr OCHOBaH
Ha TTOCJIeI0BATEIbHOM M3MEPEHUN PACCTOSTHUS MEXKJY YaCTUIIAMU B IPOCTPAHCTBE
(n — @), e n — uceBOOLICTPOTA, & ¢ — azUMyTaJbHbIA yroj. Eciau paccrosinue
MEXKJTY JIByMsT YACTUIIAMU MEHbIIe, YeM PACCTOSTHNAE MEXKTY YACTHUIIEH U OChIO ITyUKa,
TO 9TH FACTUIIHI OOBEIMHSIIOTCS B KJIACTEP JI0 TEX TMOp, MOKa pa3Mep KJacTepa He
IPEBBICUT 3aJlaHHBIN pajuyc aJIpoHHON cTpyu. KaxKjblit KjacTtep BIOCJECTBUN
BOCIIPUHUMAETCS KaK OTJEeJIbHAs JaCTHIA, a BCE HMITYJIBCHI €TI0 COCTABJISIONIIX
3aMeIAIOTCA YeThIPEXUMITYILCOM KjacTepa.  Ecaum paccrosgame MexXIy JIBYMs
qacTuIaMn OOJIhITIe, 9eM PACCTOsSTHNE MEXKy YaCTHIei W OChIo TydKa, TO JaHHas
dacTuia (KaacTep) BOCIPUHUMAETCs KaK aJipoHHast ¢Tpyst. [Ionck ajipoHHbIX cTpyil
MPOBOJIUTCSA JIO TeX IOp, TMOKa He He OYJIeT MPOBEPEHO PACCTOSHUE MEXJy BCe
napamMu JacTuil. Tpekn oObeIUHAIOTCA MyTeM CYMMHUPOBAHU Y€THIPEXBEKTOPOB,
PU 9TOM TOTIEPETHBI WMITYJIbC aJPOHHON CTPYHM OTPAHUYINBAETCS WHTEPBAJIOM
5 < prje < 35 I'sB/c. Pacnonoxenue ocu cTpyu yIOBJIETBODSET yCJIOBUIO
1Miet| < 0.5. Kpurepun orbopa 1o ncesgobbictpore u umnyincy: |n| < 0.9 u pp >
0.15 I'sB/c coorBercrBento. DdhEKTUBHOCTD BOCCTAHOBJCHHS OJHOPOJIHA KaK
dyHKIMS T1CeBI0OBICTPOTHI 1) U a3UMYTaJILHOTO y1iia ¢. Kak dyHKIMs nmonepedHoro
MMILYJIbCa TPeKa, 3dekTuBHOCTL cocrasisier nopsiyka 70% s pr = 0.2 ['sB/c u
MpUOIMKAETCS K CBOeMy MakcuMasbHoMy 3Hadenuto 90% st pp ~ 2 ['9B/c. 3arem
3 PEKTUBHOCTL CHOBA CHUXKAETCS U JIOCTUTrAeT IL1aTo Ha yposHe 85%.

MapkupoBKa aJIpOHHOI CTPYH

Crpyu, B cocras KoTopbix Bxojaui "ouaposanubiit" ajapon (A7 wmu D°) Gbuin
MapKHUPOBAHBI TSAXKEJTBIM apOMATOM U UCTOJIB30BAJUCH JIJIs TTOCTETYIONEro aHaIn3a.
JOnONTHUTETbHBIX ~ KOPPEKIIUK  MOMepedHoro  UMITYJIbCa  PEKOHCTPYUPOBAHHBIX
aJIPOHHBIX CcTpyil st ydera ¢ona ( HampuMep, OT MHOTOINAPTOHHBIX
B3aHMo;Le17ICTBH171) HE IIPOBOJ/UJIOCD.

BriOOp MHTEpPBAJIOB MOMEPETHOrO MMITYJIbCa KaHIUaTa W CTPYH JJIT aHAJIn3a
JIAHHBIX OB cjejlaH TakuM 00pa3oM, 4YTOObl CpaBHUTH O00JIACTH, TJI€ MOTYT
JIOMUHUPOBATH Pa3/JnIHble MEXaHU3Mbl 00pa30BaHus aJPOHHBIX cTpyit. Ilpu 3ToMm,
B XOJIe JAHHOTO aHaJu3a OBLIM MPOBEPEHBI PA3JUIHbIC KOMOWHAIUN PAa30UEHUS
Ha WHTEPBAJbI TONEPEIHOrO UMITYJIbCa U BBIOPAHBI T€, KOTOPBIE 0DECIeYNBAIOT

HanJy4dlIyto CTaAaTUCTHYECKYIO 3HaAYMMOCTDL PE3YJIbTaTOB KaK JIJIA DO*MGSOHa, TaK
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u st A — Gapuona.

3.2 MHWccnenoBanume paauajibHbIX 3aBHCHUMOCTEN aJIPOHHBIX CTPYI,

cogepzkammx D'—me30H

Ananms aJ[poHHBIX cTpyil, copepxatmx DY-Me30n 1poBoANIICAH HE3ABUCHMO J1JIs1

TpexX KOMOMHAIUI TOIEePEeTHbIX UMIIYILCOB D% me3ona n aJIPOHHON CTPYU:
1. 2<p2 <6ub5<prju<7DsB/c
2.2 <pR <6uT<prju<15TsB/c
3. 6<pP <12u7 < prje < 15TsB/c

PajuanbHoe paccrosinue r, BbluucjieHHoe 1o ¢opmysie 1.4.1 juist KaxKj01ro
KaHngaTa 06110 pasouro wa uaTepBasl {0,0.05,0.1,0.2} Takum ob6paszom, 4TOOLI
B Ka KJIOM HMHepBaJie HabUPaJoCh JIOCTATOYHOE KOJUIECTBO CTAaTUCTUKU. [Ipu aToMm,
JIAHHBIE, KOTOPbIE MOTJIM OKA3aThCsl 34 MTPeJieJIaMi BRIOPAHHBIX MHTEPBAJIOB HE HECYT

CTATUCTUYCCKON 3HAYUMOCTU.

Brinenenue curnaJa

[TocTpoenne pajuaJbHbIX 3aBUCUMOCTEN TTPOUCXOJINIIO B JIBA STAIA.

Ha mepBom »3Tame, ObLIM TIOCTPOEHBI  pAaCIpeJieJieHus HWHBAPUAHTHBIX
mace KauguaaTos B DY-mezonnl.  Paccuernr addexTuBHOCTH KakK (DYHKINN
[ONEPETHONO MMITYJIbCA, ObLIM BBIIMOJHEHBI JiJIsi CUTHAJA MOJydYeHHOro ot MonTe-
Kapyiio MojenmpoBaHus B TexX WHTEpBaJax IMOMEPEYHOIO MMITYJIbCa, B KOTOPBIX
IIPOBOJIUJIACH PEKOHCTPYKIINs CUTHAJIa. KOppeKTUpoBKa ¢ yaeToM 3(hDeKTUBHOCTH
PEKOHCTPYKIMU TPUMEHSJIACh JIJI BBIJEJIECHHOTO CHUTHAJA B COOTBETCTBYIOIIUX
MHTEPBAJIAX I[ONEPEIHONO HMITyJIbCa. B 3TON CBsi3u, NPOLEAYPa BbIJICJICHUS
CUTHaJIa ObLIa peajin30BaHa B y3KMX WHTEPBAJaX MOMEPETHOro UMIYyJabca. Takum
00pa30M, pacrpe/eleHinst WHBAPUAHTHBIX Mace i DY-Mesona GBIIN MOCTPOEHBI
B MHTEpBaJax prpo : {3,4,5,6,7,8,10,12}. Jlast kaxa0ro pacipejiesenus ObLIn
MPOBEJICHBl AlIPOKCUMAINKM cUTHajJa U (oHa. g annmpokcuMaluu CUrHasa

UCIoJIb30Basach GyHKIMs ['aycca, Jijisd annpokcuMalun (poHa — SKCIIOHEHIIHaIbHAasT
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dyHKIHS. Pacpejiesiennsi MHBAPHAHTHBIX MAacC KamaumgaTroB B DU-Me30mHbI

IpejcTaBjeHbl Ha pUCyHKax 3.2 — 3.4 .
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7< prje <15 TsB/c
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Figure 3.4: Croexrp maBapumanTHBIX Macc D'—Me30Ha /18 HHTEPBATIOB MOMEPETHOTO MMITY/ILCA

(cmeBa mampaso) {6-7}, {7-8}, {8-10}, {10-12} B mHTepBase MOMEPEUHBIX UMITYJIHCOB ATPOHHBIX
cTpyit 7< prje <15 I'sB/c

Ha BTopom sraine 6b1j10 IPOU3BEJIEHO BbhlUMTaHHe OOKOBOI 1oJiockl. st 9Toro,
CIIEKTD WHBAPUAHTHBIX MaCC ObLI Pa3duT Ha DOKOBBIE 00JIACTH, COJIEPIKAIINE TOJIHKO

don ([mean — 9o, mean — 4o] U [mean + 4o, mean + 90|, rje mean — cpejnee B
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anmpokcnManuu curnaga Qynknueit laycca, o — nogymupuna curnasna) u 0b6JacTb

CUTHAJIA, COfIEPKAIIyIo cMech curnana u dona ([mean — 20, mean + 20]). 3arem

KasKJlasi U3 BbIJICJICHHBIX 00J1aCTEll CTPOUTCS KaK PYHKIUS PaJIMabHOIO PACCTOSHUS

—T. Tor;ga, BbIﬂGJIGHHbeI CUT'HaJI BbIHYUCJIAECTCA KaK:

AN/dr™® = AN/dr°® — o - AN/dr°P (3.2.1)
['ne:
o AN/dr"™ — BhijiesieHHOE PACIPE/IC/ICEHUE CUTHAJIA KAK (DYHKIs T
o dN/drf — obnmacts curnana xKak GyHKIHS 7
o AN/drBf - cymma pacnpenenenuii GOKOBBIX TI0JI0C Kak yHKISA T
e (v — MACIITAOMPYIOIIUI MapaMeTp IPeJICTABJSIONU coboil OTHOIIeHKEe

ILJIOTA/ M B O0JIACTU CUI'HAJIa K CyMMe ILIOIIa el OOKOBBIX I10JIOC.

[Tporiecc BbIjie/IeHNs cUTHAJIA TIPEJICTaB/IeH Ha pUcyHKe 3.5. Pesysibrarhbl BbljieieHust

curnasa qia DY-Mezona mpescraBiens! Ha puCyHKaxX 3.6 — 3.8.

counts

F T | T T T I T T T 7T I T T 1T I T T 7T [ T T [ T Q 104? TT 1 LI r T T I T T T ‘ L ) I T 7 ‘ T 171 T 7 Y T TT li
450:_ B(mean + 2a)= 1619, S(mean + 20) = 698, SS+B = 14.5 ‘8., E & signal region pp, 15 = 13 TeV 1
E mean =1.87.a =0.01 [ o sidebandregion  charged jets, anti-ky, A = 0.4, [ 505
o i 5<pf"™ <7 GeVio I & subtracted 5<pf'™ <7 GeVic
- 7 25p, , <3GeVic - with 0’ 2<p . <3GeVic
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Figure 3.5: Ilpomecc BIeIeHNs CUTHAAA H BEIYHTAHNS OOKOBBIX moj0C¢ Aasa DY—mesona.
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Figure 3.6: Pacupejesenue BLIXOH0B aJPOHHBIX CTPYil, cogepxKamux D'—meson, kak (ynxnus
PaIMATbHOTO DPACCTOSHUS MOCJTe BBIUYATAHUS OOKOBON IOJOCH /I WHTEPBAJOB IIONEPETHOrO

uMIysibca (ciaeBa Hanpaso) {2-3}, {3-4}, {4-5}, {5-6} B unTEpBae HONEPEYHBIX UMITYJILCOB CTPYH
h< DT jet <7 PSB/C
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Figure 3.7: Pacmpe/enenue BBIXOJ0B aJpOHHBIX cTpPYil, conepzkamux D’-Me3oH, Kak dbyHKIUsA

pPaauaJbHOIO pPaCCTOAHUA ITIOCJIC BbIYUTAHUA OOKOBOIl OJIOCHI AJd HMHTEePBaJIOB IIOIEPEYHOIO

uMIyabca (caesa nanpaso) {2-3}, {3-4}, {4-5}, {5-6} B uHTEpBaJE MOMEPEUHBIX UMITYIHCOB CTPYH
7< prje <15 TaB/c
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Figure 3.8: Pacmpesenenne BBIXOI0B aJpOHHBIX CTPYii, comepxKamux DYMe3omn, Kak DyHKIMA

paauaJbHOIO pPACCTOAHUA IT10CJIC BbIYUTAHUA DOKOBO# IOJIOCHI AJid MHTEPBaJIOB IIOIEPEYHOI'O

uMIyabca (caesa nampaso) {6-7}, {7-8}, {8-10}, {10-12} B wHTepBaje MOMEPEYHBIX UMITYIHCOB
crpyna 7< prje <15 I9B/c
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Koppekiug o acddeKkTuBHOCTI

DD PeKTUBHOCTH PEKOHCTPYKITMKE aPOHOB, COJEPIKAIINX OYaPOBAHHBIA KBapK,
3aBHCAT OT WX IOIEPeYHOr0 WMIyJILbca u Bapbupyerca ot 10% B obnactu
nu3koro pr o 60% B obsactu BbICOKOrO pr. DPPEKTUBHOCTL BLIYUCIISETCS
¢ mnomompio  MogenupoBarus PYTHIA 8, cogepxkamero mpsimbie TpsiMble
aJIPOHHbIE CTPYM (IPOMCXOJAIINE OT O4YaPOBAHHOIO KBapKa, DPOXKJEHHONO B
pesyJIbTaTe KECTKUX MapTOHHBIX mporeccoB). JlaHHOe MojeIupoBaHue BKJHOUAECT
PeOMETPUIO ¥ MaTepuas JerekTopa u BbimojueHo B mnakere GEANT3 [74].
st Beraucienust 3G EKTUBHOCTH PEKOHCTPYKIIUK HEMPSIMBIX CTPYii(oYapoBaHHbie
GaCTUIBl  POXKJAIOTCS B pesyjbrare paclaja 0oJiee  TsKeJgoro b-kBapka)
rcnob3osastoch Mogennposanme POWHEG+PYTHIA 8. POWHEG |[75] — s1o
regepaTop COOLITHI, MapaMeTpbl KOTOPOIO BPYUHYIO IMOJ00paHbl TaKUM 00OPa3oM,
9TOOBI MAKCUMAJIbHO TOYHO BOCIPOU3BOJINTH IKCIEPUMEHTAJBHBIE PE3YIbTATH.
SaBucuMocTb 3PGHEKTUBHOCTU OT MOTEPEUHOTO UMITYJIbCA JIJIsi TPSIMON 1 HENPSIMOii
KOMIIOHEHTHI IIpeJIcTaB/ieHa Ha pucyHke 3.9. Pacupenenenus curnajia Kak GyHKIUNT
PaJIMaJIbHOTO PACCTOSHUS JIJIsl KaXKJ0M0 MHTEpBaJia, IOIePeIHOro MMIIYJIbCa ObLIN

CKOPPEKTHUPOBAHbI € yueToM JlanHoil addekrusroctu (pucyrok 3.10 — 3.12).
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Figure 3.9: DddeKTHBHOCTD PeKOHCTPYKITHN aIPOHHBIX CTPYi, comepKaimux DY—Mme30H Bo Beei
obnactu u3mepenuii. CunuM BbigeeHA PGHEKTUBHOCTD PEKOHCTPYKIUH MPSIMO KOMIIOHEHTHI,

KPACHBIM BBIJIeJIeHa, (PPEKTUBHOCTD PEKOHCTPYKIIME HENPAMOM KOMIIOHEHTHI OT pachaia b-

Signal yield, bg-subtracted, efficiency-corrected Signal yield, bg-subtracted, efficiency-corrected Signal yield, bg-subtracted, efficiency-corrected Signal yield, bg-subtracted, efficiency-corrected
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Figure 3.10: CkoppektupoBanroe 1mo 3(h@(EKTUBHOCTH pPACHpeIeieHre BbIXOI0B aIPOHHBIX
cTpyit, comepxamux D% me3on, kak (yHKINS PaTMATLHOTO DACCTOSHHS TOCTE BHIYHTAHUS
OOKOBOIT MOJIOCH /IS HHTEPBAJIOB MOIEPEYHOro UMIIyJIbca (cuaeBa mampaso) {2-3}, {3-4}, {4-5},

{5-6} B uHTEpBaJE MOIEPEUHBIX UMILYIBLCOB CTPYH D< Prjer <7 [9B/¢
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Figure 3.11: CkoppekrupoBanaoe 1mo 3PpGEKTUBHOCTH PACHPEIECTICHIE BBIXOJ0B aJIPOHHBIX
crpyit, copepxamux D%-MesoH, kak (byHKIHS PaJMATbLHOTO PACCTOAHHA IOCTE BbIYATAHUSA
OOKOBOM HOJIOCHI [IJIsl HHTEPBAJIOB HOMEPEYHOro uMIrysbca (ciaeBa Hanpaso) {2-3}, {3-4}, {4-5},

{5-6} B mHTepBaje MOLIEPEUHBIX UMILYILCOB CTPYH T< pr et <15 I'9B/c¢

Signal yield, bg-subtracted, efficiency-corrected Signal yield, bg-subtracted, efficiency-corrected Signal yield, bg-subtracted, efficiency-corrected Signal yield, bg-subtracted, efficiency-corrected
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Figure 3.12: CkoppekrupoBannoe 1m0 3hdEKTHBHOCTH pacipeaeeHne BbIXOA0B aJIpPOHHBIX
crpyit, comepxamux DP-mes0H, kak (YHKIHS DaJnaIbHOTO PACCTOSHUS IIOCTE BHIYATAHUS
GOKOBOIT TIOJIOCHL JIJIsT MHTEPBAJIOB MOMEPETHOr0 UMITYIbca (ceBa Hampaso) {6-7}, {7-8}, {8-10},

{10-12} B mHTepBaJe TONEPEUHBIX HUMITYILCOB CTPYN 7< pr et <15 I9B/c

Brrauranne HerﬂMOﬁ KOMIIOHEHTHI

3mepennbie JJaHHBIE COMEPXKAT MPSIMYIO KOMIIOHEHTY, WHUIIMUPOBAHHYIO C-
KBApPKOM, ¥ HEIPAMYIO KOMIIOHEHTY, WHUAIMUPOBAHHYIO b-KBapKOM. st
UCCJIJIOBAHMS MIPIIECCOB aJIPOHUBAIMN 0YaPOBAHHOI'O KBapKa, HEOOXOJIMMO YIaJUTh
HEIMPSIMYI0 KOMIIOHEHTY M3 JIaJIbHERINero anaJn3a.

BxojHbiME  JIAHHBIME IS paccdeTra  SIBJIAIOTCS — CEUEHUST  POXKJICHUSI
OUYapOBAHHHBIX aJ[DOHOB B pe3yJbTaTe pachaja b-KBapKa, IOJYUYEeHHBbIE OT
rereparopa cobbituit POWHEG [75] + PYTHIA 8. POWHEG wogemuposanue
MIO3BOJISIET OIEHUTH HEMPSIMOE CeUYeHre POXKJICHUS aJIPOHHBIX CTPYii, B TO BpEMsT KakK
PYTHIA 8 ucnosib3yercst jiist Onucanusi NpOoIeccOB aJIPOHUBAIMT U JIMBHEH YaCTHII.
Henpsimoe ceuenme or remeparopa COOLITHI TPEJICTABICHO B BHJIE TPEXMEpPHO

MaTpPUILI B UHTEPBAJIaX T, PT jet, PT,HF-
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[ M3MepeHHbIX JIAHHBIX, COJEPXKAIUX MPAMYIO0 U HENpIMYyI KOMIIOHEHTY
OblLjIa, IIPOM3BEJICHA KOPPEKTUPOBKA 3(P(MEKTUBHOCTH, B KOTOPOIl MCIIOJIb30BaJIACh
TOJILKO TIpsiMasi KOMIOHeHTa 3 dekTuBHOCTH. MOXKHO IpejicCTaBUTh U3MEPEHHbIE

JAaHHbIC CJIC/IYIOIIUM YPaBHCHUEM!

Nprompt,data * 6pmmpt + Nnon—prompt,data * 67”L07”L—p?”ompt

N™eos — , (3.2.2)

6prompt

['ne:

o N — p3mMmepeHHbIE JlaHHbIE

NPromphdata  phanias KOMIOHEHTa, HHUIAXPOBAHHAS C-KBADKOM

o oMt — 5 hheKTUBHOCTL PErNCTPAIMU IPSMOM KOMIIOHEHTLI

Nnon—prompt.data _ pepnanvass KOMIOHEHTA, BOSHUKINAS B Pe3yJIbTaTe Pacaja

b-kBapka

non—prompt

IS — 3 PEeKTUBHOCTH PErUCTPAIUU HEIPSIMON KOMITOHEHTbI

Jj1st TOro, 9T00bI OJIYIUTh CKOPPEKTHPOBAHHOE 110 3P PEKTUBHOCTH pacCIIpe/ie/ieHne

prompt,data % 6pmmpt

HpHMOfI KOMIIOHEHTBI [NV , Mbl MO2K€M BBIYECTb M3 IIPEAbIAYIIECIO

YpaBHEHUA:

non—prompt
3 €
NTon prompt, PYTHIA+POWHEG % : (323)

6prompt
[1ie mernpsimast KommonerTta N™n—prompt, PYTHIATPOWHEG 116 1vyena, ot renepearopa
COOBITHIA.

YT0oOBI MTPOBECTU BBIUNTAHUE HEMPSIMO# KOMIOHEHTBI, JIJIA KaXKJIOTO WHTEepBaJIa
MONIEPEYHOr0 UMITYJIbCA aJ[POHA TPOBOJAUTCA UHTETPUPOBAHUE TPEXMEPHON MAaTPUIIbI
B JIAHHOM WHTEpPBaJie, 3aTeM Pe3yJbTaT MPOeNupyeTcss Ha TONePEYHbI UMITYJIhC
CTpyu U pajinajibHoe paccrosinve. llosydenHasi jiBymMepHasi MaTpuila yMHOXKAETCs
Ha OTHOIIEHUE TPAMOI 1 HelpsAMOit appekTuBHOCTEH. 3aTeM, IByMEpHbIE MATPHUITHI
CYMMUPYeTCsl, UTOOBI MOJYUUTH CKOPPEKTUPOBAHHBIN BBIXOJ, HENPAMBIX CTPYH B
dbuHATBHBIX HHTEPBAJAX MOMEPETHOTO nMIyIbca (prur : {2 — 6}, {6 — 12}).

HaJjiee, Jiisi HeNpsiMOil KOMIIOHEHTBI, IOJIYYEHHONH OT reHepaTopa COObITHI,
HEOOXOJMMO BHECTH TIONPABKHU, CBA3AHHBIE C YYeTOM BO3MOXKHBIX W3MEHEHWUI

ChUI'iaJlas BHOCHMbLIX B IIponecce JJEeTECKTHUPOBaHMI. ,ZLJIH 9TOI'O IIpUMEHACTCA
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meros  ceeptku  (folding). B orimume OT SKCIEpUMEHTAJbHBIX JTIAHHBIX,

IJle Mbl 3HAE€M TOJIbKO IIapaMeTpbl, IIOJyYeHHble IpPU PEKOHCTPYKIMH, JIJIsi

JIAHHBIX MOJICJIMPOBAHMAST MbI 3HAE€M KaK BXOJHBIE IapaMeTPbl PEKOHCTPYKIUH,
gen en

HOJIYUEHHBIE OT I'€HepaTropa, (pTJet,rg ),TaK M PE3yJIbTaT DPEKOHCTPYKIUHM HTUX

JQHHBIX D oy, 77

B mnpenene wupeanbHOl PEKOHCTPYKITUH, MBI JTOJIPKHDI
PEKOHCTPYMPOBAThH BCE CTPYH, KOTOPHIE OBLIN TMOJYyIeHbl OT reHepaTopa COOBITHIA.
Ha ocnose gannbix mogennpoBanns PYTHIA 8 crpounrest gerbipexMepHast MaTpuiia
OTKJII/IKOB(prgFe?et, I e, ) (pECYHOK 3.13) HEmpAMOl KOMIOHEHTBI, KOTOpas
OTpazkaeT COOTHOINEHNE PEKOHCTPYUPOBAHHBIX CTPYil K CTeHepupOBaHHBIM. BujiHo,
YTO TIPOEKINsT MATPUIIBI OTKJINKOB UMEET INarOHAJbHBIH BUI, 9TO CBUIETEIHCTBYET

O KOPPEKTHOCTHU NPOLCAYPbl PEKOHCTPYKIIMN 1 ITOCTPOECHUA MATPUIIBI OTKJIMKOB.

p""?t o 30 GeV/c
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Figure 3.13: [Ipoexkmus 4eThpexMepHOH MaTPHIBI OTK/INKOB HempaMoil KommonenTel D ma

pajuaJibHOe PACCTOSHUE T

[Tepeji  cBeprkoit  HEOOXOJIMMO  HPUMEHUTH  IONPABKU,  CBA3aHHbIE C
KHHeMaTn4IecKoil 3ppeKTUBHOCTHIO Ha YPOBHE T€HepaTopa, KOTOpPash BBIUUC/ISIETC ST
KaK OTHOIIEHWE CreHEpUPOBAHHBIX  CTPYi B IIpejiesiaX  YCTAHOBJIEHHBIX
KHHEMaTUYECKUX I'PAHUI] KO BCEM CI'€HEPUPOBAHHBIM CTPYsM. TakK»Ke HeoOXOJMMO

BHECTU [IOIIPABKY Jijisd ydera Kod(duimeHTa BeTBJEHUS paclaja b-KBapka
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U WHTErpajbHON CBETUMOCTH W3MEpEeHus. CKOppeKTUpOBaHHbIE JTAHHBIE
CBOPAUUBAIOTCS C MATPUTIEH OTKJIMKOB.

3areM HEOOXOAMMO CKOPPEKTUPOBATH MOJIYUYEHHbIE pacCHpeesieHnust  JIJIst
JlobaBjienust  COObITUI,  KOTOpble OblLIM  PEKOHCTPYUPOBaHbI, HO He Obliu
CTeHEPUPOBAHBI U HE TIONAJM B MAaTPHUILy OTKJHUKOB. IDTH COOBITHS TTPUCYTCTBYIOT
B JIAaHHBIX, HO OTCYTCTBYIOT B HelpsiMOil Kowmmonente. st 3TOoro cosjaercs
JIByMepHasi MaTpuila KHUHEMATHYeCKOH 3(p(DEKTUBHOCTH HA YPOBHE PEKOHCTPYKITUUY.
Jlannnas MaTpura MpeJcTaBasgeT COOTHOIIEHNE BBIXOAOB PEKOHCPYUPOBAHHBIX
CTpyil ¢ KWHEeMaTWYeCKUMW OIpAaHWYEHWSMH Ha TI'eHepaTOPHOM YPOBHE KO BCEM
PEKOHCTPYUPOBAHHBIM CTPysiMM.  Hernpsivasi KOMIIOHEHTa, JICJINTCA Ha JIAHHYIO
3P HEKTUBHOCTD, TI0CJ/IE Yero, paclpejiesieHust HelPsSIMOi KOMIIOHEHThI BhIYUTAIOTCS
U3 BXOJIHBIX JIAHHBIX MPSMON KOMIIOHEHTHI B (DpUHAJBHBIX WHTEPBAJIAX MOMEPETHOTO

UMILYJIbCA, KaK IOKa3aHO Ha pUcyHke 3.14.

o data (prompt & non-prompt) 559 <7 Gevic © data (prompt & non-prompt) 749 < 15 Gevic ] © data (prompt & non-prompt) 74 < 15 Gevic
O POWHEG (non-prompt) [ O POWHEG (non-prompt) b 105 O POWHEG (non-prompt)

. + data (subtracted) [ o data(subtracted) ] F ¢ data(subtracted)
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Figure 3.14: Pacnpenesenue BEIXOI0B aIpPOHHBIX CTPYii, comepzxantux D'—me30n, kKax QyHKImS

PAIHATBHOTO PACCTOSHESI TIOC/IE BHITUTAHUS HEIPSMO§ KOMIIOHEHTBI /71l KHTEPBAIOB TOMEPETHOTO
MITyIbea : (a) 2 < prpo <6 & 5 < prje < 7TB/¢; (6) 2 < prpo <6 & 7 < prjer < 15 3B/ ¢;
(B) 6 < Pr.DO <12& 7 < PTjet <15 ]_—‘SB/C.

IIpoueaypa pa3BepTkn

[Iporieypa  mByxmepnoit — OaiiecoBckoit  passeprku  (unfolding)  [76]
KCIIOJIL3YETCs JIJIsl YCTPAHeHUsl KOMIIOHEHThI CUIHAJIa, IPUBHECEHHON apredaKTaMu
JICTCKTUPOBAHUSI ¥ HECOBEPIICHCTBOM PEKOHCTPYKIMU. B KadecTBe BXOJHbBIX
JIAHHBLIX UCIOJBL3YIOTCS  PACIPEJeJCHUs, TOJYUYeHHbIe Ha IIPEJBLIIYIIEeM 3JTale

aHamm3a. Kpome Toro, g NOCTPOEHHS YeTHIPEXMEPHOH MAaTPHUILI OTKJIMKA
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UCIOJIB3YIOTCs  Januble  Monrte-Kapio MojenupoBaHusi, KOTOpble YUIUTHIBAIOT
IeOMETPUI0 ¥ MaTepHUaJbl JETEKTOpa, KOTOpbIe ObLIM BOCCO3JQHBI B CHUMYJISIUN
GEANTS3.

Ilepes, paszBepTKOil K  BXOJHBIM JIQHHBIM IIPUMEHSIETCsl  IIOIIPAaBKa  Ha
KuHeMaTndecKyio 3ddekTuBHoCcTh. Kak u B ciydae ¢ HEIpsMOil KOMIIOHEHTOIA,
HEOOXOIMMO CJiejlaTh TIOPABKY Ha CTPYH, KOTOPbIE ObLIM PEKOHCTPYHUPOBAHDI
B KHHEMATHYECKOM JIMAlla30HE aHaJju3a, HO He ObLIM CreHEePpUPOBaHbI B
JJAHHOM KHHEMAaTHYeCKOM JIHalla3oHe. Jlas1  BBIYMCIEHUST KHHEMaTHIECKHX
IIOIIPABOK, HEOOXO/IMMO pa3JIeJuTh paclpejie/ieHne PeKOHCTPYUPOBAHHBIX CTPYil C
KMHEMATUIECKUMI OTI'PAHUYEHUSIMIA Ha YPOBHE PEKOHCTPYKINWK U T'eHEPATOPHOM
yPOBHE Ha paciipejiejieHue cTpyit 0e3 orpaHudeHui.

YernIpexMepHas MATPUIA, OTKJ]I/IKOB(prgFe,?et, I e, 77°) (pucynox 3.15) Gpina
nmocTpoena Jiid npamoit kommnoneHnTol Monte-Kapio monenuposanmsa. IIpoekius
MaTPHIbl OTKJINKOB Ha OCb PaJuajbHOTO PACCTOSIHUS MMeeT JIMarOHAJbHBIN BUJI,
YTO CBHUJIETEIbCTBYET O KOPPEKTHOCTHU IPOLEJYPhl PEKOHCTPYKIUU U IIOCTPOEHMUS

MaTpHUIIbl OTKJINKOB.
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Figure 3.15: [Ipoexmus ueTbpexMepHOil MaTpPHUILI OTKJIHKOB mpaMoii xommonentol DO ma

pa/inajabHOEe PACCTOSHUE T
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IIporesiypa  pasBepTKH  OCHOBaHa ~ Ha  UTEPATHBHOM  HUCIIOJbH30BAHUH
Teopembl  Dbaiieca, peasm3oBanHoM B KJjacce RooUnfoldBayes. SHas
pacrpejiesieHusT pEKOHCTPYUPOBAHHBIX U CTEHEPUPOBAHHBIX CTPYil, MOYKHO OIEHUTH
COOTBETCTBYIOILYIO BEPOSITHOCTH PEKOHCTPYKIIMU U, COOTBETCTBEHHO, KOJMYECTBO
CTeHEPUPOBAHHBIX CTPY# i JaHHbIX.  JlaHHag mnporeaypa IMOBTOPSETCS J0
MOJIHOM  CXOJIMMOCTH, TPH STOM KayKJbIii pa3 BXOJHBIE JAHHBIE 3aMENIA0TCs
noJjiyueHnoi orenkoit. Ilpu sTom, jiBymepHasi OailiecoBCcKasi pa3BepTKa I03BOJISET

YYUTBIBATH MUT'DallM MEXKJY NHTEPBaJIaMU IIOIIEPEIHOI'O UMIIYJIbCa U PpaJHuaJIbHOT'O

PACCTOSIHUSI.
[ajee, K  TOJYYeHHbIM  pe3yJbTaTaM  I[PUMEHSIeTCsS  IoNpaBKa  Ha
KHHEMATUIeCcKyio  3P(PeKTUBHOCTHL  Ha  TI'€HEPATOPHOM  yPOBHE,  KOTOpasi

BBIUNC/IAECTCA KaK OTHOIIEHNE CTeHEPUPOBAHHBIX CTPYH B TTpejiesaX YCTaHOBIEHHBIX
KUHEMATUIECKNX TPAHUI] KO BCEM CTeHepUPOBAHHBIM CTPYSIM. Hannast
KuHeMaTndeckass 3(P@EKTUBHOCTL YUUTHIBAET Ty dYacTh CTPyi, KoTOpas Oblia
HoTEPsiHA B IPOIECCe Pa3BEPTKU BBUJLY OTCYTCTBUSI COOTBETCTBYIONIUX CTPYH B
MATPUIE OTKJINKOB.

PesynbraTrsl pa3BepTKM B CpPaBHEHUUW CO BXOJHBIMU JAHHBIMU JJIsT  Hee

npeJicTaBjieHbl Ha pucyHKe 3.16. Pe3ysibraThl sBISIOTCS CAMOHOPMUPOBAHHBIMMU.

5 ETTTIT T T T T = 5 L e R A R AR AR AR RARR AR R
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Figure 3.16: CaMoHOpMEPOBAHHOE PACIPEACICHAE BLIXOI0B aJIpPOHHBIX CTPYil, cogepxkamux DO—

el b Lo L
0 0.02 0.04 0.06 0.08 O

Me30H, KaK (DYHKIHS PaJIuaIbHOTO PACCTOAHMS IIOCIEe Pa3sBepTKH I MHTEPBAJIOB MONEPeIHOrO
uMIybea : (a) 2 < prpo <6 & 5 < prje < 7TB/c; (6) 2 < prpo <6 & 7 < prjer < 15 3B/ ¢;
(B) 6 < prpo <12 & 7 < prje < 15 I'sB/c.

st mpoBepKM ITPOIEAYypbl pa3BepTKHM OblLia IpPOBEJIeHA CepHusi TEeCTOB,

II0JITBEP2KIAIONIUX KOPPEKTHOCTHL pa3BepTKU. Pe3ysbraTbl u 10ApPoOHOE OlKMCaHue
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TECTOB IpecTaBiIeHbl B npuaoxkennu A.0.1.

UccaenoBarme cucreMarndecKmx OIMUOOK W3MEPEHUil paanaJibHBIX

3aBUCUMOCTEMN

Yrobbl IpoBEPUTH BJIMsIHUAE [TAPAMETPOB aHaJU3a Ha €ro Pe3yJbTaTbl, a TaK¥Ke
JIIsT ONMEHKW CHCTeMATHIeCKUX OIMMUOOK W3MEpeHUit paJinajbHbIX 3aBUCUMOCTEI,
BapbUpyeMble MapaMeTpbl Ha KaXXJIOM dTalle aHaJu3a JAHHBIX ObLIN U3MEHEHBI U

aHaJin3 ObLJI TIOBTOPEH JIJIs CJICIYIOIINX KATEropuii n3MEHEHHBIX 11apaMeTpOB:

e [lapamerps! anmpokcumaliuu curuasa u Gona (fitting)

[Tapamerpbr BbibOpa Jana3oHoB curuaJa u 60koBbix moJoc (sideband sub)

[Tapamerpsl MosiesupoBanus HenpsiMoii kKommoueHTs (feed down)

[Tapamerpnr passeprku (prior, regularisation)

Bapuanun sddexrusroct pekoncrpykinu Tpekos (tracking eff.)

Bapuanuy Torojioruueckux orpanudennuii na spi6op DO—kanuara (cuts)

[TogmpobHOe  ommcaHue  HCCIEJOBAHUS  CUCTEMAaTHYCCKMX  OIIMOOK ¢
COOTBETCTBYIONIMMU TpapuKaMy JIJIsd KaXkJIOI'0 dTala aHaJu3a  [PeJICTaBJIeHO
B npuoxkenuun b.0.1

Ha pucynke 3.17 mpejcTtaBieHbl OTHOCHTEJbHbIE MOIPEHTHOCTH s KaXKJI0TO
U3 HMCTOYHUKOB CHUCTEMATHYUECKON MOTPEITHOCTH. Baxx#Ho oTMmeTuTh, 9TO
CUCTEeMATUYECKUE [MOIPEIIHOCTH JiexKaT B IIpeJiejiax CTaTUCTUIECKONR OIPEITHOCTH.
JIs1 BBIUMCIEHUST KBaJipaTa IIOJHOW CUCTEMATHIECKON IMOTPEITHOCTH BCE BKJIAJIBI

KBaApaTHUIHO CYMMUNDPYIOTCs.
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Figure 3.17: OtHOcCUTe/JbHBIE CHCTEMATHYECKHE HMOTPEITHOCTH JIJId BBIXOJIOB aJPOHHBIX CTPYIi,

coneprkamux DP—Me30H 11 HHTEPBAIOB NONEPEeYHOro IMIYJIbCa : (a) 2 < prpo < 6 & 5 < prje <
TI9B/c¢; (6) 2 <prpo <6 &7 <prje <15T9B/c; (B) 6 <prpo <12 & 7 < prje < 15 I'sB/c.

3.3 MHWccnenoBanume paauajbHbIX 3aBHCHUMOCTEN aJIPOHHBIX CTPYI,

comepxkamumx A—6apuon

Anasus aJIpoHHBbIX CTPYii, cogepxKaiux AT —GapuoH 1POBOJMICH HE3ABUCHMO

JUIsE TPEX KOMOMHAIMI OnepeuHblX UMILyJIbCoB A ~6apuona u aJpoHHOil cTpyu:
A+
1. 2<py <6ud<prja<T7I™B/c
At
2. 2<py <6uT<prje<15I9B/c,
A+
3. 6 <py <12u7<pr e <15I3B/c

PajuanbHoe paccrosinve r, BbruucjeHnoe 1o ¢opmyse 1.4.1 juist KaxKj0ro
KaHngaTa 06110 pasouro wa uaTepBassl {0,0.05,0.1,0.2} Takum ob6paszom, 4TOOLI
B Ka KJIOM HMHEepBaJie HabUPaJIOCh JIOCTATOYHOE KOJUIECTBO CTATUCTUKU. [Ipu aToMm,
JIAaHHBIE, KOTOPbIE MOTJIM OKa3aThCs 3a MpejejaMi BbHIODAHHBIX WHTEPBAJIOB HE
HECYT CTATUCTUYECKON 3HAUMMOCTH. B IeJI0M aHaJM3 B TOYHOCTH IIOBTOPSJI aHAJINS

BBITIOJIHEHHBII JLJIA DO*MGSOHa, 3a UCKJIIOYEHNEM HEKOTOPDLIX ,D;eTaJIeIL/'I.

Breigenenue curnaJa

IIponienypa BoIJeIeHN CUTHAJIA TIOBTOPSAET BhIJEIEeHNe CUTHAJIA, JIJTs D" me3ona,

OIIMCaHHOE B IIYHKTE 3.2. OcHoBHbIE pa3jmmansd 3aKJII049aJINCh BI
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e Pacnpejiesiennsi MHBApUAHTHBIX MacC jijisgs Al —6apuoHa ObLIM TOCPOEHBI B

uHTEpBaIaX prpo : {3,4,5,6,7,8,10,12} (puc. 3.18 - 3.19)

o /lyisi anmnpokcuMaliud CUI'HaJia, MCIoJib3oBaJiach (ynkiust laycca, s

aIlIIPOKCUMAIUU (POHA — MMOJUHOMUHAJbHAS (DYHKIIMS BTOPOIO IMOPSIIKA.

o [Ipn anmpokcumanuu Gynknueit [laycca mupuna  QyHKIuM  ObLIA
3a(pUKCUPOBaHA Ha 3HAYEHUU [IUPUHBI COOTBETCTBYIOIIEIO PaCIpejie/eHust

MHBapUAHTHBIX MaceC JUId TaHHbIX Monte-KapJiio
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Figure 3.18: Cuekrp nnBapuanTHbx Macc AT —GapuoHa /1 MHTEPBAJIOB NOTIEPEYHOTO UMITYJIBCA:
(2) 2 < ppar <4 &5 < prje < 7IB/c; (6) 4 < prp+r <6 &5 < prje < 719B/¢; (8)
2 < pppr <4 & T <prje<15T3B/c
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Figure 3.19: Cuektp uHBApHAHTHBIX Macc AT —6GapuomHa 11 MHTEPBAJIOB HOTIEPEYHOT0 UMITYIBCA:
(a) 4 < Prar <6 &7 < prje <15 I'B/c; (6) 6 < prar <8 & T < prje <15 I'B/¢; (B)
8 < pra+ <12& 7 <prje <15 I'sB/c.
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IIporeiypa BbhIuuTaHUS OOKOBOM IOJIOCHI HE OTJMYAJACh OT IPOIEYPhI,
onucannoil B 3.2. Pesysnbrarsl Bbiiesienus curaada jijisg A —6apruona npejicraBieHbl

Ha pucynkax 3.20 — 3.21.

<
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Figure 3.20: Pacupenesenne BbIX0JI0B aJpOHHBIX CTPYil, comepzKamux A —Gapuon, kak dbyHKIms
pPaauaJbHOrO pacCCTOAHUA ITOCJIC BbIYMUTAHUA 6OKOBOIU/I IIOJIOCHL AJid HMHTEPBaJIOB IIOIEPEYHOI'O
umrynbea © (a) 2 < ppa+ <4 &5 <prje < 7IsB/e; (6) 4 <pp+ <6 &5 <prje <78/
(B) 2 < Prar <4 &7 <prja<15 I'sB/c.
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Figure 3.21: Pacupejesienne BbIXOM0B aIPOHHBIX CTPYii, cogepzkammnx AT —6apuon, kak dyHkims
PaIMATbHOTO DPACCTOSHUS MOCJTe BBIUYATAHUS OOKOBON IOJOCH /I WHTEPBAJOB IIOMEPETHOrO
umitysibea: (a) 4 < ppa+r <6& 7 < prje < 15139B/¢; (6) 6 < ppp+r <8& T < prje < 15T3B/¢;
(B) 8 < ppar <12& 7 < prje < 15 9B/c.

Koppeknusa o 3acdpdekTuBHOCTN

DhDPeKTUBHOCTL PEKOHCTPYKIUU IPSIMO M HEIpsSIMO# KOMIIOHEHTBI  JIJIsI
aJIPOHHBIX CTPYH, cojepxamux AT—6Gapron npejcrasiena Ha pucynke 3.22.

Paciipejiesienunst  curnajia  Kak  (YHKIUUA — PaJIMaJbHOINO — PACCTOSIHUS  JIJIst
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Ka2KJIOI'0 HHTEpPBaJla IIOIIEPEYHOI'0 HMIIYJIbCa ObLIN CKOPPEKTHUPOBaHbl C Yy4YE€TOM

s dexTuBHOCTE peKOHCTPYKIUK (pUCYHOK 3.23 — 3.24).

(1) ZT TT [ | L L] | LI [ T TT ] TTT l T 1T T 1T T TT l TFET TTT l T T l:
e 035 3 _
= - S v =
ot L PYTHIA 8, pp, Vs =13 TeV :
8 0.3 A;—p Kg (and gharge conj.) & -
é(-’ [ in charged jets, anti-k;, R = 0.4 &l
X 0.25(-5<p!'" <30 GeVic =
3 Y L AWES 5 ]
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Figure 3.22: SddeKTuBHOCTh PEKOHCTPYKIMH aJPOHHBIX CTPYii, comepzxkamux AT-Gapuon
BO Bceit obsiactu m3mepennit. CuHEM BbIIeTeHA ID@PEKTUBHOCTD PEKOHCTPYKIIMH PSIMOi
KOMITOHEHTBI, KPACHBIM BbIJeIeHa Y(P(DEKTHBHOCTh PEKOHCTPYKIINKA HEIpPsiMOil KOMIIOHEHTHI OT

pacmnajia b-kBapxa.
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Figure 3.23: CkoppekrupoBannoe 10 3pdEKTUBHOCTH paclpejeeHne BbIXOA0B aIpOHHBIX
crpyii, comepxanux AT—Gapuon, kak (YHKIUS PAIUMAILHOIO DACCTOSIHUS IIOCJE BblYMTAHUS
BOKOBOM MOJIOCHI JIJIsl HHTEPBAJIOB TOMEPEYHOr0 MMITyabca: (a) 2 < prar <4 &5 < prje <
TTsB/c; (6) 4 <pppr <6& 5 <prje <TT9B/c¢; (B) 2 <ppa+ <4 &7 <prje <153B/c
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Figure 3.24: CkoppektupoBanroe 1mo 3(p(HEeKTUBHOCTH PACHpPeIeIeHne BbIXOI0B aIPOHHBIX
cTpyit, comepxanux AT—Gapuon, Kak OYHKIHS PATHATBHOIO PACCTOSHUS TOCJTE BBIYHTAHUS
6OKOBOft TIOTOCHT [/TsT MATEPBAIOB TomepedHoro nvmyabca: (a) 4 < pp+ < 6 & 7 < prje <
15T3B/¢; (6) 6 < ppp+r <8& T < prjee <1519B/¢; (B) 8 <ppp+ < 12& 7 < prje < 15T3B/c.

Brorauranne HerHMOﬁ KOMIIOHEHTBI

[Ipy BbIYMTAHUE HENpPSMOE KOMIOHEHTHI AJ—6aphHOHA  HCIIOIB30BAJIAC
MEeTOJ/IMKa OIMCAHHAs B MMYHKTE 3.2.

[Tpoekiusi  verbIpexMepHO# MaTpHUIlhbl OTKJIUKOB, WCIIOJIL30BaBIIEHCs I1PU
BHIYUTAHUM HENpsiMoil KomroneHThl AT —Gapuona npejcrapiena Ha pucynke 3.25.
[Ipoekiust MaTpunbl OTKJWKOB WMeeT JMATOHAJLHBIN BUJI, 9TO CBUJETEJIHCTBYET
O KOPPEKTHOCTHU TPOIEJYyPbl PEKOHCTPYKIIUU U TOCTPOEHUST MATPUIIbl OTKJIMKOB.

Pesysibrarhl BhiuuTaHust HENPsiMON KOMIIOHEHTHI [TOKa3aHbl Ha PUCYHKE 3.26.
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Figure 3.25: Ilpoeknus deThIpexXMepHOIi MATPUIBI OTKJUKOB HENpsiMOil KoMmoHeHTbl A Ha

pajuaJibHOe PACCTOAHUE T

yield

R A - T ko) e R e
10° | © ©
E o data(prompt & non-prompt) 559 <7 Gevic El = © data (prompt & non-prompt) 749 < 15 Gevic = © data (prompt & non-prompt) 740 <15 GeVio
[ © POWHEG (non-prompt) ] 10*f= @ POWHEG (non-prompi) = 10‘- @ POWHEG (non-prompt) =
L = data(subtracted) ] E o data subtracted) E E ¢ data(subtracted) E
—— — E 1 3 I —
10° = F ! [
g — E L I | | i
E E i sl —_—t i
L + 10°E E 10 3
0 - i ] g —f
£ ] [ ) [/ S — =
r 1 107 E E 3
102} - £ | L e
E El F _— ] L
E [ E [ ]
S N P NN PR N R T P E R N S NN Y= N P D Y =
0 002 004 006 008 01 012 0.14 0.16 018 02 0 002 004 006 008 01 012 0.14 016 018 0. 0 002 004 006 008 01 012 014 016 018 02
r r

(a)

(6)

r

(B)

Figure 3.26: Pacupesenenne BbIXOM0B aPOHHBIX CTPYii, cogepkamux AT —Gapuon, kak QyHKIms

PaIUAILHOTO PACCTOSIHUS I0CJIE BBIYUTAHUS HEIPSIMOIT KOMIIOHEHTBI JIJIsl HHTEPBAJIOB TIOIEPEIHOIr0
uMIIyibea () 2 < ppar <6& 5 < prje < TT9B/c; (6) 2 < pppr <6& 7 < prje <15T3B/¢;
(B) 6 <ppa+ <12& 7 <prje <15 19B/c.

IIpouieaypa pa3BepTku

[Tponeaypa passeprku st AT -Gapuona tak ke He OTJIMYATACH OT MPOIELYPhI

aist DP~meszona (3.2).

[Tpoekiusi yerbipexMepHO MaTPHUIlbl OTKJIUKOB JIJIsi
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npsamoit kKommorenTsl AT mpejcrapiena wa pucytke 3.27. CaMOHOPMHpPOBAHHbBIE
paJiiajbHble 3aBUCHMOCTH JJisi CTPyil, cojgepxammx AJf—Oapuon Jo u mocie

pPa3BepPTKU IPEJICTaBJIEHBI Ha pUCyHKe 3.28.
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Figure 3.27: Ilpoexknus derbipexMepHON MaTpHUIlbl OTKJIMKOB IHPSIMOHl KOMHOHEHTHI A] Ha

pa/inajabHOEe PACCTOSHUE T
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Figure 3.28: CaMOHODMUDPOBAHHOE PACIPENENEHHE BHIXOI0B AJPOHHBIX CTPYil, coaepkammx Al —
HapuoH, Kak MYHKINS PaJIHaTIbHOTO PACCTOSHUS TMOCTe PA3BEePTKU /I HHTEPBAJIOB TONEPETHOTO
mMIIysbea () 2 < ppa+ <6& 5 < prje < TT9B/c; (6) 2 < ppp+ <6 &7 < prje <15T3B/¢;
(B) 6 <ppa+ <12& 7 <prje <15 3B/c.

st 1mpoBepKM LpOLEAyPhl  pa3BePTKH ObLla IPOBEJAEHA CEPUsi TECTOB,
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IIOJITBEPIKIAIOIINX KOPPEKTHOCTHL Ppa3BepTKU. Pe3yabTaTbl U MOAPOOHOE ONKMCaHue

TECTOB IIPeCTaB/eHbl B mpuaokernn A.0.2.

UccnenoBanme cucreMaTndecKnX OINMOOK W3MepPEeHUil paanaJibHBIX

3aBUCUMOCTEMN

Takke Kak 1 jyg DY mesona, s Af—6aprona MpPOBOJIUIIOCH UCCIIEIOBAHUE
CUCTEMATHYECKUX OINMOOK HM3MEpPEeHMil  paJuajibHbIX 3aBUCHUMOCTEHl  IyTeMm
BapbUPOBaHUs TapaMETPOB aHaJIN3a. Anaan3 jgaHHbIX ObLI TMOBTOPEH TIPH

CJIeAYIOINX NSMECHCHHBIX IMapaMETpPax:

e [Tapamerpn! annpokcumanuu curnasa u dpona (fitting)

[TapameTpsl BbIOOpa JHAIA30HOB cHUTHAJA U OOKOBBIX mosioc (sideband sub)

[Tapamerpb MosiesinpoBanust HerpsiMoil kommonenTsl (feed down)

e [lapamerpni passeprku (prior, regularisation)

Bapunanuu sddexrusroct pekoncrpykinu Tpekos (tracking eff.)

Bapuaiuu BepositHoCTHBIX Orpannuenuil Ha Bbibop A —kanjuuara (cuts)

[TogpobHoe  ommcanme — HCCAEJOBaHUsI  CUCTEMATHYECKMX  OMIKOOK €
COOTBETCTBYIONUMU I'PaUKAMU  JIJIs  KaXKJIOI'0  dTalla  aHaju3a  [PeJICTaBeHo
B npujoxkennu b.0.2

Ha pucynke 3.29 npejicraBjeHbl OTHOCHTEIbHBIE TOTPEINTHOCTH JIJIs KaXKJ0r0
U3 HUCTOYHWUKOB CHUCTEMATUUYECKONH MOTPEITHOCTH. BaxHo oTMeTuTh, UTO
cucTeMaTuiecKue MOrPelIHOCTH JieXKaT B IpejiejiaX CTAaTUCTUYeCKON TOTPEINTHOCTH.
s BeIIMCIEHNs KBaJipaTa MOJHOW CUCTEMATHIECKON MOTPENTHOCTH BCE BKJIAIHI

KBaJIPATUIHO CyMMUPYIOTCH.
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Figure 3.29: OTHOCHTEIBHBIC CHCTEMATHYECKHE IIOTPEITHOCTH JJIs BBIXOJOB aJPOHHBIX CTPYIi,
comepkammux Af—Gapnon Jjis MHTEPBAIOB MOMEPETHOro uMIyibea : (a) 2 < pr+ < 6 & 5 <
prjer < TT9B/e; (6) 2 < ppjp+ <6 &7 < prje <15T9B/c; (B) 6 < pp+ <12 & 7 < prje <
15 I'sB/c.

3.4 OcHOBHBIE Pe3yJIbTaThbl MUCCJIEJOBAHUSA PaANAJIBHBIX 3aBUCHUMOCTEMN

aJIPOHHBIX CTPYH

Ha pucynke 3.30 npuBejieHbl (puHAIbHBIE pajuajbHbIE PaCIpeaeeHus sl
aJIPOHHBIX CTPYil, comepxkammux DY -Meson B cpashenme ¢ Mogesaamu PYTHIA 8
Monash, koropasi TpajUIIMOHHO UCHOJIL3YETCH JIJIsi ONUCAHUST PP—CTOJIKHOBEHUI U
onuceiBaer pox/jenue odaposantbix MezoHoB 1 PYTHIA 8 SoftQCD (mode 2),
KOTOpas BKJIIOUAET MEXaHU3MbI II€PECOeIMHEHHSI 1IBeTa U KOTopas 0oJjiee yCIIeIIHO
OIIMCBIBACT POXKJICHHE OYapOBAHHBIX OAPMOHOB B IIPOTOHHBIX CTOJIKHOBEHUSIX.

[Tosrydyennbie pe3ysibTaThl MOKa3bIBAIOT, UTO B ODJIACTU HU3KOI'O MOIEPETHOrO
MMILYyJIbCa  aJIpOHa (a) HU OJHA U3 MOjeJiell He CIPABJIAeTCs € OlUCAHUEM
pajuaJbHOl 3aBUCHUMOCTH, YTO MOXKET CBHUJIETEJILCTBOBATH O UYBCTBUTEILHOCTH
MEePEMEHHON  paJinajibHON  3aBUCUMOCTH T K JIOTIOJHUTEJIbHBIM MeXaHU3MaM
POXKJIEHUSI OYapOBAHHBIX ME30HOB. TakKe HeJib3si MCKJII4YaTh TOT (paKkT, 4TO B
00J1aCTU HU3KUX UMIIYJIHCOB aJJpPOHOB MBI HAXOJIUMCsI Ha I'PAHUIE PErUCTPHUPYIOIEeit
00J1aCTHU JIETEKTOPA [IPK HAJUIHH OOJIBIION0 KOJHYECTBa (POHOBBIX YACTUIL B HU3KOI

3P HEKTUBHOCTU PEKOHCTPYKITUU.
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Figure 3.30: CamonopMupoBanHOe paaua/ibHOE PaclpeeeHne aJPOHHbIX CTPYH, COMePKAIINX
DY-Mme30H B cpaBHeHHe ¢ MOJEIAMHE JIJIs HHTEPBaJIa MONepevHbIX UMIIYJIbcoB: (a) 2 < prpo < 6
&5 < prje < 7TI3B/e; (6) 2 < prpo <6 &7 < prje < 15 T9B/¢; (8) 6 < prpo < 12 &
7 < prje <1519B/c

B obJiacT HUBKUX MMIIYJIbCOB aJ[POHOB IIPUA CPABHUTEJIbHO BBICOKMX MMIIYJIbCAX
crpyit (0) HaOJIOAETCA CMEIeHre MHUKa PAUaJbHOl 3aBUCHMOCTH B CTOPOHBI
obonpimnx 7. JlaHHOe sBJIeHHE MOXKET CBUJIETEJILCTBOBATH O JOMUHUPOBAHUU
HenepTypOaTUBHBIX IIPOILECCOB POXKJIEHUsI CTPy# B pesysbrare pPaciielieHns
IJIFOOHOB. Tak kak 3ajada pasjiejieHuss CIPyil [POUCXOMAIIMX OT KECTKUX
MApTOHHBIX CTOJIKHOBEHUII W OT pacllelJIeHUs TJII0OHOB ¢ABJISIETCH OJIHAM U3

OTKPBITHIX BOIIPOCOB (1)I/I3I/IKI/I TAXKEJIbIX apOMaTOB, BO3MOXKXHOCTDH HCIIOJIb3OBaHUA



71

paJaJbHbLIX 3aBUCAMOCTEH JIJId €€ PpelleHud dABJIdeTCd KpaiHe 3aMaH4YuBOU
IEepPCIeKTHBOo. B jgamHoMm ciydae, B CBSI3U ¢ OrpaHUYEHHEM PaJUyca aJIpOHHON
crpyu (mapamerp pasperiennsi R—0.4) u ¢ KpaiiHe HU3KOH CcTaTHCTUKON (B
ocobennocru it A, crpyit:  puc. 3.31) cMmeleHue 1MKa  paJMalbHOI
3aBUCUMOCTH ABJIFACTCS HE3HAUUTEJbHBIM 1 HEe MOXKET HANIPAMYIO CBUIETEJILCTBOBATD
O BO3MOXKHOCTHU WCIIOJIb30BaHWs TMEepEeMEeHHON 1 KakK Mapkepa NIIOOHHBIX CTPY.
Tem He MeHee, II0JIyYEHHbBI pE3YJIbTAT SIBJISETCS XOPOIIEH MoTUBAIUEH Jijisi

POJIOJIPKEHUsT ATUX UCCJIeJOBAaHN TP OOJIBIIEH CTaTHCTUKE.
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Figure 3.31: CamonopmMupoBanHOe paauaibHOE PacpeeeHne aJPOHHbIX CTPY, COMePIKAIIIX
Al —Gapuon B cpaBHEHHE ¢ MOJEISMHU JIJIsi HHTEPBAJIA TONEPETHBIX UMIYIbCOB: (a) 2 < Pra+ <6
&5 < prje < TTsB/e; (6) 2 < pppar <6 &7 < prje < 15 T3B/¢; (B) 6 < ppyr < 12 &
7T <prje<15I3B/c
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st pajmaibubix 3aBucumocrein A, agponubix crpyii (puc.3.31) mabmomaercs
JIydllee corjiacue ¢ MOJICIsIMU, HO IIPU 3HAUUTEIbHO OOJIbIIel OIPEIIHOCTH, IIPUIEM

osimsknMu okasbiBaiorcst pesysnbrarsl PYTHIA 8 Monash.

[ - 2.5 T T T T { T T T T { T T T T { T T T T [ - T T T T T T T T { T T T T { T T T T
g [ ALICE Preliminary 1 g 3[" ALICE Preliminary 7
© I A% D°-tagged charged jets, anti-k;, R=0.4 1 © [ A% D°-tagged charged jets, anti-k;, R=0.4 1
B 2p-5<pf" <7 Gevic, In | <05 - 825 7<pM"<15Gevic, In, | <05 .
§ k2<pAD<6GeV/c [y|<08 ] § w2<p’\D<6GeV/c [y|<08 n
- m data, pp, Vs =13 TeV ] - m data, pp, Vs =13 TeV ]
o = PYTHIA 8 Monash — o =1 PYTHIA 8 Monash ]
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Figure 3.32: OtHoleHne pajnagbHBIX DACIpeIeIeHnil aJpOHHBIX CTPYi, comepxamunx Af—
OApHOH K pacTpeJe]eHnsM aJpOHHBIX cTPyi, comepkammnx DU B cpaBHeHme ¢ MomeaaMm s
MHTEPBAJIA TONEPEIHbIX UMIYIbeoB: (a) 2 < pra+po < 6 & 5 < prju < 7 I'sB/¢; (6)
2<prprpo <6& T <prju <1519B/¢; (B) 6 < prp+po <12& 7 <prje <15 13B/c

Pe3ysnbTaThl OTHOIEHNH paJiMaJbHBIX PACIpPEIeSICHUN CTPYil, COMepKaIIX Aj—
OapuoOH K paclpeJie/IeHusIM CTPYil, cojepKalimx DY B cpaBHeHme ¢ MOJENIAME
npejicraBjienbl Ha pucyHke 3.32. DB 1esom Jiisi Bcex oTHOIEHU HabOJIIOIaeTCst

yBeJIMUEHHDbIH BbIX0) Al -0GapuoHOB, B TOM 4YMC/e 1IPDU CPABHEHUM € MOJIEJISIMMU.
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BobIas morperriocTs, CBsi3annas ¢ HeJIOCTATOUHOM CTATUCTHKOM A, He TO3BOJIseT
Jenatb Oosiee crporue  (pU3UIECKUE BbIBOJIbI. Tem ne wMenee, pe3yabTaTbI
HCCeJIOBaHNs  PaUaJIbHbIX 3aBUCUMOCTE KakK JJIsi CTPYH, CcoJeprKaliux Aj—
GapuoH, Tak u i crpyil, cogepaxaiiux DO-Me30H, sBIISIOTCH MHOIOOGEIAIONMMY
1 MIO3BOJIAIOT PAcCMaTPUBATh MX KaK BaKHBIM MHCTPYMEHT M3yUYeHHsT MEXaHU3MOB

aJIPOHU3AINN CPEJIbI.
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I'JTABA 4

V3y4denne koppeJssiuii 4acTull, CoAepKalix

TAZ2KEJIbl€e KBapPKN

B nannoii riaBe paccMaTpEBaeTcs TOUCK Koppeasmmii D'-Me30H0B ¢ 1embio
BbIJIEJIEHUSI CUTHAJa OT MapHOIO POXKJEHUs OYapOBAaHHLIX KBApPKOB B IPOTOHHBIX
croJikHOBeHUsIX 1pu /s = 13 TsB, szaperucrpuposanubix B jierekrope ALICE
B nepuoy; ¢ 2016 no 2018 roj. Paccmarpubasinch cobbiTusi minimum bias, 1pu
9TOM BBIOOPKA JIAHHBIX COBIAJAET C AHAJOIMYHON BBHIOOPKOI, MCIIOJb30BABIIEHCs
TSI HCCJIC/TIOBAHKST PAJINAJIbHON 3aBUCUMOCTH B aJIDOHHBIX CTPYAX (IyHKT 3).

CootrsercrBytomee Monre-Kapsio MopenmmpoBaHue MOJYIEeHO TIPU  TOMOIIH
PYTHIAG ¢ nacrpoiikoit Perugia2011 [35]. Tlpu Monre-Kapsio mopenuposanuu
YUCJIO OYAPOBAHHBIX KBAPKOB OBLIO MCKYCTBEHHO 3aBBIIIEHO TpPeOOBAHWEM, UTOOBI
B 50% cobbITHil 06pa30BLIBAIACH 11APA CC, & B OCTABLINXCA COOBITHSX mapa bb, npu

9TOM BCE DO*MGSOH})I JOJI2KHbBI pacCllalaThbCdA B a/I[pPOHHOM KaHaJI€ pacClla/a.

4.1 Pexoncrpykmusa D’—mMe30H0B

Paccmarpusaiuch DP-mesonst B kanasax DY —K 7t u D' Kt ¢
BEpPOATHOCTHIO pactana BR = 3.89 4+ 0.04% [17]. Unentudnkanus sactur (PID)
MMMOHOB ¥ KAaOHOB TPOBOJIMIACHL C WCHOJb30BaHneM wHMOpManun o0 yIeabHbIX
norepsix sueprun B TPC un o Bpemenn mnposiera B TOF. B ¢Bsi3u co C/10KHOCTBHIO
pasnenennst nuonoB u kKaoHos B TPC u TOF B mmpokoMm jguamazoHe UMIYILCOB
(puc. 4.1), ocHOBHBIM TpeOGOBAHWEM SIBJSLUINCH COOTBETCTBHE MOTEPh SHEPIUU U
TPOTHBOTIONOKHbIE 3apsAabl THoHa n kKaowa. Coorsercrentno,DY - Me30HBI ObIIN

PEKOHCTPYUPOBAHbI B KaHAJIE:

D'(D") — KT + 7= (4.1.1)
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Jlnanazon nonepeunbix uMimysibcos DV—mesona pr : 2 = 24 ['sB/c.

ALICE performance
pp, \s =13 TeV

dE/dx in TPC (arb. units)
o

Lo ALICE performance
o ppis=13TeV

1 10 :
p (GeV/e) 05

_hII\IlIII\II\II‘Il\Il\II\

ALI-PERF-112141 p (GeV/c)

ALI-PERF-101240

Figure 4.1: Uaenrudukanus gactui mo mnorepsM sHeprun dE/dr BO BpeMsIPOEKIHOHHOI

Kamepe (a) u Bo BpemsinpoJiernom jerekrope (6) |77]

4.2 Amnajgu3 JaHHBIX

Jljisi BBIJEJICHWS CUTHAJA OT mapHOro poxkiexnss D’-Me30HOB ObLIM OTOpaHBI
BCe COOBITUS, B KOTOPbIX ObLJIM 3aperucTpupoBaHbl DoJiee OJIHOTO KaH/ujlaTa B
D% mesonbl.  JIasd TAKHX COOBITHI GBI MOCTPOEHBI BO3MOXKHBIC TAPhl ME30HOB-
KaH/1/IaTOB ¥ BBIUUCJICH a3UMyTaJIbHbBIN yroJ passera Kaujanaatros A¢. C yderom
MaJIOTO0 CEeYeHUsT B3aMMOJIEHCTBUS TSXKEJIbIX KBApPKOB U aJ[DOHOB, COJIEPXKAIIUX
TeKeIble KBAapKM €O Cpejofl, mnpejonaraercs, 49ro orkjonenwe DY-mesona
OT TIepBOHAYAJBLHON TPAEKTOPUU OYAPOBAHHOTO KBapKa OyJIeT HE3HAYUTETbHBIM.
Cornacuno neprypoarusaoit KX/I u mojenu JIyaga, Ipu poxKJIEHUH IIapbl, KBapK
U aHTUKBAPK pPas3JieTaloTCs B MTPOTUBOMOJJOXKHOM HallpaBjeHuu 1moji yriaom 180°.
Tak kKak POXKJIEHUE TsXKEJ0N0 KBapKa B IPOIECCe TEPMaJIU3aluu CpPeJibl UJIn
obpazoBanne D' Me30Ha B pesyabTaTe pacnaia IpoyKToB hparMeHTAIHN b-KBapKa
SBJISETCS MeHee BEePOATHBIM IIPOIECCOM, IPEeJNoJiaraeTcs, UTO B pacupejeseHun
a3VMYyTAJIBHBIX yIyioB pasiera DUY-Me30HOB Oyner HaOIIOTATHCA UK, KOTOPBIi
coorBercrByer yriy passera 180°. JlanHast KoppeJisiliist MOXKET CBUIETEIbCTBOBATD
O POXKJIEHUN KBapK-aHTUKBAPKOBOIl MMaphl.

PesyawraTsl  yriosoro pacrpegeiennss nap DY-mesonos mas Monte-Kapiio

MOZEJINPOBaHWA U SKCIIEPUMEHTAJIbHBIX JIaHHBIX IIPEACTAaBJICHbI Ha PUCYHKE 4.2.
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Figure 4.2: Pacnpeenenne a3nMyTaJbHBIX YTII0B pasieTa napbl D%-esonos mra MonTte-Kapito

MOJEIUPOBAHUA (&) U KCIEPUMEHTAIBHBIX JAHHLIX (0)

[Tk azuMyTaJbHBIX KOppesdnuii B objacT ¢ = 7 HabOIIoJaeTcs Kak
st pannbix  MonTte-Kapio monenupoBanus, TakK € i SKCIEPUMEHTAJbHBIX
janubix.  IIpu sToM, B 000oMX ciydasgx NUK HaOJIIOJlaeTCsd Tak>Ke Jijis  yriia
¢ = 0. Dror mmK coorBeTCTByeT TakoMmy apredakTy PEeKOHCTPYKIUW, [pH
KOTOPOM OJTHOW JaCTHUIIe, 3aPErUCTPUPOBAHHON B SKCIIEPUMEHTE COOTBETCTBYIOT JIBE
PaBHOBEPOSATHBIX TMIIOTE3bI TIPU PEKOHCTPYKIMH TPEKa JaCTHUIbI.

Cute1y10IuM 3TAIOM SIBJISIETCS ANMPOKCUMAIINsT PACIpeieIeHnii nHBAPUAHTHBIX
macc nap DU — mesonos. Pacupejesienust nuBapuaHTHbIX Macce s Mownre-
Kapyio MmojieTupoBanus U SKCIIEPUMEHTAJbHBIX JAHHBIX TPeJICTaBJeHbl HA PUCYHKE
4.3. 3pech 1O OJHOI OCH TIpeJICTABIECHO pAaclpejie/ieHrne MHBAPUAHTHBIX MAaCC
JUIsT TIePBOTO KaHJMjaTa, a IO BTOPOH OCH JijIsi BTOPOIrO KaHJuJaTa. Lakum
0obpa3oM B IEHTpPE paclpe/ieeHuss MOXKHO HaOJII0IaTh BO3MOXHBIM CHTHAJ OT
POXKJIEHUS Tapbl YacTHUIl, KaxXjas W3 KOTOPBIX MOMaJjiaeT B OOJACTb IMOJ MHUKOM
pacrpejiesieHnst nHBapuanTHbIX Macc. CuithbHOE pasymuane B popMe pacipeaeennii
9KCIIEPUMEHTAJbHBIX JaHHbIX U jaHHbix Monre-Kapso mopennpoBanust CBsi3aHO
C UCKYCCTBEHLIM YCHUJIEHHEM BBLIXOJa OuapOBaHHLIX KBapKoB Ha 50% u ramenuem
dona.  Takoe MojenupoBaHue IMO3BOJISET MPEJCTABUTH YCJOBUS UJI€AJTHHOTO
9KCIIEPUMEHTa, TPOBEPUTH METOJMKY BbIJIENCHUsT CUTHAJA W OINEHWTh HadaJbHbIE
3HAYEHUST TTAPAMETPOB JIJIsT AlllIPOKCUMAIINK IKCIIEPUMEHTAJIbHBIX PACIPEJICTICHI.
Tem me MeHee, Jjis TOTO, 9TOOBI TPEJNONOKATL MapHoe poxkjaenne DY — Me30moB,

BCe elre HeoOX0o MO IIPOBECTU 0TOOP II0 yIJyiaM pasJieTa KaHJIMaToB.
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2D Invariant mass distribution, MC 2D Invariant mass distribution, data
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Figure 4.3: JIpym™mepHble pachpejeeHds WHBapHaHTHBIX Macc mapbl D’-meszonos mas MonTe-

KapJuio Mosesmposanust (a) 1 9KCepuMeHTAIbHBIX JTaHHBIX (0)

[Tosrydennbie pacripejiejienusi ObLIM AlllPOKCUMUPOBAHbI (DYHKIIMEH [JIOTHOCTH

sepositioctu (PDF):

51gX St B stgxbk B
PDF = N*97°%9 . Dsignal : Dsignal + N g 7. Dsignal ’ Dbackground+

(4.2.1)
bhoxsi ~ bhigx bk >
+ NOFIxsg Dbackground . Dsignal 4 NPRIXORG Dbackground . Dbackgrounda

[re:

o NH9X5Y — Kojam4ecTBO Nap KaHIMJIATOB, IJe 00€ 4YacTUIlbl JIAl0T BKJIA) B

CHI'HAJI, TO ecTh HauboJiee BepodTHO sABismiorcs D Mez0HOM:

o NUFgxsig — Nsigxbkg  xompvectBo map, e ofHA W3 YACTHI[ JAET BKJIAT
B CHTHaJ, a BTOpas JaeT BKJAaJ B (POH, TO e€CTb ABJIETCA apTedakToM
pexoncrpykimu, a e DY-mezonom. Tak kak npu pexoncrpykimn D'MezonoB
Mbl HE pasjinyaeM 4acTHIly W aHTHuacTuily, Kax bt DVxanamuiar sxoant
B paclipejieJienre JIBaKJibl, KaK JIBe PaBHOBEPOATHDLIE TUTIOTE3bl. [Ipnm aToM,
€CJI OJIVH M3 KaHJMJIATOB JIaeT BKJIAJ[ B CUT'HAJ, BTOPOI aBTOMATHYECKN JIaeT
BKJIa/[ B (DOH, TIO9TOMY KOJIMUECTBO 1ap, I'/le TOJbKO MepBas YacTulla U3 mapbl
apadgerca D'-Me30H0M paBHO KOJHMYECTBY Tap, IJie TOJIBKO BTOpasd JaCTHIA

apiserca D'mezonoM;
o NVF9XOEI  yonpaecTBO AP KAHAMIATOB, I/ie 00€ YaCTHIBI JA0T BKJIA/] B (DO,

® Dyignai (Dsignal) — ¢yuknusg [aycca, anpokcuMupyroIias 0d/acTh CUrHAJA, JIJIsT

OJIHOMEPHOTO pacnpeaeseHnsd NHBAPUAHTHBIX MacCC;

e Diuckground (Dbackgmund) — IIOJIMHOM BTOPOTO MOPHAJIKA, AIPOKCUMUPYIONIH

obJiacThb oHa, JiJIsi OJITHOMEPHOI'O PACIPE/Ie/ICHUs] NHBAPUAHTHBIX MACC;



78

[TapameTpbl alIpPOKCUMUPYIONUX (DYHKIINKE ObLIN HU3BJICUYEHBI M3 OJHOMEPHBIX
pacIpejieJIeHuil ¥ HCIOJb30BaJUCh KaK HadaJbHble IapaMeTpPhl IS JIByMEpHON
almpokcumalun. B pesyisbrare Oblia ciejaHa OIEHKA KOJUYECTBa, 1ap YacTHIL,
Jlaloimux BrJaJl B curdadt u ¢gon. st jganabix Monre-Kapiio MojesinpoBatust 911
BEJIMINHBI M3BECTHBI, MOTOMY € UX IOMOIIBIO MOYKHO IPOBEPUTH KOPPEKTHOCTH
arnmpokcumarun. Pesynabrarsl it Monre-Kapio mojennpoBanust mpejicTaBIeHbl
Ha pucyske 4.4 u B Tabsuie 4.1. Pe3yiabrarsbl alnnpoKcuMaim SKCIIePUMEHTAIbHBIX

JIAHHBIX TpecTaBJIeHbl Ha pucyHKe 4.5.

2D Invariant mass distribution, MC

2D Invariant mass distribution, MC

-
| . | - : \ Histogram of monte-carlo_fit__x_y

~]

205 iz 1m - inv_ma

Figure 4.4: Annpokcumarusa yukuueit PDF asymeproro pacnpenenenuns jganabix MonTte-

Kapiso monemposanug aig nap DY-mezonos.
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Data residuals (absolute value)

2D Invariant mass distribution, data

————— Histogram of data_fit__x_y
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Figure 4.5: Aunpoxkcumarus ¢dpyuknueit PDF aBymeproro pacnpepeienus KCrnepuMeHTaTbHBIX

TMaHHBIX 1714 nap D%-Me30HOB.

DKCHmepuMeHTAJbHbBIE
danabie MouTe-KapJiio
JaHHbIE
PezymbTaTh KonTpoabHoe PesyabTaThi
IIapameTp

aNMmpPOKCUMAITAN 3HaYEHUE AMMPOKCUMAITAN
Ns19xsig (5.572 4 0.002) - 10° 56619 (2.6 +0.97) - 10?
NN 5igxbkg (1.79 £ 0.02) - 10* 16011 (1.004 + 0.007) - 10
NN Okgxsig (1.62 £0.01) - 10% 16011 (1.37 £0.03) - 10%
INPkgxbhg (5.43 £0.09) - 10? 5658 (2.280 % 0.006) - 10°

Table 4.1: SHadeHue 1apaMeTpPoOB JBYMEPHOTO PACIPEIe/IeHHs, HOJYYEHHBIX KaK

C HCIIOJb30BaHHMEM  JaHHDbIX MOHTG—KapHO MOJEJIMPOBaHUA TaK MW € HCIOJb30BaHHUEM

IKCIIEpUMCHTAJIbHBIX JaHHBIX JAJIfd IIap DO*Me3OHOB.

st nannbix Monre-Kapsio mojiesinposanusi HabJ/1101aercsi Xopoiiiee corjacue
MEXKJIy pe3yJbTaTaMi AaNMpOKCUMAIIMN W KOHTPOJLHBIMHU MapaMeTpaMu, dUTO
MOJITBEPK/IaeT KOPPEKTHOCTH BbIOpaHHoit mojenun. ‘Tem He MeHee, BeIUINHA
MOTPEITHOCTH  TIOJIYYEHHBIX PE3yJIbTATOB 3HAUYUTEJIbHO MEHbIIE PACXOXKJICHUs

MEXKAY pe3yJibTaTaMK alllIPOKCUMallUM W KOHTPOJIbHBIM 3HaY€HUEM, YTO ABJIACTCA
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CJIEJICTBUEM CHUCTEMATUYIECKON OIIUOKM, KOTOpasi MOXKeT ObITh OIleHeHa IIpu
BapHUaly IapaMeTPOB aIlllPOKCHUMAIIIH.

PesysibraThl annpokcuMalyu, HOJYUYeHHbIE Ui SKCIEPUMEHTAJIbHBIX TaHHBIX
1IOKA3bIBAIOT, YTO BbIJAEJCHHbBIA CUI'HAJ 00J1a/1a€T CAUIIKOM OOJIbIION HOI'PEITHOCTHIO
1, HEJIOCTATOYHON CTATUCTHYECKON 3HAUNMOCThIO. Ilpm aToMm, Ha cieayiomem mmare
paccueToB HEOOXOJIMMO BBIJCJIUThH O0JIACTH YIJIOB, COOTBETCTBYIOIIYIO pPas3JieTy B
IPOTHBOIOJIOXKHOM Harnpasjennn. Kak nokasano wa pucynke 4.3 (6), Gosblnast
JacThb COOBITHII pacrojaraercs B objgactu (0° M oTBedaeT TaK HA3bIBAEMbBIM
OTpaXkKeHnsM, Korfga oimH KamammaT B DU-Me30H ObLT yuTeH [BaskKabl H3-32
PaBHOBEPOSITHOI TIMIOTE3bl (KaK YacTWila W Kak aHTHYacTuiia). B cBasu c
PEJIKOCTHIO PEIUCTPALMHU TAPHOI'O POXKJIEHUsT 0UaPOBAHHBIX ME30HOB, UCIIOJIb3yeMasi
BBIOOpPKA JIAHHBIX HE MMEeT JOCTATOYHON CTATHCTUKK I JaJbHeRIIero aHaJimnsa.
Tem He MeHee, TpOJOJKEHHE HMCCIETOBAHNNM B 9TOM HAIIPaBICHUH IIPEJICTaBISIET
3HAYUTEIbHBI MHTEPEC JJIsi N3YyUEeHUsT MEXaHU3MOB POXKJIEHUS TsI>KEJIbIX KBAaPKOB.
B nacrosiiee BpeMst BeJlyTcsi paboThl 110 BKJIFOUYEHUIO U3y YEHUs APHOI'O POXKJICHUS
TSIKEJIBIX apoOMaToB B ¢usnueckyio muporpammy 3kcrnepumenta ALICE mocne

yBeaudeHus: ceeTumoctu Bosbinoro Ajgponnoro Kosmaiiaepa.
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['JTABA 5

Nccaenosanusa MoHOINTHBIX AKTUBHBIX
ITukceababix CeHCOPOB AJIS MOAEPHUIMPOBAHHOM

Buyrpenmneit Tpekosoit CucremMbl 3KcepuMeHTa
ALICE

HoBasi dusnueckass mporpamma skcuepumenta ALICE, xoropas Oymer
peanb3oBana mocse 3amycka BAK B 2022 romy, B 3HAUNTENHHOW CTENeHW
OPUEHTHUPOBAHA Ha, UCCJEJOBaHUS B 00JaCTU (PUBMKU TIXKEJbIX apOMaTOB.
B Takux WCCIEeIOBAHUSAX BaXKHEHINYIO POJIb UIPAET PEKOHCTPYKIMS TPEKOB
JACTHIL, COJIEPXKAIUX TsKesble KBapKu, obecrednBaeMasi BHYTPEHHEH TPEKOBOI
cucremoit.  Bosmoxknoctn cyrmecrsoBasieii jo 2020 roma BTC skcmepumenTa
ALICE 3nauuTe/NbHO OrpaHUIMBAJIM CIIEKTD HMCCJICI0BAHWUI B ODJACTH TSIXKEIbIX
apoMaToB.  IJTO, B YaCTHOCTH, MOXKHO HaOJJIOIATh MO pe3yJbTaTaM aHaJu3a
nanabix dkcrnepumenTta ALICE, npencrasiennbiM B rmaBax 3 u 4 JaHHOR pabOTHIL.
Huskast apdekTuBHOCTH perucTpaium 9acThll, COJIEPXKAIIUX TsKejble KBAapKU, He
1103BOJIsIET HAOPATh JIOCTATOYHOE KOJIMUYECTBO CTATUCTUKY JIJIsi CTPOrOit (husnieckoit
UHTEPIIPETAINY TIOJYUYEHHBIX Pe3y/IbTaToB. Pacimpenne uccjieIoBannii B 006J1acThb
KBapKOB, TsKeJsiee c-KBapka, jiuisg BTC cymecrBoBasieii 10 2020 rosia, B mpuHIUIIE
HE TPEJICTaBJSJIOCh BO3MOXHbBIM.  Jljnsg peasmzanuu  (pu3nyueckoil 1porpammbl
skcriepumenta ALICE mocne 2022 roga Obuia cospana noasi BTC na ocHoBe
MCTIOJIb30BAHUST MOHOJUTHBIX AKTHBHBIX MHKCEJbHBIX ceHcopoB (cm 2.3). Ogaum
U3 BaXKHEWINX 3TaloB Mojiepuusanuu Bruyrpennein TpekoBoit CucteMbl gBJIsIICS
KOHTPOJIb Ka4eCTBa OCHOBHBIX CUCTEM M KOMIIOHEHTOB U IPOBEJICHUE UCCJIEI0BAHUIT
BCEX MOJLyJIeHl 1TMKCEJIbHbIX JIeTEKTOPOB, JIEKTPOHUKHU, CUCTEM ITUTAHUS U CUCTEM
OXJTazK JICHUS.

B pamkax jlaHHOW paboThl IPOBOJMIKCH UCCACIOBAHMS, KOHTPOJIb KadecTBa U
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XapaKTepusalusi OT/IeJIbHBIX JeTeKTOPHBIX MOJIyJIeil BHEITHUX 1 cpeiHuX cjioeB BTC
ALICE. IIponeaypa paboTbl ¢ AeTEKTOPHBIME MOJIYJISIMA COCTOSLIA M3 CJIEIYIONIIX

IQTallOB:

o llccrenoBanue n XapakTepusalus JeTeKTOPHBIX MOJTyJIeH;

e [IpoBesenne  wuccienoBaHWil  JIETEKTOPHLIX — MOJyJeil  Tocje  JIIOOBIX
MeXaHMIeCKNX MaHUIYJIANNiA, BKodasi ycranoBky B cion BTC, mopaborky

MOJLyJIell 11ocjie yCTpaHeHusl HeuCIPaBHOCTE U T. 1.

5.1 MHNccnemoBaHme paboumx XapaKTEepPUCTHUK JeTEKTOPHBIX MOJIyJIeii
BHENTHUX u cpeaHux cJjoeB Bnaytpenneii TpekosBoit Cucremsbr

sxcrnepumenTa ALICE

[Tposesnenne nceneoBannii B JaHHOM HAIPABJIEHUU COCTOSIIO U3 CEPUU TECTOB,
KOTOpbIe ObLJIM peain30BaHbl 1PU 3a/JlaHHbIX PabOUYMX lapaMerpax TUKCEJbHbIX
cencopoB.  [lo pesysbTaraM TECTUPOBAHUSA OIPEJEIAIOCH, COOTBETCTBYET JIH
BECh JIETEKTOPHDLIN MOJYJIb 3asdBJEHHLIM TpPeOOBAHUAM, WJIW OH HE MOXKET OBITh
UCIIOJIb30BAH B JKCIIEPUMEHTE. OOBbEKTOM  HMCCJICIOBAHNS  SIBJISLIACH  COOPKU
JIETEKTOPOB BHeIHUX u cpejHux cioeB Hooit BTC. Dtu cbopkm cocrost u3
MOJTyJIeil, B KayKJIOM U3 KOTOPBIX HAXOJIUTCSA 1O 14 ceHCOPOB, PACIOJIOXKEHHBIX B JIBA
psijia 1o ceMb ceHCopoB. [IuTanue u cunThiBaHME JIAHHBIX TPOUCXOJNUT JIJIs KayKI0TO
MOJLyJIst (CM. TIYHKT 2.3), TI09TOMY BCE TECTbhI IPOBOJSATCS HE3ABUCUMO JIJIsi KAXK [0
MOJTYJISI.

Ha mepBoM »3Tame Tpou3BOJAMIACH TPOBEpKa pabOThl CHCTEMbl MHUTAHUS
JlerekTopa. [luranue JeTeKTOPHBIX MOJYJIell peaju30BaHO vYepe3 IIUHY TUTAHUS.
Hanpsbkenne nojiaercss Ha KakJiblii MOJYJIb JIETEKTOpPa, KpOME TOIo, 4Yepe3
JIOTIOJTHUTEJILHYIO IMITUHY K KaKJIOMY MOJIYJTIO MOYKHO MOJIATh HAPs»KEeHNEe 0OPaTHOTO
CMeITeHns, TPUI0KEHHOE HEMOCPEJICTBEHHO K IMOJJIOXKKE MUKCEJTbHBIX CEHCOPOB.
Heobxomumo, 4TOOBI nuTaHWe PaBHOMEPHO PACIHPEEIIOCh MEXJy MOJLYJIsSMU
JIETEKTOPa, JIJIs dero ObLia pa3zpaboTaHa CIeluaJbHash MPOIe/lypa JInHAMUIECKO
KOPPEKITUU HAIIPS>KEHUSI, YUIUTHIBAIONIAsl TOTEPU HANPSKEHUS B KaXXJIOM W3
Mmojysieil.  Ha mepBoM miare TecToB OBLIO HEOOXOAUMO OTKJIOYUTH MHUTAHUE WU
CUHXPOHU3MPOBaTH Mojayiu. llociie sToro muranue momaeTcss MOCJIEIOBATEIHHO

Ha BCE MOJYJIN WM YyCTaHABJJIMBACTCA BPEMA, KOTOPOEC IO3BOJISACT CMHXPOHHU3UPOBATDH
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MOJIYJIH IIMKCEJIbHBIX JIeTeKTOpoB, otrnesnbHble cucrembl BTC, a takxke BTC c
ocrajbabiMu  slerekTopamu ALICE. Bo Bpems sToit mporeaypbl IPOU3BOIUTCS
JIMHAMUYECKas KOPPEKIMsT HAIPSXKEHUs, U PErUCTPUPYIOTCS KaK IU(POBbIE TaK U
aHaJIOIOBbIE HAIIPSI)KEHUsI U TOKM. TakKe HPOBOJUTCS 1POBEPKA PadOThl CUCTEMbI
10JIaYH HAIIPSXKEeHUsA oOpaTHOro cmereHus. JJist 9Toro cTpouTcs BOJIbT-aMIIepHAast
XapaKTEepUCTUKA JIETEKTOPa MMPU U3MEHEHUN HAIPsyKeHUsT 0OPaTHOTO CMEIIEHUsT OT
0 g0 4 B. Eciim ok nipm 9rom mnipesbimaer 15 MA, canTaercs, 9To JaHHbIH MOJLYJ/Ib
He paboTaeT ¢ HAIPSKEHHEeM 00PATHOTO CMEIIEeHUSI.

Hecmorpsi Ha TO, 4YTO B COOpKax JI€TEKTOPOB BHEIIHMX U CPEJHUX CJIOEB
YCTAHOBJIGHBI IMWHBI JIJIST  TIOJIa4¥  Hallpsi>KeHUsi  00paTHOIO  CMEIEeHUs, WX
UCIIOJIb30BAHUE B IKCIEpUMeHTe uzJjuiiHe. Jlejgo B TOM, 4TO 1pU JIJIUTEILHOM
O0JTIyIeHNH CeHCcopa pajualyedi (Hampumep, BOIU3M TOYKH CTOJKHOBEHUSI Y IKOB),
B KPHUCTAJJINIECKON pelleTke KPEeMHHsS BO3HUKAIOT HECOBEPIIEHCTBa, B TOM UHCJIE
CUJIbHBIE TOKU YTEUYKU, KOTOPhIE BBI3HIBAIOT JIOKHBIE CpadaThbiBaHUs TUKcesei. B
TAKOM CJIydae, 1ojiada HallPsi2KeHusi 0OPaTHOI'O CMEIIeHUsT Ha, TOJJI0KKY UKCeJTbHON
MATPHUIIBl ITO3BOJIET pACIIHPUTL OOEJIHEHHYIO 30HY B KPEMHMM U CHU3UTDH
BEpPOSATHOCTD cOOpa Iapa3uTHOTO 3apsjia Ha jJuoje. B ciydae JeTeKTOpOB BHEIIHUX 1
CPEJIHNX CJIOEB, CEHCOPBI PACTIOJIOXKEHBI JOCTATOTHO JTAJIEKO OT TOYKHU CTOJKHOBEHUS
Iy 9IKOB U, B TE€UEHUE BCETO 3allJIaHnPOBAHHOIO BpeMenn ucnosib3opanust BTC onu e
YCIEIOT HAKOIMUTD JOCTATOTHOMN O3B PaIHAINH JIJIT BOSHUKHOBEHUS CYIIECTBEHHBIX
11e(peKTOB B KPEMHUM.

CuteiytonuM  9TarmoM  MPOBOJAMIOCH UG POBOE CKAHWPOBAHWE MHKCEIbHOM
MaTPUILbI. [IudpoBoe ckaHupoBaHUe BbIIOJHACTCH JIJIsi HPOBEPKU OTKJIMKA,
HUKceseil Ipyu MHXKEeKTUPOBaHUU G POBOro CUTrHaJIa Ha 33 JaHHbIIH HabOp nuKcesei
JIETEKTOpa, a TaKxKe JJisl IPOBEPKH KadeCTBa CUMTBhIBAHUE Yepe3 BRICOKOCKOPOCTHOM
KaHaJ Tepegadn jgaHHbiX.  CKaHWMpOBAHWE TOBTOPSIETCS I TPEX HACTPOEK
HalIPs2KEHUs [UTaHusl 1U@PPOBON yacTu 1epudepuitHoil JIEKTPOHUKHU CEHCOopa:
nomunaabuoe, + 10% u -10%.

JlaJiee MpoBOJIJIOCH TTOPOTOBOE CKAHUPOBAHUE TTUKCEJIHLHON MaTpuIibl. B nanHOM
CKaQHUPOBAHUU ONpPEJIe/isijiach MUHUMAJbHAs BeJMUYMHA 3apsijia, HeoOXojuMas JiJisi
cpabaTbIBaHUsI TUKCEIsS — MOPOr CpabaThbIBAHUs MUKCEsT IO 3apsajy, a TaKxKe
PasMBITHE STOTO ITOPOTa, — IIyM.

[Topor cpabarbiBanusi THUKCEIsT B EIMHUIAX 3apsija ONPEIessseTcss IyTeM
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WHKEKTUpoBatuss ~ 50 MPOOHBIX 3aps/IOB HAa BHEIMIHWI BXOJ MHUKcesed (s
3aJlaHHOrO Habopa mukcesieit). Bemudauna MHKEKTHPYEMOrO 3apsijia BO3DACTACT
C OIlpeJeJeHHbIM IaroM W JUJId KaXKJIOro 3apsijia BbIYUCISAETCS BEPOSITHOCTH
cpabaTbiBaHUs KaXKJOr0 IUKCesst. B pesysbrare nojydaercs S-obpas3Hasi KpuBasi
3aBUCHMOCTH BEPOATHOCTH CpabaThIBaHUs THUKCEJsl OT BEJUUYMHBI 3apsja. Takas
KpHBasi MOXKeT ObITh alllPOKCUMUPOBaHA MOAUMUITUPOBAHHONW (PYHKITUEH OIMMUOOK:
Qinjg — H )

Y

V2.0

Lne ginj — 9TO KOJMYECTBO MHLEKIMi 3apsja, (i — 9TO HOPOr cpadaThIBAHUs

Phit(Ging) = %(1 + Erf (5.1.1)

nuKceJieit B eIMHUIaX 3apsijia, a 0 — 3TO Pa3MbITHE TTOPOTA U TEMITOPAJIbHDBIH Ty M.
[Ipmmep MOpPOroBOro CKaHMPOBAHMS OJIHOIO W3 MOMAYJIEH HCCIETyeMOTO JIeTEKTOPa
npejicraBjien Ha pucynke 5.1. Ilokazano, uTo mopor cpabaTbIBaHHsI HHKCEsei
OJIHOPOJIEH JIJIsI BCEX CEHCOPOB JIAHHOTO MOJIyJisl W JJIsSI BCeX NuKceseil BHYTpHU

ceHcopa.
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Figure 5.1: PesyapTaT moporoBoro CKaHUPOBAHHA OTHOTO U3 MOYJell cOOPKYM BHEITHETO CJIOs

BHYTPEHHEH TPEKOBOH CHUCTEMbL

CkaHMPOBaHUE BBINOJIHACTCS TIPYU JIBYX HAIPsiKeHUsIX obparTHoro cmerienus ()
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B u 3 B. Takxke, mpoBouTCs CKaHUPOBAHHE C JOMOJHUTEIbHBIMA HACTPONKAMU:
B JIAHHOM CJIydae MPUMEHSIeTCs KOPPEKTUPOBKA HACTPOEK KOMIIaparopa Jijisd TOTO,
9TOOBI JIOOUTHCS PABHOMEPHOI'O OTKJIMKA, JIJIsSI BCEX CEHCOPOB B MOJLyJsie. Kpome Toro,
KOPPEKTUPOBKA ITaPaMETPOB MOXKET YBEJMYUThH WJIM YMEHBIIUTh BEJUIUHY TOPOTa
cpabaTbiBaHus IUKceseil. B TakoM ciiydae, BBICOKHI TOPOT MOXKET OTCEUb JIOYKHbBIE
(rmymoBbIe) cpabaThiBaHWs TMUKCesel, BhI3BAHHBIE COOPOM CBODOJHBIX HOCHTEJCH
zapsijia Ha Juojie. DBo3HMKHOBEHHE CBODOJHBIX HOCHTEJEH 3apsija B 00€IHEHHO
30HE BBI3BAHO, B OCHOBHOM, TEILJIOBBIM JIBUKEHHEM HOCHUTEJIEeHl 3apsija B KPEeMHUU
UJI TEMHOBBIMU TOKAMH YTEIKH.

CreiytoluMm  3TaroM  BBITIOJIHSIIOCH — WCCAEIOBAHWE — TAKUX  TTYMOBBIX
cpabaTbIBaHUil MUKCEJIEH B OTCYTCTBUM MCTOYHUKOB MOHW3UPYIOMIETO WU3JIyUCHUS.
st omnpeneneHus UMCIa MIYMSIUX MHKCEJIEH MTPOBOIUICS IUKJINIECKUH OIPoC
Beeit mukcesbroN Marpurbl (1 000 000 MUKJIOB OMpoCa MUKCENbHON MaTpPHUIIbI
NPV HOMUHAJIBHBIX 3HAYEHUSIX MOPONOBOTO TOKA M HANPSKEHWs ), ¥ CTPOUJIACH
KapTa IHKceseil, cpaboraBiiux Oosiee opHOro pasa.  CoryacHo TpeOOBAHMSIM
110 [OPOrOBOMY YPOBHIO IIYMSIIUX IHUKCEIel, O0OYCIOBIEHHBIX HEOOXOIUMOCTHIO
PErucTpaluyn peJKuX COOBITHI, MaKCUMAaJbHOE YHUCJIO IIYMOBBLIX CpabaTbIBAHUI
JOKHO ObITh MHOTO Menbiie 107% cpabarbiBanmii Ha coOBITHE Ha TTHKCETb.
Ha pucynke 5.2 npejcraBieH HpuUMep 3aBUCMMOCTH YDPOBHs IiymMa  (4MCJIO
cpabaThIBAHW /TTUKCEJTb /COOBITHE) OT YHCJA IIyMSIUX MHKCEJIeH JJist KaxKJI0ro
U3 MOJIyJiell. YPOBEeHb IIyMa B KaXXJIOM U3 MOJIyJieil He IIPEBbLIIIAeT MaKCUMaJbHO
JOTNYCTUMBIA.

Takast cepusi ucCjeJOBaHUI POBOJMJIACH TaKXKe JIJIsi OCTaJIbHbIX COOPOK
JleTeKTopoB BHemHUX U cpenuux ciaoes BTC. Ilo pesyiabraram ncciieioBanuii, Bce
ycranoBjienabie B obnossennyio BTC ALICE jgerekTopbl BHEIIHHX U CpeHUX
CJIOEB YCIIEIIHO TPOIILJIM BCE HEOOXOJMMBbIE UCCJICJOBAHUS U YJIOBJIETBOPSIOT BCEM
3asiBJICHHBIM TPeOOBaHusiM. J[eTeKTOpPbl BHYTPEHHUX CJIOEB TAKXKE YCIEITHO PO
nojiobuble cepuu TectoB |78, 79|, ogHako B paMKax JaHHOW pPabOTHI OHU He

paccMaTpuBaJINCh.
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Figure 5.2: 3aBucuMOCTh ypoBHs ImyMa (4HCJIO cpabaThIBaHWUil/THKCETb/COOBITHE) OT THCIIA

MIYMSIIAX THKCeJIel B KayKJI0M U3 CeMH MOJYyJei 1moy-cOopKu cOOPKH BHENTHUX CJIOEB.

Takke, 111 COOPOK JIETEKTOPOB BHEIIHUX CJI0EB OLLIN TPOBECHDLI HCCIICI0BAHNA
dbyHKIMN OTKIINKA (KapTa cpabOTABIINX MUKCEIeHl ) THKCeeil JeTeKTOPHBIX MOJLyJIeit
Ipy 00JIYYEHNUN 3TUX MOJYJICH MCTOYHUKOM MOHU3NDYIONIMX U3Jydennii. B kauecrse
PaJIMOAKTUBHOIO UCTOUYHUKA UCIIOJIBb30BaJICs n3oTon Y°Sr ¢ akTusHOCTBIO 1.42 MBK.

Bruiy nosiy4ensl KapThl ¢cpaboOTABIINX MUKCEJICH IPYU PA3IUnIHOM PACIIONIOKEHUN
ucTouHuKA. VICTOUHMK mepeMemajica BJOJb JIETEKTOPa, U B KaxKJIOM M3MEPEHHUH
pacIioyarajcst HaJl IeHTPOM MOJYJIS W Ha IPAHUIE MexXKJly MOAyJIaMu. Vsmepenust
IPOBOJMIIACEH OCJIEIOBATEIBHO C KarKJIbIM M3 CEMU MOJLYJIeil JIeTeKTOPHON COOPKH.
Ha pucynke 5.3 npuBejieHbl KapThl CpabOTABIINX IIUKCEIEH B PA3JIUIHBIX MOJLYJISIX
0 Mepe yJajieHust OT HCTOYHWKA HOHUBUPYIONErO W3JIyUCHUs, a HUMEHHO: (a)
JUIsT TIEPBOTO MOJIYJIsl, HaJ[ KOTOPBHIM DPACIOJArajcs UCTOYHUK, (6) Jyis BTOPOro
MOJLYJIst,(B) JIJIst 4eTBEPTOro MOLyJisi U (') Jist CeJIbMOTO MOJLYJIs.

Ha kaprax mnmkcejeii TIOKa3aHa OJHOPOJHOCTL CpabaTbIBaHMIl IHUKCesei
BJOJb cOopku.  Ilpu jyMresbHoll SKCHO3UIMU U PACIIOJIOXKEHMHM HCTOYHUKA
HEMOCPEICTBEHHO HaJl MCCJIC/yeMbIM MOJYJIEM OTYETJIMBO BUJHBI MECTa CIailKu

CEHCOPOB € MOJJIOXKKOW U PACIOJIOXKEHUE 3IJIEMEHTOB BHEIIHEel 3JIeKTPOHUKU
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nerekTopa. B werBeprom momyne (pucynok 5.3 (B)) HaOMOmAETCS 3aMeTHOE
CHUKEHHUE 4hcJia cpabaTblBaHM IIUKCeseil B OJJHOM U3 CEHCOPOB (meCToﬁ ceHcop).
Bee cpabarbiBanus nukcesieii B JJAHHOM CEHCOPE SIBJISIOTCS IMIYMOBBIMU, B CBSI3U
C HEUCHPABHOCTHIO 3TOro cencopa. CoOrylaCHO MOJEJMPOBAHUIO PEKOHCTPYKIUK
tpekoB B BTC, HemcnpaBHOCTb OJHOIO W3 CEHCOPOB B MOJIyJie COOPKM BHEIITHEro
CJIOST JIONYCTHMa W HE OKa3bIBaeT B3HAYUTE/IHLHOTO BJMsiHUA Ha 3PPEKTUBHOCTH
PEKOHCTPYKIMU TPEKOB. AHAJU3UPYsi OTKJIUKHU IHKCEJeH, CTOUT OTMETHTh, 9TO,
MOHU3UPYIOIee U3JIyUYeHre OT UCTOYHUKA MMOYTU HE JIOCTUTAeT MOCIEeIHEr0 MO,
MIO3TOMY JIJIsT CETbLMOTO MOJIYJISI PETUCTPUPYIOTCA TOJBKO MIYMOBBIE CPaOAThIBAHUS

nukceseii (em. puc. 5.3 (1)).
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Figure 5.3: Kaprol cpaGorasuiux nukcejieii npu objayvenun ucrounukom °Sr: (a) kapra
cpaboTaBIIUX MUKCeTed Jisi mepBoro Mojyssi;(6) Kapra cpaboTaBIIUX MUKCeTeH JJisi BTOPOro
Moytst; (B) Kapra cpaboTaBIIuX HHKCeJged st deTBeproro Mojy/s; (1) Kapra cpaboTaBIimx
UKCeJTelt /1T ceIbMOro Moy Is. McTogHMK pacmoraraercs B Hadaae cOOPKH, Ha TPAHUIE IEPBOTO

MOJTYJIS.

Tak>ke, B pamkax ncciegoBanus coopok Brernaux ciaoes BTC, 6b11a mposegena

cepusi TemieparypHbix uamepenuii. CoryiacHo TpebOBaHUsIM, OOYCJIOBJIECHHBIM B
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[IEepPBYI0 OUepe/ib MEXaHHIeCKUMHU CBOHCTBAMEM MaTEPUAJIOB, HCIOJL3YEMbIX IpU
cOOpKe JIeTeKTOPHBIX KOHCTPYKIWMU (HAmpuMep KJjiesi, (bUKCHPYIONEro CeHCOPHI),
MaKCUMaJIbHO JIONyCTUMAas TeMIepaTypa Harpesa cocrasisier nopsaka  45°C.
Temueparypa JeTeKTOPHBIX MOLYJIEH N3MEPACTCsl JIaTYIMKAME, PACIIOJIOKEHHBIMU Ha
KakKJIOM CEHCOpe 1 HAIIPSIMYTO CBSA3AHA ¢ HAIPSIXKEHUEM MUTaHust CeHCOPOB. Kazk ablit
W3 MOJIyJiell JieTekTopa (a TakXke KaxKJblii W3 CEHCOPOB) MOYKHO MDEJICTABUTH
B KAQUeCTBE PE3UCTOpa, Ha KOTOPOM IIPOMUCXOJUT MHOTEPs HanpsKeHums.  dewm
BBILIE HAIpSKEHHEe MUTAHUsI, TeM OOJIbIIe TEeIa BLIIEIAETCSI Ha MOJYJIE W TeM
BBILIE €ro Temieparypa. UTobbl OleHUTb 3(PMEKTUBHOCTL CUCTEMbI OXJIaXK ICHUsI
COOPKM JIETEKTOPOB, a TakyKe (DIYKTyalluu TEMIEePaTyphbl B PA3JMYHBIX YaCTAX
cOOpKHU ObLJIM CUMTAHBI 1IOKa3aTeJ M TEPMOJIATUMKOB HA KaXKJIOM CEHCOpE, a TaKXKe
OLLIN TOJIyUeHbl YCPeAHEHHbIE 3HAUEHUs TeMIepaTyphbl Jjis Mojyaeil. B Bepxmeii
qaCTH PUCYHKA 5.4 MOKA3aHbI 3aBUCHMOCTH TeMIepaTypbl (a) u Hampsokenus (0),
M3MEPEHHBIX Ha CEHCOPE OT MOPSAJIKOBOIO HOMEpa 3TOTo ceHcopa B cbopke. Tak kak
OXJIAZKJICHUE HPOMCXOJAUT MAPAJLICILHO JJIs JABYX PSJIOB MUKCEJbHBIX CEHCOPOB B
KaxkJIOM MOJLyJIe, Pe3yJIbTAThI JIJIS KaXKJIOr0 psijia, IPEeJCTaBICHbl HE3aBUCKMO JIPYT
ot jpyra (TepBblit 1 BTopoil TemiepaTypHblii KOHTYD). Kak u ciemoBaio oxugaTh,
0 Mepe yjaJeHusi OT MepBoro MojyJs (K KOTOPOMY OXJIaXKJatolas »KHJKOCTb
IO/IBOJIUTCST  HEMOCPEJCTBEHHO OT CHCTEMbl € XJIAJAEHTOM), OXJIAaXK [afolast
JKIJIKOCTh HarpeBaeTcss M OTBOAMUT Teao Menee sddexkrusno. Tem ne Menee,
dbaykTyanuu or ceHcopa K CEHCOPY He3HAYMTENbHbI ¥ OOINYIO TEHJIEHIMIO MOXKHO
YBUJIETH TOJIBKO JIJIst YCPEJHEHHBIX (JJist Mojtysieii) snadenunii (pucynok 5.4 (B)).
OxJ1a2K1eHUE JTEKTOPA HE MOKET BIMATH Ha HAIPSKEHUE, 10JaBAEMOE Ha, MOJLYJIb,

" II0 MEpe€ yAaJICHHA OT IIEPBOr'O MOAYJIA, HAIIPpA2KEHUE O2KNJa€MO I1aJa€T (pI/ICYHOK

5.4 (6.r)).



89

178 n —8— First temperature contour

| —ua— Second il"llll,}(‘l‘ﬂl’lll'{’ contour

Temperature, C

—=&— First temperature contour 1.62

—a— Second temperature contour

(=]
3
84
8
]

L | L1 L1 | I W T | T YT VT [ S VA ERA 1
0 10 20 30 40 50 50
Sensor number Sensor number

() (6)

@
@©

1.72 —e— First temperature contour

w
@

e

—m— Second temperature contour

w
&

Temperature, C

Supply Voltage, V

7
7
\\

Y
e

2]
n

w
=]

1.66

—®— First temperature contour

L&)
@

—e— Second temperature contour

n
@D

BRSNS RN EE

1.62]

S A (O £ (B | 1 o O L o

4
N
+
!

|
[] 7 6 T
Module number Module number

Figure 5.4: (a) 3aBUCHMOCTH TeMIEPATypbl OT MOPSIKOBOTO HOMepa ceHcopa B cOopke;(6)
3aBUCUMOCTDL TeMIIepaTypbl OT HOMEpa MOIYJIA; (B) 3aBUCUMOCTDL aHaJIOTOBOI'O HallpAZKEeHHA OT
IOPSAKOBOTO HOMEpa CEHCOpa B COOpKe;(r) 3aBHCHMOCTD AHAJIOTOBOTO HANPSKEHUS OT HOMEpA

MOJTYJIS.

UcciejioBanus  TeMiieparypHblX — XapaKTEPUCTUK — JIETEKTOPHbIX — MOJLyJIei
MPOBOJIMJIACH KaK JIJIsT JIETEKTOpa B OTCYTCBHE HArpy30K (KOrja JIeTEKTOD
OBbLI TOJIKJIIOUEH K CHCTEMe IUTaHWs, HO HE TECTHPOBAJCS), TaK W B TEUCHUE
TECTOB, HAIIPUMED TOPOI'OBOI0 TecTa, KOTOPHI MaKCMMaJbHO 3aJIefiCTBYET BCIO
9JIEKTPOHUKY JIETEKTOpa M cucremy cbopa u oOpabOTKM JlaHHBbIX. Pesysbrarbl
JIAHHOT'O HCCJIEIOBAHUS IIOKa3aJi, 9YTO B YCIOBHAX MAaKCHMaJBLHON 3arpy3KH
IpU cpejiHell Temmeparype MojyJeil, He mnpesbimatorieir 40°C, oJMHOYHbIE
durykTyanum  oTAesbHbIX  ceHcopoB  He mpesbimaior  45°C. Takum  obpazowm,
JKUJIKOCTHASI CUCTEMa  OXJIAXK/JIEHUsI HEe JIOIYCKAeT KPUTUYECKOI'O IIeperpena
ceHCcOpoOB 1 Monyaeit. Ilpm sToMm, mamHOe MccaeoBanne ITPOBOIUIOCH T0 BBEICHUA
B 9KCILIYaTallMIO [EHTPAJU30BAHHON CUCTEMbI OXJIAXKJCHUsI, TTapaMeTphbl KOTOPOit

03BOJIAT MAaKCUMaJIbHO 3hMEKTUBHO OTBOAUTD Terio oT jerekropos (jio 20°C).
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B dyuakmuonupytomeit  BTC  npoumcxoguT  HOCTOSIHHBIN —~ MOHUTOPHHT
TeMIIepaTypbl Bceil cOOpKHU JjeTeKTopoB. IIpum IOCTOSIHHOM IEHTPaJIn30BaHHOM
JKUJIKOCTHOM  OXJIaXKJIEHWM TeMIiepaTtypa JeTeKTopoB He npesbimaer 22°C B
orcyrcrBun Harpysku n 40°C npu MakcUMaJibHOW 3arpysKe JIeTeKTopa, 4To ObLIOo

IpoBepeHo B xoje BBemenus B akciyaTtannio BTC ALICE.

5.2 OcHOBHBIE Pe3yJIbTAThI MCCJEA0BAHNI XapaKTEPUCTUK MUKCEJIbHBIX

CEHCOPOB.

[Ipr ucciaenoBanmst MUKCEJIBLHBIX JETEKTOPOB st MozaepHusupoBannoit BTC

srcriepumenTa ALICE Obuin moJiydeHnr ciiejiyromme pesyabTaTb:

® IIPOBEJICHO IMOJIHOE TECTUPOBAHUE MO/IyJIeii COOPOK JIETEKTOPOB BHENTHUX
cioes BTC »skcrnepumenta ALICE. ABropom ObLIO HCCII€IOBAHO MOPSsIKA

70% Beex cbopok merekTopos BHemnux u cpegnnx ciaoes BTC ALICE.

OsiHOpO/IHOCTD  TIOpOTa  cpabaTbiBaHWsT THUKCEJIEeH 110 3apsijly Ui BCEX
CEHCOPOB BO Bcex cOopkKax obeciieduBaeT PpPaBHOMEPHOCTH PErucTpaluu
JaCTHI[ U OTCYTCTBUE CJIENBIX 30H — TaKuxX obJjiacTeil ceHcopa, B KOTOPBIX
3P PEKTUBHOCTD PErUCTPAINN 3aPIKEHHBIX YaCTHUI] 3HAYUTETHHO CHUKACTCS.
CoorBercrBue TpeOOBAHUSIM K MAKCUMAJIBHO JOMYCTUMOMY YPOBHIO 1Ty MOBBIX
cpabaTbIBaHUIl  NUKCesell  TO3BOJIUT  PErHCTPUPOBATH  PEJIKKE  COObITHS

poxKaeHusd aJIpOHOB, COJEP2KaIlIUX TAXKEJIblIe KBapKH B CTOJKHOBEHUAX Ha

BAK.

e Dnuto nposejieno uzydeHue (QpyHKIMU OTKJNKA MMUKCEJBHBIX CEHCOPOB TpH
BO3/ICICTBUM Ha HUX MOHUBUPYIONMX u3jaydenuit. Jlannoe wucciepoBanue
[IO3BOJINJIO  IIPOBEPUTH PaABHOMEPHOCTL  PETUCTPAIlUU  JIEKTPOHOB  OT
UCTOYHUKA JIJIsT CEHCOPOB, HAXOJAINIMXCS B PA3JUIHBIX MOJYJIAX COODKHU, a
TaK>Ke BJINSIHNE 3JIEKTPOHHLIX CUCTEM JIETEKTOPa (LHI/IHa MUTAHWUs, CUTHAJILHAST
IIMHA, SJEKTPOHUKA ,zLeTeKTopa) Ha PpErucrpamui YacTul] CeHCOPaMu.
PaBHOMEPHOCTH 3aCBETKU TO3BOJISET CIETIATh BHIBOJI 00 OTCYTCTBUM CJICTIBIX
30H JIETEKTOPa, MOHUKAOMUX 3PDMEKTUBHOCTH PEKOHCTPYKIUK dacTul. Ha
MOCTPOEHHBIX KapTax CpabOTaBIIUX THUKCeJIel TPOMATPUBAETCS BHEITHSIS

QJIEKTPOHUKaA CEHCOpPa, YTO CBHJACTC/JILCTBYET O IIEpepaCCEHrN SJIEKTPOHOB B
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MaTepuaJie 1eTeKTopa, OJHAKO CIIEKTP 3JeKTPOHOB OT ncrounnka *°Sr jeskut B
3HAYUTELHO OoJiee HU3KOI M0 3Hepruu 00JIaCTH, IO CPABHEHUIO ¢ YaCTUIAMH,
perncrpupyembiMu 1ipu crosiknoBenun myakoB BAK. CoorBercrBenno norepu
sepruu dE /dx jyist 6osiee BbICOKOIHEPreTHaHO YacTulibl Oy/1yT MUHUMAJIbHbI
U TepepaccessHre YacTHIl Ha MaTepHuaJie JIeTeKTopa OyJeT He3HAUYUTeTHHO

CKa3bIBaThCsA Ha 3PPEKTUBHOCTH PETUCTPAIIIN.

Bbuia 1posejieHa 1poBepKa paboThl cucrembl oxjaxjenus.  [lokaszano,
9TO NMpU padoTe JIeTEKTOpa € KUJIKOCTHBIM OXJIayKJIeHUEM He JTOCTUTACTCs
KpPUTHYECKasl TeMIlepaTypa, IpH KOTOpPO#l MoyKeT ObITh HaHeceH yiiepo
JleTeKTopy. B yC/ioBHsX MaKCMMaJIbHON 3arpy3Ku JleTeKTopa, KpaiiHe
BaXKHO HeE JIOIYCTUTH IIE€PErpeBa KakK BCEro JIETEKTOpa, TakK W OTJEJbHbIX
ero sjeMeHTOB.  IIpm STOM caMu CeHCOpBI, JlaXKe IMOCje JIJIUTETHHOTO
BO3JICHCTBUS W3JIyUYeHUsI, TOJEPAHTHBI K HArpeBy JO TEMIEpPaTyp TMOpsijiKa
~ 60°C [80], B TO Bpemsi Kak MeXaHUYECKUE 3JIEMEHTbI CTPYKTYD
MOJICPXKKY 1 (DUKCAITUH JIETEKTOPOB MPU TMOBBIIIEHUN TeMTIEePaTypbl MOTYT
BBI3BIBATH CMEITIEHUE SJEMEHTOB JETEKTOpA. CTouT OTMETUTDH, YTO
JUIsT PEKOHCTPYKIIMKM TPEKOB W BEPIIUH PACIaJOB YaCTHUIl, POXKJIEHHBIX B
YJIBTPAPESIATUBUCTCKUX CTOJKOBEHUSX, JIJIMHA 1Pobera KOTOPbIX COCTaBJISAET
<100 MKM, [gake MUHUMAaJbHBIE CMEIIEeHWs TeOMeTPHUU JTeTEeKTOPOB MOTYT
CTaTh KPUTUIHBIMU. B cBa3u ¢ 3TuM, o0coboe BHUMAHUE VIEIIeTCs
MOCTOSTHHOMY HaOJIIOJIEHUIO 33 TEeMIIepaTypOil BCeX 3JIEMEHTOB JIETEKTOpa, a
TaK>Ke 3JIEMEHTOB CUCTEMbI ITUTaHUs U OXJiaxK ieHusi. KOHTPoJIb TeMiiepaTyphbl
obecrieunBaeTCs MPOrpaMHBIMI METOaMU KaK TIPU UCIBITAHUX JIETEKTOPA, TaK

1 HEIIOCPEJCTBEHHO B 3KCIIEpUMEHTE.
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SaKJIIOUYeHne

B pabore 1pejicraBieHO MCCJIEJOBAHUE BbIXOJIOB aJ[POHOB,  COJEPKalluX
TsIZKeJIble KBAPKH B YJILTPAPEISITUBUCTCKUX CTOJIKHOBEHUAX Ha Bosbmiom A portnom
Konnaiinepe. B paMkax paboTbl ObLIM PacCMOTPEHbI TEOPETHUYECKHE MOJIC/IH
GUBUKM TSXKEIbIX apoMaToB, ObLIM M3Yy4YEHbl W YCIEIIHO IPUMEHEHbl MeTOIUKN
aHaJIM3a, JJAHHBIX B (DUBUKE BbICOKUX SHEPIUIl.

IIpu amammze pammpix sSkcmepumenta ALICE na  Boabmom  Ajppormowm

Kosnaiigepe ObLIM TOJIyUeHbl CIEJIYIONNE PE3YIbTaThl:

1. IlpoBenen anaau3 JaHHBIX, MOJIYYEHHBIX B IPOTOH-TIPOTOHHBIX CTOJKHOBEHUAX
B skcrnepuMente ALICE. IIpoToH-pOoTOHHBIE CTOJKHOBEHHSI —SIBJISIOTCS
IpocTeieil CuCTeMoil CTOJKHOBEHUN ¥ MO3BOJISIIOT WU3YYUTL POXKJEHUE
qacTull B Bakyyme. TpajuiroHHo, Jijisi OIUMCAHUs IPOTOHHBIX CTOJKHOBEHU
YCIIEIITHO TPUMEHSETCs NMapTOHHAs MOJIe/Ib KBAHTOBOI XPOMOJIMHAMUKK. TeMm
He MeHee, psgj ucrodnukos (|7, 8, 49, 51|) u, B TOM uwmcie, gaHHAsT
JIACCEPTAIsi, MOKA3BIBAIOT, UTO CYIIECTBYIOT 3HAUYMTE/HHBIE PACXOXKJICHUSI
9KCIIEPUMEHTAJbHBIX PE3YJILTATOB C TEOPETUUECKUMU pacueTaMu B paMKax
MAPTOHHON MOJEJH. ODTO IMOKA3BIBAET, YTO HEOOXOIMMO DoJiee JgeTaabHoe
U3ydeHre IIPOTOHHBIX CTOJKHOBEHUI C yBEJMUYCHUEM CTATUCTHUKU U3MEPEHUI,
KOTOPOE BO3MOXKHO TOJIBKO TIOCAE MOJepHu3alun 3Kkcrnepumenta Al-
ICE. BoJjiee Toro, wusydenume IMpPOIECCOB B BaKyyMe HEOOXOJMMMO JIJIst
BbIsiBJIeHUs 3(PPEKTOB, BO3HUKAIOIIUX B CTOJKHOBEHHUSIX TsXKEJbIX HOHOB,
npu ¢opmupoBanun KI'II, wuccienoBanue KOTOPOW ABJISIETCS OCHOBHOI

bmznaeckoit 3agaueit sxkcepumenTa ALICE na BAK.

2. BmepBble  mOJyYeHBI  IKCIEpUMEHTAJbHBIE  PE3YJbTATHI  PauabHBIX
3aBUCHMOCTENl B &JPOHHBIX CTPYIX COJEPXKAIIUX OYapPOBAHHBIE KBapKH
B akcnepumente ALICE. Ilosyuenbr mepBbie pe3ysnbTarThl  PaIdaibHBIX

3aBUCMMOCTEl B aJPOHHBIX CTPysiX, cojepxkamux AT-Gapuon. Buepsbie
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U3MEPEHO OTHOIIEHUWE paJIMaJbHbIX 3aBUCUMOCTER CTpyil, cojiepKalinux

Al —Gapuon K cTpysiM, COJEPIKAIIUM DY meso0m.

3. Ilokazano, 4YTO 1OBEJIEHUE PaJIMAJbHBIX 3aBUCUMOCTEH KakK JiJjisd CTPYyi,
COJIEpZKAIINNX A§—6apH0H, TaK U JJIsd CTPY#, COpeprKalnx DY Me30H cHITBHO

3aBHUCUT OT JIMalla30Ha IIOII€PEYIHbIX UMIIYJILCOB aJPOHOB U CprﬁI

e B obsiacru HM3KMX MMIIYJIbCOB aJPOHOB M HU3KUX KMIIYJIbCOB
aJIDOHHBIX CTPYil HAOJIOAeTCs CIaj paJuajbHOil 3aBUCUMOCTH, IIPUIEM
MOBEJICHUE PAJIUAJIBHBIX 3aBUCHMOCTEN  (0COOEHHO  J1JTst DO*MGSOHa)
CHJIBHO OTJIMYAETCA OT TEOPEeTUYEeCKUX MoJjiesieil, B TOM 4YHCJE
BKJIIOUAOIIUX MEXaHU3Mbl [1€PECOE/IMHEHUIT [IBETOB U B3aUMOJENCTBUA

CO CpeJioi

e B obiacT HU3KUX UMITYJILCOB aJPOHOB U BBICOKMX MMITYJIbCOB 8 IPOHHBIX
cTpy#t HaOJII0JaeTCsl CMeIleHne IMKa PajuajbHbIX 3aBUCUMOCTEH B
obnactb 0.05 < r < 0.1, 9TO MOXKeT SIBJATLCS NPU3HAKOM yBEJMICHUSI

KOoJIn49eCcTBa Cpr171, BO3HMKAIOIMIKUX B PE3YJIbTAaTE paCHICIJICHUA T'JIFOOHOB

e B objylacTi BBICOKMX WMMIIYJILCOB aJ[POHOB U  AJPOHHBIX CTPYWH
HaOJIIOjlaeTCst  Clajl  pajiajbHON  3aBUCUMOCTH,  COOTBETCTBYIOIIMI

npejacKasanngM TEOPETUICCKUX MO,ILeJIeﬁ

[Tomydennbie pe3yabTaThl CBUIETENHCTBYIOT O UYBCTBUTEJLHOCTH PaJUATLHOM
3aBUCUMOCTH K TIPOIeccaM aJ[pOHU3AINN, UTO ABJSIETCS TJIABHBIM TTOJOXKUTETHHBIM
BBIBOJIOM JIaHHO# paboThl. Takum oOpa3oM, rmokazaHa HEOOXOIMMOCTh TTPOJIOJIPKEH U ST
UCCJIeJIOBaHU pa/inajibHbIX 3aBUCUMOCTEN B aJ[POHHBIX CTPYSIX [1OC/IE MOJIEPHUBAIUN
JIETEKTOPHOTO KOMILJIEKCAa KaK B CTOJKHOBEHWSX TXKEJbIX WOHOB, TakK W B
CTOJIKHOBEHHUSAX TTPOTOHOB, (PU3MKa KOTOPBIX JIO KOHIIA HE sICHA.

Jpyrum  BaxKHBIM ~ 3TanoM  paboThl  sBJIsJIacCh  alnpodalus  MEeTOIUKN
UCCJIEJIOBAHUST TIADHOI'O POXKJIEHUS OYaPOBAHHBIX ME30HOB. Jljisi CylecTBYIOIIEro
Habopa JIAHHBIX, CTATUCTHYECKAas 3HAYUMOCTH IOJYYEHHBIX pe3yJbTaToB He
JIOTTyCKaeT (PU3UIECKON MHTEepIpeTaIun, OJHaKo pa3padoTaHHasd METOJINKA CO3/IaeT
HEOOXOIMMbI 3aJ1eJ1 JIJIst TTPOJIOJIYKEHU ST NCCIICJIOBAHU TIPU YBEJIMYCHUN CTATUCTUKI

U3MEPEeHU.
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[Tomumo amasms3a maHubIX, moaydeHHbix B skcmepumente ALICE ¢ 2016 mo
2018 roji, ObLIM M3yUYEHbI METOJIbl JICTEKTHPOBAHUS YaCTHI], B YACTHOCTU aJ[POHOB,
cojiepxKaImnx TsKeJgbix apomarsl, B 3kcnepumente ALICE. Pabora Bkiouasna B
cebst yuactue B Mmojephusanuu Buyrpennein Tpekopoit Cucrembl 9KCIEPUMEHTA
ALICE, oTBeTcTBEeHHO#l 3a PEKOHCTPYKIUIO TPEKOB U BEPIINH B3aMMOJEHCTBHI
YACTUI], B TOM YHUCJE TTPOAYKTOB (bparMeHTalNu TsIXKEeJIbIX KBApKOB. (JCHOBHBIMU

npeumyinecrBamu MojepuunsnpoBarroit BTC ALICE sistores:

e Huskuit ypoBeHb IHIYMOBBIX CpabaTbIBAHUI MUKCEJILHON MaTpPHIlbI, KOTOPbI
IIO3BOJIUT YMEHBIIUTH (DOH IPHU PErUCTPAIUU PEJKUX COOBITHIM, TaKUX KaK

pacmaji 09apoBaHHBIX aIPOHOB

e Bricokast sddexkrusnocts ~  99.9%, pajamanuonHas IPO3PAYHOCTL U
yMeHbIlleHne BpeMenu o0paboTKu curuasa g0 o MKc |[13| mossosut
obpabarbiBaTh DOJIBIINYIO YacTh JaHHbIX 0T Pb—Pb croskHoBenunit Ha dacrore
J1o 50 k', cooTBETCTBEHHO BEPOSITHOCTH PEIMCTPAIUU TSXKEJbIX apoOMaToB

Oy/leT 3HAUYUTEHLHO yBeJInIeHa

e Cion jerexkTopa OyIyT MaKCHMAaJLHO NMPUOJMKEHBI K TOYKE CTOJKHOBEHWSI,
obecrieuuBasi HaujIydllee paspelieHue Jijisi  BOCCTAHOBJICHHUSI  BePIIMHbI
paciajia KOPOTKOXKUBYIIUX TsIXKeJIbIX aJgpoHObl. [Ipu srom, addexTruBHasd
CHUCTEMa OXJIaXKJICHUS JIeTEKTOpa MU PaJIMalliOHHAasA CTOMKOCTb ODEeCIeduT
oecriepedoiinyio pabory BTC, naxke npu MmakcuMmabHbIX 3arpy3kax BAK mpu

CTOJIKHOBCHUAX TA>KEJIbIX MOHOB.

B pamkax npoekrta mojiepausanuu BTC ObL1o IpUHATO ydacTHe B UCCJIEIOBAHUIX
paborel coopok MAIIC Bremmux ciaoes BTC, a takxke B HCCIEIOBAHUSIX
xapakTepucTuk u padorel coopok MAIIC npu ycraHOBKE BHEITHUX ¥ CPEJIHUX CJIOEB
BTC. Ornenpro crout ormMeTuTh BaxkHocThb nccaenopanus MAIIC, pazpaboramabix
kosmaboparueit ALICE, u jia japyrux mpoekToB B 00JiacTH (DUBUKH BBICOKHX
sHepruii, rje npuMensitorcst 3ru cercopbl [81, 82, 12]. Ilpu s1om ucnosb3oBaHue
TAKUX TEXHOJIOIMI HE OrPAHMIMBACTCs (PYHIAMEHTAJbHBIME 33/[a9aMu, CyIIEeCTBYeT
ITUPOKKUI CIEKTP BO3MOXKHBIX HMPUMEHEHHUIl MHKCEJbHBIX JIeTEKTOPOB B 00JIACTH

MEJNIWHBI, MaTEpUaJIOBEJICHNA N NaKE B KOCMUYIECKNX NCCJIEJJOBAHUAX.
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bJiarogapnoctu

ABTOp BbIpaxkaer 0J1aroAapHOCTH HAYYHOMY PYKOBOAuTE 10, 2KepedueBcKomy
Bunagumupy MocudoBuuy, a Tak:Kke BceM coTpyaHukam Y uebnoit JlabopaTopuu
Anepubix IlporeccoB 3a 4yTKoe PyKOBOJICTBO, MHTEPECHBIC 3aJ1a9l U HEOIEHUMYTO
MOMOIIH B TIOJIOTOBKE PAOOTHI, a TaKXKe 38 MOPAJIbHYIO MOJJIEPIKKY.

ABTop Bblpaxkaer OsiarogapHocTb corpyjHukam Jlaboparopun Dusuku
CeepxBoicokux Jduepruii u juano Peodunoy ['puropmio AnexcangpoBudy 3a
npeJIocTaBIeHHy0 BO3MOXKHOCTH paborsbl B IIEPH wu obcyxkiuenusi pesynbraTon
uccienosanuii, Cobosib Ousibre BukTopoBHE 3a MOMOIL B OIOPOKPATHIECCKUX
BoIpocax, a Takxke Kopajsienko Biamumupy HukosmaeBnay 3a 1meHHbIe KOMMEHTAPUT
K JIAaHHOI pabore.

Agrop Beipaxkaer Osarogaprocts rtiase kosutabopanun ALICE (ITEPH)
Jlyauano My3se 3a BO3MOXKHOCTH BBIIOJHEHHMS JIaHHON# PaboTbl B cocTaBe
kosnaboparuun ALICE ¢ ncmonb3oBanneM JaHHLIX ¥ 000OPYIOBAHUS SKCIEPUMEHTA
ALICE, a Tak:ke 3a nCKpeHHee yJacTHe U HHTEpec K JaHHOoi paboTe.

ABTOp BbIpaxkaer 0J1arogapHOCTHL Beeil paboueit rpymnmne Buyrpenneit TpekoBoii
Cucrembr sxkciepumenTa ALICE n nnano @enukcy Peitjary u Jlumurpe Anjipsy.

ABTOp BhIpaxkaer 0JIar0apHOCTL paboveil TPYIINe aHaIn3a TIXKEILIX aPOMATOB
n ymano 2Kanm Mukene WMunouentu, Buty Kyuepe u, B ocobennocru, Hume
Bapjomu, 6€3 KOTOPBLIX daHHast paboTa Oblia Obl HEBO3MOXKHA, a Takke JIynmku
Henno Crpurro u Benenukry BoJsikestro.

Kpowme Toro, aBTop BbhIpaxkaeT ocodyio Ojaromgapaocth Mukasao @po3unu 3a
IIOMOIIIb, IIOJJIEPXKKY ¥ TepIICHHE.

Hakoner, s Osarojgapioo MO0 MaMy 3a OIDOMHOE TepleHune u OeCKOHEUIHYIO

HOJIJIEPZKKY BCE 9TU T'OJIbI.
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[TPUJIOZKEHUE A

Bepudukaiusa nporeaypbl pa3BepTKI

A.0.1 Bepudukanusa nporeaypbl pa3BepTKH JJid CTPYi, COAepKaIlux
D'—me3oH

st Toro, 4ro0bl yOe uThCs B KOPPEKTHOCTU IIPOIEAYyPbl pa3BepTKH, Oblia
IIPOBEJIEHA CEPUsT TECTOB:

e CXoamMoOCTh. B kadecTBe TPOBEPKU CXOJUMOCTU OBLIU TOCTPOCHBI
pacipejieJieHlsi  BbIXOJOB CTPY#H JiJIsi  KaxkJoit urepamuu 0OaiieCOBCKO
pasBeprku. Ha pucynke A.l mpuBeeHbl pe3yiabTAThI TECTa CXOTUMOCTH.

[Tokazano, 9T0 CXOMMMOCTH JOCTUTACTCSA Y2Ke MOCe YeTBEPTON UTepalyi.
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Figure A.1: Tecr cxomumocTn i cTPyii, conep:kamunx D'—me30mH, 1y1s THTEPBAIOB TOHEPETHOTO
uMITyabca : () 2 < prpo < 6 & 5 < prje < 7I9B/¢; (6) 2 <prpo <6 & 7 < prje <15 19B/¢;
(B) 6 < prpo < 12& 7 < Prjet < 15 FSB/C.

e O6Gparnas pasBeptka. CrabWIbHOCTH MATPHUIIHI OTKJINKA TTPOBEPSIETCS
CBEPTKOW PEe3yJbTaTOB PA3BEPTKM C MATPHUIEH OTKIWKA W CPaBHEHUEM C

BXOAHBIMM JTaHHBIMH Pa3BEPTKMH. P€3YHBTaTbI [IOKa3aHbl Ha PHCYHKE A.2.
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PGSyﬂbTaTbI OTHOIIIE€HUA O6p&THOI71 Pa3BEPTKH N BXOJAHBLIX JaHHDLIX HaXOIATCA

B npenesax 10% or euHunbl, 9T0 HOATBEPXKIAeT KOPPEKTHOCTDL PA3BEPTKU.
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Figure A.2: Tect oOpaTHOH pasBepTKH Ajs CcTPYii, comepzxammux D'—Me30H, 119 HHTEPBATIOB

MOIEPeYHOro UMIyabca : () 2 < prpo < 6 & 5 < prje < 7 19B/c¢; (6) 2 < prpo < 6 &
T <prje <15T9B/c; (B) 6 <prpo <12 & 7 < prje < 15 T'sB/c.

o Tect cmbikanus. B jannom Tecre npole/lypa pa3BepTKu MPOBOJIMIACH JIJIs

BbIOOpKK JlaHHbix Monre-Kapsio mMojiesinpoBanus, B KOTOPbIX €CTh IPSIMOe
COOTBETCTBUE MEXK/Ty CTeHEPUPOBAHHBIMU U PEKOHCTPYUPOBAHHBIMY JIAHHBIMH.
[Ipu mpoBenenun TecTta, JaHHbIE MOJIETUPOBaHUs ObLIM Pa3dbUTBHI Ha JiBa
obpasua B coornomennu 20% n 80%. PekoncrpyupoBaHHbIe CTPYH U3 IEPBOTO
obpasila UCIOJIb30BAMUCA KAaK BXOJHble Jannble Tecra. V3 ocrasumxcea 80%
ObLIa CcO3JlaHa MAaTPUIA OTKJIMKOB, KOTOpas Obljga MpUMEHEeHa K IMEePBOMY
obpasiy. [jst nosyuuBImmuxcst pacupejeseHnii ObLIn MOCTPOSHBI OTHOIICHUS
pe3yJIbTaTOB K CreHepUpOBaHHbIM paciipejiesienusim crpyit. [lokazano, 4To
OTHOIIIEHNE DACTIPeJIeJIeHI HaxXouTcst B okpectHocTH 10% oT euuuIp (B

peJiesiaX MOrPEeNTHOCTH ).
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Figure A.3: Tecr cMbIKanus 11a cTpyii, comepzxammx DY—Me30H, 1718 HHTEPBAIOB ITOHEPETHOTO
uMILyabca : () 2 < prpo < 6 & 5 < prje < 7I9B/¢; (6) 2 <prpo <6 & 7 < prje < 15 19B/¢;
(B) 6 < prpo < 12& 7 < Prjet < 15 FSB/C.

A.0.2 Bepudukanuma nponeaypbl pa3BepTKHU Jd CTPYii, COAepKaIlnuxX
Al —Gapuon

st TOrO, 9TOOBI YOEUTHCA B KOPPEKTHOCTH PAa3BePTKHU, ObLIa IIPOBEICHa CePHUsl

TECTOB aHAJOTHUYHLIX TecTaM passepTky i D-mesona (em. A.0.1):

e Cxomumoctb. Ha pucynke A.4 npuBesenbl pe3ysibTaThl TECTA CXOIAWMOCTH.

[TokazaHo, 4TO CXOJMMOCTD JIOCTUIAETCS YK€ 110C/Ie YeTBEPTON uTepaluu.
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Figure A.4: Tecr cxommmocTu st CTpyi, comepzamux AT—6apmon, jisi WHTEPBAJIOB
norepedHoro mviyabea : (a) 2 < ppa+ < 6 & 5 < prje < 7 sB/e; (6) 2 < ppjr <6 &
7T <prjee <15 T3B/c¢; (B) 6 < pr+ <12 & 7 < prje < 15 sB/c.

e OGparnas pasBeptka. CrabWIbHOCTH MATPHUIIHI OTKJNKA ITPOBEPSIETCS

CBEPTKON Pe3yJIbTaTOB PAa3BEePTKU C MaTpPUIEC OTKJAMKA U CPaBHEHUEM C



BXOAHBIMHA JJaHHBIMH Pa3BEPTKMH.
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PesynbraThl mokasanbl Ha pucyHKe A.D.

PGSyﬂbTaTbI OTHOIIIEeHN A O6paTHOﬁ Pa3BEPTKHU W BXOAHDLIX JaHHDbIX HAXOIAATCA

B npegenax 10% or eqmHunb, 9To NOATBEPXKAACT KOPPEKTHOCTH PA3BEPTKU.

7 MSETTTT T T 7 1S T A RRRRRE 15T T T A RRRRRE
2 14520 <7 Gevie teration 5 3 2 1.4 7<p "< 15 Gevie iteration 5 = 2 1.4 7<pf" <15 Gevie teration 5 =
o F o F o F
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5 13 4 5 135 | 5 13 E
° £ 3 o £ 3 o £ 3
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0.8 — 0.8 — 0.8 -
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Figure A.5: Tecr o6paTHOli pa3sBepTKH Jisi CTPYil, comepxKanux AT —GapuoH, s HHTEPBATIOB

I[I0IIePeYHOoro UMIIYyJbCa :

e Closure test.

(a) 2 < pppr < 6& 5 < prje < 7TIsB/e; (6) 2 < ppjp+ <6 &
7T <prje <15 T3B/¢; (B) 6 < ppa+ <12 & 7 < prje < 15 TsB/c

Pesysnbrarsr Closure test mpejcrasienbt Ha pucynke A.6

[Tokazano, 4To OTHOILIEHNE pacupe/ieenuii Haxoauresa B okpecrnoct 10% ot

¢JIMHUTIBI (B [PEJIeIax MOTPEITHOCTH ).

B e e B B e s B e e 5 ST T T e w5 VST e e
8 s <7 cevie iteration 5 E L BT <iscevic iteration 5 3 D b7 <tscevic iteration 5 3
gk E ek E e i
3 13F - 3 13F - 3 13F =
o E o F E o El
S 12 = O 12 - O 12 =
11 I S— - 145 = 14 E
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()
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Figure A.6: Tect cMbikaHust /15t CTPYl, copepKaimmx Af—6apruoH, Jisi HHTEPBAJIOB TTOMEPETHOTO
umMitysibea () 2 < ppa+r <6 &5 <prje <TI9B/c; (0) 2 <pppr <6 &7 < prje <15T3B/¢;
(B) 6 < ppa+ <12& 7 < prje <15 9B/c.
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[TPUJIOZKEHUE B

NccaenoBanue cucreMarniecKmx onimdok

b.0.1 Bapuwanum mapaMeTpoB aHaJmu3a JaHHBIX [OJd  CTPYIii,

comepzkamux D'—me30H
Bapuamuyu napamMeTrpoB anlIpOKCUMAIIN
B kauecTBe BApbUPYEMBIX TAPAMETPOB OLLIN PACCMOTPEHBI:
[ J FpaHI/H_U)I aHHpOKCI/IMaLLI/II/I paCHpe,ZLeJIeHI/IH I/IHBapI/IaHTHbIX MacCC

e Pasbuenue paciipejiesieHrs HHBAPUAHTHBIX MacC 110 OMHAM

e ODKCIOHEHIMaJbHasT (DYHKIMS, HCIOJb3yeMas JJIsd alipoKcuManuu (hoHa

ObLIa U3MeHeHna Ha INOJIMHOMHUAJIbHY IO

o Illupuna dynknum Taycca it anmpokcumanuu — CUTHAJE, — ObLIA
3a(pUKCUPOBaHA Ha 3HAYEHUU I[UPUHBI COOTBETCTBYIONIEIO PaCIpejie/eHus

MHBapPUAHTHBIX MacC JUId TaHHBIX Monte-KapJiio

[Tonydennbie pacipejiesieHust npejcTaBjieHbl Ha pucyHke B.1, a cuMMeTpru3oBaHHbIe

CpeaHEKBaJAPpaTUIHbIC OTKJIOHCHNWA ObLIIN y4dTEHbI B CUCTEMATUYCCKON olndKe.
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Figure B.1: Bapuanuu pacupeenennii BLIX0OI0B CTPYii, comepxxammx D'—Me30H, Tpu n3MeHeHnHn
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(1)

napaMeTpoB AlPOKCHMAIME JITsi HHTEPBAJIOB TOMEPETHOr0 UMIyabca : (a) 2 < prpo < 6 &
5 < Prjet < 7 FSB/C, (6) 2 < Prpo < 6 &7 < Prjet < 15 FSB/C, (B) 6 < prpo < 12 &
7 < PTjet < 15 FSB/C.

Bapwmaruu curaajia m 60KOBBIX ITOJIOC

Boui nmpoBesieHbl CeyIonme Bapualii BEIOOPa 00JaCTH CUTHAJA 1 OOKOBBIX

II0JIOC:

e O0OjacTh cur"aJa n3mensanaach or 1.6 o 10 2.4 o ¢ marom 0.1 o.

e OoOstactu GOKOBBIX 1TOJIOC BIOMPAJUCH KaK:
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JleBas
JleBast
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JleBas
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JleBas
JleBas

JleBag

ITOJIOCa.:

I10JI0CA:

IIOJIOCA.:

IMOJIOCA.:

IToJIOCA:

IToJIOCa.:

I10JI0CA:

IToJIoCa:

IMOJIOCa:

IT0JIOCA:

IIOJIOCA.:

{84},
{6,4},
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{75},
{9.4},
{8,6},
{9.4},
{8,5},
{9.4},
{9,7},
{9.4},

npaBast

npaBas

1paBast

npaBast

npaBas

1paBast

npaBas

npaBas

npaBast

npaBas

1paBas

ITOJIOCaA

I1OJIOCAa.

IIOJIOCA.

ITOJIOCA.

I1IOJIOCAa.

IIOJIOCA.

I10JIOCAa.

IIoJIOCa.

ITOJIOCA.

IIOJIOCAa.

IIOJIOCA.

: {4,8)
{4.9}
{46}
{4,9}
{5.7}
{4,9}
{6,8}
{4.9}
{5.8}
{4.9}
{7.9}
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— Jlesag mosoca: {9,5}, npasas mosoca: {4,9}

— Jlemast mosoca: {9,4}, nmpasast mosoca: {5,9}

Biimsinne Bapuanuit curtaJia 1 OOKOBBIX 110JIOC Ha, PACHPEIEJCHUs BbIXOJAOB CTPYi

IpeJicTaBeHbl Ha pucyHnke b.2.
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Figure B.2: Bapuanuu pacupeenennii BLIX0I0B CTPYii, comepxxammx D'—Me30H, Tpu n3MeHennn
napaMeTpoB BBIGOpA CUTHAJNA M GOKOBBIX MOJIOC JIJIsi HHTEPBAJIOB MOMEPEYHOro MMITyabca @ (a)
2 < prpo < 6 &5 < prje < 7TI9B/c¢; (6) 2 < prpo < 6 & 7 < prje < 15 I'sB/¢; (B)
6 <prpo <12& 7 < prje <15 T3B/c.

BapI/IaH;I/II/I IIapaMeTpoB MOJEJINPOBaHUA HerﬂMOﬁ KOMITIOHEHTHBI

g m3ydeHus: BIMSHWS BapUAlWii HENpPSAMOW KOMIIOHEHTBHI, OBbLTH M3MEHEHbI
HekoTopble mnapamerpbl MojenupoBanus POWHEG. B wactHocTH, M3MEHSAINCH
MacmTabHbrit  Koaddunment dakropuzannn fr, MacmTabHBI KO3 dUIMEHT

HEPEHOPMUPOBKHU fRr M Macca b—KBapka my:

fr=1/r=05
fr=05fr=1
fr=2fr=1
fe=1fr=2
fr=2fr=2

fr=05,fr=05



my =5 GeV /c* (Mhigh)

my, = 4.5 GeV /c? (Mlow)
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Biaugnune Bapuanmii mapamMeTpoB MOJEJMPOBAHUS HEIPAMON KOMIIOHEHTHI Ha

pacipe/ieJiIeHus BBIXOJOB CTPYi#l IpejcTaBienbl Ha pucynke b.3. Jlga Bapuarmii

HerHMOﬁ KOMITOHEHTbBI BBIYUCJICHHAA IMOI'PEINTHOCTL HE CUMMETPUIYETCHA.

1/N,,; dN/Ir

feed-down fraction

Figure B.3:
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Bapuaiuu pacnupejesieHuii BbIXOJ0B (BepXHsisl NMaHe b) W Bapualuud Hpakiuu

HeNnpsAMOil KOMIOHEeHbI (HUZKHssl HaHesb), st cTpyil, cojep:kamux DY-meson, npn uzmenenun

ImapaMeTpoOB MOJECJIHPOBaHUA HerHMOIL/i KOMIIOHEHTHI JJId MHTEPBAJIOB IIOIIEPEYHOI0 HUMIIYJIbCa
(a) 2 < prpo < 6 &5 < DT jet < 7 FSB/C, (6) 2 < prpo < 6 &7 < Prjet < 15 FSB/C, (B)
6 < Pr Do <12& 7 < DT jet <15 PSB/C.

Bapwuarms BeiGopa urepaium (peryjisipHOCTh Pa3BEPTKM)

quBepToﬁ Urepanrn KOTOpad HMCIIOJIb3YyeTCdA KaK OCHOBHa.

IIpm mpoBemennm mpoTeaypbl Pa3BEPTKU CXOAUMOCTH JOCTUTAETCS y2Ke Ha

nccjaeJoBaind CHUCTEMaTUKH,

pe3yabTaThl

TpeTheil U cejbMOI uTepalueil, Kak 110Ka3aHO Ha pucyHke b.4.

B pamkax

JIQAHHOW WTepalnun CPaBHUBAIOTCA C
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Figure B.4: Bapuauun pacupejeseHnii BLIX0JI0B cTpyil, copepzkamux D’-Me30H, IpH H3MeHeHn#
BHIOODA OCHOBHOI HTEPAIUH JjIs MWHTEPBAJIOB IIOINEPEYHOro mMmyibca : (a) 2 < prpo < 6 &
5 < prjee < 7TI9B/c¢; (6) 2 < prpo < 6 &7 < prjee < 15 I9B/¢; (B8) 6 < prpo < 12 &
7 <prje <15TsB/c.

Bapwunaruu npubim>keHusi IepBUYHON pPa3BEPTKHU

B kadecTtBe Bapmanmii pas3BepTKH, OCHOBHBIE PE3YJbTATbl CPAaBHUBAJIKCH C
pacrpejieIeHUsIMHU, TTOJyIeHHBIMY B NPUOJIMXKEHUN TIEPBUYHON pas3BepTKu. B aTom
cliydae, B Ka4eCTBe BXOJHOIO MapaMeTpa UTepaTUBHON IPOIE/yPbl UCIOJIb30BAJIOCH
pajuaJibHOe PpaclpesiesieHre, B3BEIIeHHOe TaKUM 00pa30oM, YTOObI IMOJYUYUTH
MaKCHMaJIbHO IJIOCKYIO 3aBUCHUMOCTL. Pe3ynbTaThl cpaBHEHHs IMIpeJcTaBJIeHbI Ha

pucytnke B.5.
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Figure B.5: Bapuanuu pacupeneneHnii BHIX0Z0B cTpyii, cogepzkamux D'—me30n,B cpasHennu ¢
npub/IHzKeHHeM IePBUTIHOI PA3BEePTKH JI/Is KHTEPBAJIOB IIOePEdHOro UMIyisca : (a) 2 < prpo < 6
&5 < prje < 7T9B/e; (6) 2 < prpo < 6 &7 < prje < 15 T9B/¢; (8) 6 < prpo < 12 &
7 < PTjet < 15 FSB/C.
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Bapmnarun 3¢ @deKTUBHOCT BOCCTAHOBJIEHNS TPEKOB

B pamkax wnccieioBaHusl CUCTEMATHIECKUX IIOIPEITHOCTEH, MOJHBIA aHaIU3
OLLT TIpOBEJIeH JIs 00pasla JAHHLIX, cojepskaliero Ha 4% MeHblne Tpekos, 4eM
HCCJIeTyeMblii 0Opasert (COOTBETCTBEHHO MEHBIITY IO 3 (MEKTHBHOCTH BOCCTAHOBJICHUST

TpeKkoB). PesysibraThl cpaBHEHHST ¢ OCHOBHBIMU DaCHpEeJeHUsIMU TPUBEJIEHBI Ha
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Figure B.6: Bapua acupenee 00B C , COIepKa, D ae30H,B cpaBHe
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pe3yJbTaTMHU MOJIYYeHHBIMH 51 00paslia JAHHBIX, cogepzkamero Ha 4% MeHbIIe TPeKoB I
HHTEPBAJIOB HOIEPeTHOro UMIybca : (a) 2 < prpo <6 & 5 < prje < 7I9B/¢; (6) 2 < prpo <6
& T <prje<1519B/c; (B) 6 <prpo <12 & 7 < prje < 15 I'9B/c.

Bapuanuu tormoJsiormdeckux orpaHUYeHUi

Anayms3 jgaHHBIX OBLI MPOBEJEH 1T HECKOJIBKHX HADOPOB TOMOJOTHIECKUX
OrpaHMYEHUI:  [IPUM M3MEHEHMHM I11aPaMEeTPOB CMEIICHUs TPEKOB OT BEePIIUHbI
B3aMMOJICICTBUSA, PACCTOAHUS MEXK/Iy BEPIINHON pacrajia DY mezona u ePBUYHON
BepIuHON (JyIiHa pactajia, L) W Hanpapienus BoccTaHoBjienHoro mmiyibca DO-
ME30Ha OTHOCHUTEJbHO TEPBUYHON BEpIUHBI B JIADOPATOPHON cHUCTEME KOOpJIMHAT.
Kpome Toro, mpm m3MeHEHHHM TOINOJOTUYECKHX OTPAHMYCHUN M3MEPHSIETCS TaKXKe
3P HEKTUBHOCTL PEKOHCTPYKIIAH. Bapuaruu Oblin 10og00paHbl TakK, 4YTOObI
5bdeKkTUBHOCTL M3MeHstach B cpegnem na £25%.  OTHomenne paJnasbHBIX
3aBUCHUMOCTEIl [IPU  Bapualid  TOIOJOIMYECKMX OIPAaHMYEHUl K  HCXOAHbIM
paJuaJbHBIM 3aBUCHMOCTSIM, a TakxKe uX 3()@EeKTUBHOCTEH IIpecTaBIeHbl Ha

pucynke b.7.
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Figure B.7: Bepxusasa nanean: OTHOMIEHHe paJnajbHBIX 3aBUCAMOCTElH cTpyil comepxKaiux DO
Me30H IIPU BapUaIid TONOJOIHYECKUX OIPAHHYEHHUIl K MCXOAHBIM PaUaJbHBIM 3aBUCHMOCTSM ,
JJlsl HHTEPBAJIOB IIOIEPEYHOr0 UMIyabca @ (a) 2 < prpo < 6 & 5 < prje < 7 I9B/¢; (6) 2 <
propo <6 & 7T <prje <1519B/c; (B) 6 < prpo < 12 & 7 < prjet < 15 I'sB/c. Huxasas nanens:
oTHOMeHUE 3(PheKTUBHOCTEH peKoHCTPYKIuH cTpyii D’—Me30H Ipu Bapumanum TONOJOTHYECKHX
OrpaHWYeHni K UCXOMHOM 3(PdDEKTUBHOCTH , [T HHTEPBAJIOB MOMEPETHOrO UMIyJbca @ (a) 2 <
propo <6 &5 < prje <T7IsB/c; (6) 2 <prpo <6 & 7 < prje <15T3B/¢; (B) 6 < prpo < 12
& T <prje <15T9B/c

U3 nojiydeHHbIx pacipejiesieHuit BUjiHO, YTO Bapualiuu BbIXOJOB CTPYHl HOCHT
xapakTep QUIYKTyalldii U HE COOTBETCBYIOT IOPSIAKY, KOTOPBI yCTaHOBJIEH B
pacrpejiesieann 3¢ dekruBHocTeit. Kpome Toro, Bce Bapualuu JIeXKaT B Mpejiesax
CTATUCTUIECKUX OIMIMOOK JIPYT Jipyra. TO TMO3BOJISIET pacCMaTPUBATh BapUAIlUN
TOIOJIOTUYIECKAX OFpAaHUUEHMI KAaK MCTOUYHMK CHCTeMaThueckoit omubkm. st
ydeTra CUCTeMATHIECKON OIMIMOKY Bapualuil,0bLI0 PaCCINTaHO CPEJIHEKBAIPATIIHOE
OTKJIOHEHWE BCeX Bapualliii Bbillle U HUXKe OCHOBHOT'O 3HaUeHue, 3aTeM MaKuMaJbHOe
U3 JIBYX CPEJIHEKBA/IPATUUYHBIX OTKJIOHEHUH MW CUMMETPU30BAHO OTHOCUTEJHHO
OCHOBHOTO 3HaUeHHMSA. TaK KaK M3MEHEHHS TOMOJOIMIECKUX MapaMeTPOB BLI3BIBAIOT
cuJibHbIe (DIYKTyallMd pacIpeJieJieHni, KaxKJ0oe M3 KOTOPbIX HMeeT OOJIbIIYI0

CTaTUCTUYECKYIO IOI'PEHIHOCTh, CUMMETPpHU3aAllnAd OINOKA BO MHOI'MX ClIydadx



116

IIEPEOICHNBACT BEJIMYMHY IIOIPEIIHOCTH. Kpome Toro, Takoil aHaJM3 JTaHHBIX
IIPOBOJIMJICSL Ha, BBLIOOPKE C MaJjioii CTATHUCTUKOH U ObL1 0OoJiee UyBCTBHUTEJIEH
K (QuyKTyalusiM, 9eM TPaJAIMOHHBIA MHKJ/IIO3UBHBIA aHau3 0e3 OrpaHmdIeHuit
HA HUMIIYJIbC CTPYil. [TosTromy, Juisi TOIOJIOIMYECKUX —I[IAPAMETPOB  ObLIO
IPUHATO pelleHne KCIOJb30BaTh B KadeCTBE BKJaJia B CHUCTEMATHYECKYIO OIIHOKY

OTHOCUTEILHYIO TIOIPENTHOCTH 5%, XapaKTepHYIO JJIst MHKJIIO3UBHOTO aHAJIN3A.

b.0.2 Bapuanmuu mapamMeTpoB  aHaJW3a  JAHHBIX JJid  CTPYI,

comepxkamux A—Gapuon
Bapuanun napamMeTpoB anmpoKCHAMAaIAN

B kadecTBe BapbUPyeMbIX IapaMeTPOB ObLIM PACCMOTPEHBDI:
e ['paHunpl annpoKCcUMAMH PacIpee/leHns NHBAPUAHTHBIX MacC
e Pazbuenue pacnpejiesienusi ”HBApUAHTHBIX MacCC 110 OMHaAM

o [lonunomuaabHas (pyHKINS, UCIOJb3yeMast JJisd alllPOKCUMAIUU (pOoHa ObLIA

N3M€EHEHa Ha 3KCIIOHCHIIHMAJIbHYIO

o [[Mupuna dynknuu Taycca g annpoKcUMallud CUI'HaJIa  CBODOJHO

BapbUPOBAJIACH IIPU MOI0OpE MapaMeTpPOB alIPOKCUMAIUN

[Tonyuennnie pacripeenenns peJicTaBIenbl Ha pucynke b.8, a cummerpuzoBannbie

CpeaHEKBaJAPaTUIHbIC OTKJIOHCHNW A ObLIIN yY4TEHbI B CUCTEMATUYCCKON oIndKe.
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(a) (6) (1)
Figure B.8: Bapuanun pacupeieneHuii BbIXOAOB CTPyil, coxepxkamux Al —6apuon, 1upu
M3MEHEHHH MAapaMeTPOB ANPOKCHUMAIMH I WHTEPBAJIOB MOIMEPEYHOrO UMImysibca : (a) 2 <
prar <6& 5 <prje <7 'B/¢; (6) 2 < Prar <6& 7 <prje <15 IB/c¢; (B) 6 < Proar <12
&7 < Prjet < 15 F3B/C.

Bapwmaruu curaajia m 60KOBBIX MOJIOC

Bbuin 1npoBeieHbl CeJIyIoNue Bapualul BbIOOpa 00JIACTU CUT'HAJA U OOKOBBIX

10JI0C:
e OOJiacrs curnaJgia usmensiach or 1.6 o 1o 2.4 o ¢ marom 0.1 o.
e O06sacTu GOKOBBIX II0JIOC BHIOMPAJIUCH KaK:

— JleBasi nosioca: {8,4}, upasas nosoca: {4,8}
— Jlesag mosoca: {8,4}, npasas momoca: {4,9}
— Jlemast mosoca: {9,4}, npasast nosnoca: {4,8}
— Jlesasi nosioca: {9,5}, upasas nosoca: {5,9}
— Jlesag mosoca: {9,4}, npasas mosoca: {5,9}
— JleBasi nosioca: {9,5}, npasasi nosoca: {4,9}
— Jlesasi nosioca: {9,4}, upasas nosoca: {5,8}
— Jlesag mosoca: {8,5}, npasas momoca: {4,9}
— Jlesasi nosioca: {9,7}, npasasi nosoca: {4,9}

— Jlesag mosnoca: {9,4}, npasas momoca: {7,9}
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Bimstaue Bapuanuii curgaJia u OOKOBBIX IIOJIOC Ha paCIpeJie/IeHNs] BBIXOJIOB CTPYi

IpeJicTaBenbl Ha pucynke b.9.

o m | . r 5| L g T pal
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Figure B.9: Bapuamun pacupejenenuii BoIXOA0B CTpyil, coxepxkaimux Al —6apuon, 1upu
U3MEHEeHNH IapaMeTpoB BHIOOpa CHUTHAJTa W OOKOBBIX IIOJIOC JJId WHTEPBAJOB IONEPETHOrO
uMIrysbea () 2 < ppa+ <6 &5 < prje < TT9B/c; (6) 2 < pppr <6 &7 < prje <15T3B/¢;
(B) 6 <ppa+r <12& 7 <prje <15 19B/c.

Bapuanuu mapamMerpoB MoaeIMPOBAHUSS HENMPAMOM KOMIOHEHTHI

[Tapamerpnbr mojenupoanuss POWHEG usMmensiiuch Tak»kKe, Kak U B CJydae
¢ D% mesonom.  Macmrabuniii Koaddunnent dakTopusanny fp, MacHITaOHBIH

KoM DUIMEHT IePeHOPMUPOBKY fR ¥ Macca b—KBapKa 1My, U3MEHSIINCh KAK:
fr=1fr=0.5
fr=05fr=1
fe=2,fr=1
fe=1fr=2
fr=2fr=2
fr=05,fr=0.5
my =5 GeV/c? (Mhigh)

my = 4.5 GeV /c? (Mlow)
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Baugnue Bapuanumii mapaMeTpoB MOJIEJMPOBAHUS HEIPAMON KOMIIOHEHTHI Ha
pacipe/ieJieHds BLIXOJIOB CTPYi#l mpejcraBienbl Ha pucynke bB.10. [lna Bapuaruii

HerHMOﬁ KOMITOHEHTbBI BBIYUCJICHHAA IMOI'PEIIHOCTL HE CUMMETPUIYETCA.
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Figure B.10: Bapuanuu pacnpeieienuii BbixogoB (BepxXHsid NaHeJ b) W Bapuamuu dbpaxiuu
HENPAMONH KOMIOHEHbI (HUKHSAS TaHeb), s CTpyil comepxanux A —6apuon, npu msmeHeHuu
IapaMeTPOB MOJEHPOBAHUS HEIPAMON KOMIOHEHTHI JIJIsi MHTEPBAJIOB HOMEPETHOTO HUMIIYJIbCA :
(a) 2 < pppr <6 &5 < prje < TIsB/e; (6) 2 < ppp+r <6 &7 < prje < 15 T3B/c; (8)
6 <ppr <12& 7 <prje < 15B/c

Bapwuarus BeiGopa urepaium (peryjisipHOCTh Pa3BEPTKM)

B pamkax wuccienoBaHus CHCTEMATHKH, PE3YJbTaThl OCHOBHOI (dUeTBepTOii)
nTepalnuu CpPpaBHUBAIOTCSA C TPEThbeil W CeJIbMOU uTepalieil, KakK [OKa3aHo Ha

pucynke B.11.
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Figure bB.11:
M3MeHeHUH BbIOOPa OCHOBHOM UTEpAINN JIJIsl HHTEPBAJIOB IMOITePeYHOI0 UMITYJIHCA, | (a) 2 < DPpat <
6 &5 < prjee < 71I9B/c; (6) 2 < prp+ <6&T7 < prjee <1509B/c¢; (B) 6 < ppp+r <12 &
7 < prja <15 T9B/c.

Bapuaiun pactpesiesieHnii BBIXOJIOB ¢TPYil, cofepzxamux Al —Gapuon, mpu

Bapwuarnuu npubiam>keHusi IepBUYIHON pPa3BEPTKHI

B kadecTtBe Bapmanmii pas3BepTKH, OCHOBHBIE PE3YJbTATbl CPAaBHUBAJIKCH C
pacrpejieIeHUsIMHU, TTOJIyIeHHBIMY B NTPUOJIMXKEHNN TIEPBUYHON pa3BepTKu. B aTom
cliydae, B Ka4eCTBe BXOJHOIO mapaMeTpa UTepaTUuBHON IPOIE/yPbl UCIOJIb30BAJIOCH
paJinaJbHOe pachpejeenne, ITOOBI

B3BEIIEHHOE TaKUM 00pa3oM, MOJIYINUTh

MaKCHMaJIbHO IIJIOCKYIO 3aBUCHUMOCTD. PQSy.HbTaTbI CpaBHEHHsA IIPpEeJCTaBJICHLI Ha

pucynke B.12.
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Figure B.12: Bapuanuun pacupejesennii BbIX0I0B ¢Tpyii, cogepzkanux AT —6apuon,B cpaBHeHnu
(a) 2 <
Prar <6 &5 <prjeu <TIsB/c; (6) 2 <pppr <6& T <prje <15T3B/c¢; (B) 6 < ppy+ <12
& T <prje <1519B/c

¢ UpUOJIUKEHUEM IMEePBUYHON Pa3sBEepPTKH I HHTEPBAJIOB IOINEPEIHOO HMITYJIHCA :
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Bapmnarun 3¢ @deKTUBHOCT BOCCTAHOBJIEHNS TPEKOB

B pamkax wnccieioBaHusl CUCTEMATHIECKUX IIOIPEITHOCTEH, MOJHBIA aHaIU3
OLLT TpoBefeH i obpaslla JAHHBLIX, cojepskamero Ha 4% MeHbIne TpPeKos,
qeM  HCeJeyeMblii - obpaser;  (COOTBETCTBEHHO — MeHbINy0 () dEKTHBHOCTD
BOCCTAHOBJICHVS ). Pesyabrarsl cpaBHeHMSI ¢ OCHOBHBIMU PaCIpe/IeeHUsIMA

1puBejieHbl Ha pucyHke bB.13.
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Figure B.13: Bapuamun pacupejeiennii BIXOI0B ¢TPYii, comep:kamux A —6apuon,B cpaBHeHIH
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T
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pe3yJbTaTMHU MOJIYYeHHBIMH s 00pasllia JAaHHBIX, cogepzkamero Ha 4% MeHbIIe TPeKoB I
MHTEPBAJIOB TOTEPETHOTO MMITYThea & (a) 2 < ppa+ <6 & 5 < prje < 7TI9B/c; (6) 2 < ppy+ <6
& T <prje <1519B/¢; (B) 6 < ppp+ <12& 7 < prje < 15 3B/c

Bapuanuu BeposaTHOCTHBIX OrpaHUYEeHUN

B ciayuae Af-6apuona or6op KaHAMJIATOB IPOU3BOIMIICS TIPU TOMOIIM METOJIOB
MAIIMHHOINO 00y4deHusi. B pesyiibrare IpUMEHEHUs MOJIEIN K SKCIEPUMEHTAIbHBIM
JIAHHBIM, KaXKJOMY KaHJMJaTy Obljla NPUCBOGHA BEPOSITHOCTH TOIO, UYTO JaHHBII
Kauuaar sisisiercst AT —6apuorom. st gasbHedinero anaansa paccMaTpUBaOTCsT
TOJILKO Te KaHJMJaThl, BEposATHOCTL KOTOphiX Bhime 70%. B kadecrse Bapualuii
BEPOSITHOCTHBIX OTPAHUUEHNI TOPOT BEPOSITHOCTH MEHSLICSA TaKUM 00pa30M, ITOObI
5 eKTUBHOCTL M3MeHslach B Jjumanasone £25%.  OrHomenne pajuajbHBIX
3aBUCHMOCTEIl TpPKM  Baphaliid  TOMOJOTHIECKUX OIPAHMIEHUI K  MCXOIHBIM
paJIMaJIbHBIM 3aBUCUMOCTSIM, a TakxkKe uX 3(DEPeKTUBHOCTEH IpejcTaBaeHbl Ha,

pucynke b.14.
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Figure B.14: Bepxussg nanesib: OTHOIIEHUE DaJMaIbHBIX 3aBUCUMOCTEH CTPYH cogepxkammx Al —
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orHomenne dpdexruBHOCTE PeKOHCTPYKIU cTpyit AT—6apnon npu Bapuanuu TOMOJOTAUECKUX
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3 1o/iy4eHHbIX PacHpee/ieHrnil BUHO, 9TO BapUalldid BBIXOJIOB CTPYH HOCHT
xapakTep QUIYKTyalldii U HE COOTBETCBYIOT IOPSIIAKY, KOTOPBIA yCTaHOBJIEH B
pacripenenennn sdgdekrusnocreit.  Buano, uro B mnreppane 2 < ppa+ < 6 &
7 < prje < 15 ['sB/c¢ Gosibliast 4acrb Bapualii OTCYTCTBET. DTO CBA3AHO
C TeM, 4TO NpU YBEJUUYEHUM KOJHUUECTBA UYACTHUIl, JAONUX BKJIAJ B (OH, BBUIY
MEHee XKeCTKOro 0Tbopa KaHauaToB (Win BBHLY Oojiee XKeCcTKOro otbopa CurHasa,)

COOTHOINEHNE CUIHAJ/(DOH He T03BOJISIeT JIOCTUIHYThH YCTAHOBJEHHOTO YPOBHSI

Signal
/Signal+Background

B CHCTEMATHUYECKYIO OH_II/I6Ky ABJIFAETCA HEeJOONECHEHHLIM JJIsA JaHHOT'O MHTEpPBaJia

3HAUYUMOCTH 0 = > 3. Takum obOpasom, B JaHHOM CJiydae BKJIaJ

I[IOIIEPYHbLIX MMIIYJILCOB M IIE€PCOICHEHHBIM JIJIsd OCTAJIbHBIX MHTEPBAJIOB. HOSTOMy,

JJIA Bapualli BEPOATHOCTHDBIX OFpaHquHHﬁ OBLIIO MMPUHATO perreHne nCioJab30BaTh
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B Ka4eCTBE BKJIaJla B CUCTEMATHIECKYIO OIIUOKY OTHOCUTENbHYIO HorpemuocTs 10%),

XapaKTEPHYIO JJId MHKJ/IIFO3MBHOI'O aHaJIN3a.
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Introduction

Strong interaction is one of the four fundamental interactions in nature. Ac-
cording to the Standard Model, the strong interaction is responsible for the binding
of quarks with the participation of gluons inside nucleons and other hadrons. The
gluon is considered to be the gauge boson of this interaction and is its carrier. The
strong interaction occurs when quarks begin to exchange gluons. Quarks and gluons
are not observed in a free state due to the phenomenon of confinement predicted
by quantum chromodynamics, however, in the first microseconds of the birth of the
universe, quarks and gluons could be in a free state and form a special type of nu-
clear matter, the so-called quark-gluon plasma (QGP). Under laboratory conditions,
QGP can be formed and studied at significant densities or temperatures of matter,
which are achieved in ultrarelativistic collisions of heavy ion beams (lead nuclei ac-
celerated at the Large Hadron Collider can reach an energy of 2.76 TeV /nucleon) in
collider experiments. Collisions of heavy ions make it possible to reach a sufficient
volume of QGP to observe the effects of particle interaction in the QGP medium.
However, in order to separate the effects arising only in the QGP medium from the
effects arising from the interaction of particles in a vacuum, it is necessary to con-
sider smaller colliding systems, proton and proton-nucleus collisions, in which QGP
is not formed in sufficient volume.

On the other hand, studies of nuclear processes that are at play in proton-
proton (pp) or proton-lead (p - Pb) collisions are also necessary to study a number
of problems of quantum chromodynamics (QQCD) in a vacuum and the effects of cold
nuclear matter (processes occurring during collisions of relativistic beams before the
formation of hot QGP).

The production of hadrons that contain heavy quarks (heavy flavors) in ultrarel-
ativistic collisions makes it possible to study the properties of strongly interacting

matter. Unlike up (u) and down (d) quarks, heavier quarks (strange (s), charm (c),
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beauty (b)) are not present as valence quarks in the initial state , but they can be
produced in ultrarelativistic collisions. During the early stages of collisions, heavy
quarks can be produced in hard (perturbative) parton scattering processes in the
interaction of a pair of gluons or a pair of valence quarks (e.g., gg — c¢, qq — c¢)
and due to the flavour excitation (e.g., gc — gc, qc — qc). Heavy flavours can also
be produced as a result of subsequent parton evolution of the gluon splitting (e.g.,
g — cc). These processes are dominant in the production of heavy flavours with
high transverse momentum (pr). At low transverse momenta pr, nonperturbative
processes are dominating in production of heavy flavours |1, 2|.

Heavy, in particular, charmed quarks are formed at an early stage of QGP forma-
tion and most of them do not undergo changes during the evolution of the medium.
Rare transformations with a change in flavor are possible when a quark interacts in
a medium, as a result of thermal creation or destruction |2]. Thus, heavy quarks
carry information about the entire process of the QGP evolution and can be used
as a effective probe of QGP down to low momenta (p =~ 0).

In experiments on the collision of high-energy particles, the products of the
hadronization of heavy quarks are studied. As methods for studying the fragmen-
tation of heavy quarks, one can use the correlations of the observables, as well as to
carry out studies of the fragmentation function of hadron jets, which arise due to
the birth of heavy quarks.

Measurements with hadronic jets containing heavy quarks provide direct access
to the initial kinematics of partons and may provide additional constraints on the
energy loss of heavy quarks [3]. Investigations of pp collisions are necessary to deter-
mine the reference parameters for the formation and fragmentation of heavy quarks
in vacuum, which is a natural guideline for interpreting the results of heavy ion col-
lisions, in which hot nuclear matter has a significant effect, namely, the processes of
interaction with QGP. However, in events with high multiplicity, we observe signs of
collectivity, such as long-range correlations [4, 5], increased yield of strange particles
|6], which are typical for the formation of QGP.

In addition, recent studies of the ALICE collaboration have shown that the tra-
ditional approach to the theoretical description of the production of heavy quarks
in pp collisions does not fully describe the spectra of hadrons containing charmed

quarks [7, 8]. Accordingly, the first stage in the study of the processes of hadroniza-
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tion of the medium in is the understanding of the corresponding processes in vacuum.

In this thesis, the production of heavy flavors in pp collisions at \/syy = 13 TeV
in the ALICE experiment at the Large Hadron Collider was studied. The main
task of this work was to study the radial dependencies in hadronic jets containing
charmed quarks. In addition, a method was considered for investigating the yields
of heavy flavors using correlations corresponding to the pair production of charmed
DY mesons.

The thesis consists of five main chapters, introduction, conclusion ans two ap-
pendices.

The first chapter of this paper examines the theoretical aspects of the physics
of heavy flavors, reviews the literature on the topic, and reviews ongoing research,
including unresolved problems in the physics of heavy flavors and proton-proton
collisions.

The second chapter of this paper provides an overview of the ALICE experi-
ment at the Large Hadron Collider. The review includes characteristics of the main
detector systems of the experiment, methods of registration and identification of
particles, as well as a description of the procedure for searching and reconstructing
tracks in the ALICE experiment. In addition, this chapter discusses a project to
modernize the Inner Tracking System of the ALICE experiment.

The third chapter presents an investigation of the radial dependence arising
in hadronic jets containing heavy quarks. For the data obtained in the ALICE
experiment, the radial dependencies of jets containing D? -mesons and A, - baryons
are obtained and studied.

In the fourth chapter the study of correlations of particles containing heavy
quarks is presented. For the set of data obtained in the ALICE experiment, a tech-
nique for analyzing the production of D'D° meson pairs was developed and applied.
Pairs of D°D” mesons can be the hadronization products of the corresponding pairs
of charmed quarks. In turn, the pair production of heavy flavors is one of the key
points of the perturbative QQCD model and requires experimental confirmation.

The fifth chapter presents the results of studies of Monolithic Active Pixel
Sensors (MAPS) for the modernized Inner Tracking System (ITS) of the ALICE
experiment. The motivation for the modernization of the ITS was the low speed of

data collection and processing and the insufficient efficiency of the reconstruction
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of particle tracks in the ITS that existed during the first and second runs of the
Large Hadron Collider (until 2018 inclusive). These disadvantages have a particu-
larly strong effect on the detection of rare events and short-range particles, such as
hadrons containing heavy quarks. As part of the implementation of the program for
studying the parameters of the MAPS, the most important characteristics of the sen-
sors were studied, which will help expand the range of experimental data obtained,
including in the region of hadrons containing heavy quarks. As a result, the use of
the new ITS will increase the statistics of measurements, improve the efficiency of
registration of short-lived particles and open up opportunities for implementing a
new physical program of the ALICE experiment after the LHC is launched in 2022.

Separate stages of data analysis are also included in Appendices A and B.

Relevance of the topic

Investigation of the yields of heavy quarks hadronisation products in ultra-
relativistic collisions is one of the most effective and successful methods for studying
the properties of strongly interacting matter.The main experimental methods of
heavy flavor physics are the study of particle correlations, as well as the study of
processes involving heavy quarks in the composition of hadronic jets, which is the
focus of this work. Similar studies for both proton and heavy ion collisions are in-
cluded in both the current and future physics program of the largest experiments
in high energy physics (ALICE, CMS, STAR). With the expansion of the field of
research towards heavier flavors, the traditional models describing hadronization
processes even for the simplest collision systems are being questioned. This requires
a deeper study of the processes and the inclusion of additional observables that can
reveal new mechanisms that affects experimental results.

Such observables include the radial distance from a hadron containing heavy
quark to the axis of the hadron jet formed during the birth of this hadron. The first
experimental study of the radial distributions of hadrons containing heavy quarks
in hadronic jets was presented by CMS collaboration in [9]. Another paper on
the simulations of radial dependences in hadronic jets for the top quark [10] was
published in 2021, after the completion of the present study.

In addition, in this work, attention is paid to another method for studying heavy

flavors - the study of correlations of the production of charmed mesons. A technique
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for analyzing the production of pairs of charmed mesons was developed to test one
of the main hypotheses of quantum chromodynamics (the pair production of heavy
quarks). This technique can be applied to data that will be obtained after the
modernization of the ALICE experiment and after an increase in the luminosity of
the Large Hadron Collider. An experimental study of the pair production of D°
mesons is presented in [11], but in the ALICE experiment, such a study has not
been carried out before.

One of the main problems of research in the field of heavy flavor physics is
the imperfection of existing detection methods, so the most important stage of the
work was the study of new generation pixel sensors used to modernize the ITS of the
ALICE experiment. In addition to the ITS of the ALICE experiment, which was put
into operation in 2021, such sensors can be used in the tracking systems of the MPD
and SPD experiments at the Russian NICA collider, in Dubna [12]. In addition, the
sensors under study can also find applications, for example, in computed tomography
for diagnosing and visualizing tumor processes with high accuracy.

The development and research of the MAPS prototypes for the modernized ITS
of the ALICE experiment has been carried out since 2012 [13]. In Russia, such
studies were done in St. Petersburg State University and published in [14]. In the
thesis, research was carried out for real full-scale assemblies of detectors that were

installed to the Inner Tracking System of the ALICE experiment.

Goals and objectives of the work

The aim of the thesis was to study the hadrons, containing heavy quarks in
ultrarelativistic collisions at the Large Hadron Collider. Within the framework of

this study, the following tasks were set and solved:

e Review of theoretical models of the physics of heavy flavors in ultrarelativistic

collisions

e Review of methods for studying the mechanisms of hadronization of strongly

interacting matter

e Review of methods for registration and reconstruction of particles and particle
jets in the ALICE experiment
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e Overview of data analysis techniques in the ALICE experiment

e Development of a method for analyzing the radial dependence in hadronic jets
based on the analysis of the fragmentation function of hadronic jets containing

heavy flavors

e Analysis of radial dependencies for experimental data obtained in the ALICE

experiment in pp-collisions in the period from 2016 to 2018

e Development of a method for studying the production of charmed meson pairs

in a wide range of transverse momenta in the ALICE experiment

e Investigation of detector systems based on Monolithic Active Pixel Sensors
(MAPS) for the outer layers of the modernized Inner Tracking System of the
ALICE experiment

Theoretical and practical value of the work

Theoretical and practical value of the work is determined by the development of
a technique for analyzing the radial dependence in hadronic jets containing heavy
quarks, as well as the development of a technique for analyzing the production of
pairs of charmed mesons. It is shown that the mechanisms of formation of heavy
quarks and hadronic jets can have a certain effect on the shape of the radial depen-
dencies. As a result, the importance of studying the radial dependencies in hadronic
jets for studying the processes of hadronization of a medium is shown.

The significance of the work is also due to the research of new generation pixel
sensors for the modernized ITS of the ALICE experiment. In addition to the scien-
tific value of such sensors in the framework of the physics program of the ALICE
experiment, it is necessary to note the possible practical application of the studied

sensors in applied problems of radiation materials science and nuclear medicine.

Scientific novelty of the work

The first measurements of radial dependencies in hadronic jets containing
charmed quarks were obtained in the ALICE experiment. The first measurements

of radial dependencies in hadronic jets containing the Al -baryon are obtained. The
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ratio of the radial dependencies for hadronic jets containing the AT - baryon to the

jets containing the D° - meson was measured for the first time.

Statements of the defence

e A technique for analyzing the radial dependence in hadronic jets based on the
analysis of the fragmentation function for the jets tagged with hadron that

contains heavy quark

e Results of analysis of the ALICE experiment data: radial dependencies for
jets containing A7 —baryon and D%-meson, as well as the ratio of these radial

dependencies

e Methods for analyzing the production of charmed meson pairs in the ALICE

experiment

e Results of investigations of MAPS assemblies for the outer layers of the up-
graded ALICE MTS: investigation of noise characteristics of MAPS assem-
blies, investigation of the response function of pixel sensors when exposed to
ionizing radiation, investigation of the temperature characteristics of detector

assemblies

Author’s personal contribution

All the main results were obtained personally by the author or in collaboration
with other researchers. The results presented in this work were included to the
Graduate Qualification Work [15].

The author has developed and applied a technique for studying radial depen-
dences in hadron jets. For this study, the author created a program code based on
software for studying the fragmentation function of the A} —baryon. This code was
used to analyze the events reconstructed in the ALICE experiment containing Af
~baryons and D"-mesons.

To study the pair production of Dyp-mesons, the author wrote a program code that
was used to analyze the events reconstructed in the ALICE experiment containing

Dy-mesons.
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As part of the study of the characteristics of the MAPS for modernized ITS of
the ALICE experiment, the author personally investigated and tested about 70% of
middle and outer layer assemblies of the ITS. The author also made a contribution

to the development of software for the MAPS characterization.

Approbation of work

The results of the work were presented at international conferences and meetings:

1. T. Lazareva, G.M. Innocenti, V.Kucera, N. Zardoshti, A.— and Dy —jets radial
displacement, ALICE Physics Forum,
https://indico.cern.ch/event/1029235/

2. V. Zherebchevsky, T. Lazareva et. al., Silicon Pixel Detectors for the Inner
Tracking System of MPD Experiment at the NICA collider, 75Th International

Conference «Nucleus-2020»

3. T.Lazareva, Assembly and Commissioning of the ALICE ITS Upgrade,The
28th International Workshop on Vertex Detectors «Vertex-2019», 13.10.2019
—18.10.2019, Lopud Island, Croatia

4. T. V. Lazareva, F. F. Valiev, V. 1. Zherebchevsky, D. G. Nesterov, G. A.
Feofilov, New detector for studying cumulative processes in hadronic collisions
, Nucleus-2018, 2-7 Jul. 2018, Voronezh

5. T. V. Lazareva on behalf of the ALICE collaboration, Upgrade of the ALICE
Inner Tracking System, Nucleus-2019, 1 — 7 Jul. 2019, Dubna

6. T. Lazareva, V. Zherebchevsky,G. Feofilov, D. Nesterov, N. Maltzev on behalf
of the ALICE collaboration, Pixel detectors for experiments at the NICA
collider, AYSS-2018, 23 — 27 April 2018, Dubna

The main results of the data analysis were approved and accepted as the official

results of the ALICE [16] experiment, and therefore were included in the reports on
behalf of the ALICE collaboration:

e Gian Michele Innocenti for the ALICE collaboration, Recent experimental

open heavy-flavor results, The 19th International Conference on Strangeness
in Quark Matter (SQM 2021), 17-22 May 2021, Online


https://indico.cern.ch/event/1029235/
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data analysis presented in this paper.
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Used terms and abbreviates

ALICE — A Large Ion Collider Experiment
LHC — Large Hadron Collider

QCD — Quantum chromodynamic

QGP — Quark-gluon plasma,

ITS — Inner Tracking System

CMOS — Complimentary structure metal-oxide-semiconductor
MAPS — Monolithic Active Pixel Sensors
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CHAPTER 1

Studies of hadronization processes of strongly

interacting matter

Hadrons containing heavy quarks are formed in collisions of high-energy particles
as a result of the fragmentation of the corresponding quarks arising in hard scattering
processes in the early stages of the collision. In particular, heavy ion collisions allow
achieving a sufficient collision volume (Figure 1.1) to be able to study matter in a
state of deconfinement (quark-gluon plasma) and its hadronization processes.

As a result of an ultrarelativistic collision, extremely high temperatures and
energy densities of the order of several GeV /fm? are achieved, as a result of which
quarks and gluons pass into a free state and almost immediately thermalize in the
QGP, forming a so-called fireball. The fireball expands rather quickly and cools down
to the critical temperature 7., after which the quarks and gluons bind and form a
hadronic gas (Figure 1.1). In hadronic gas, inelastic collisions of partons occur
with changing flavors. Then the system is cooled to the temperature of chemical
freeze-out, at this moment inelastic collisions of hadrons cease and the hadronic
composition becomes constant. Further, the temperature reaches kinematic freeze-
out, when elastic collisions also cease. It is in this state that the particle reaches the
detector.

Since most of the heavy quarks are produced at the very first moments of
hadronic collision, they are a tool for studying the evolution of the collision sys-
tem during the entire time of its existence. Nevertheless, the decay length of heavy
flavors is rather small, in particular, for the D® meson that consists of charmed quark
and u anti-quark, the intrinsic decay length of ¢7 is about 123 pm|17|. Therefore,
only the decay products of hadrons containing heavy flavors can be registered in the

detector.
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The next important task after registration of particles is the interpretation of the
results obtained. A successful description of experimental results is achieved using

perturbative quantum chromodynamics (QCD).

1.1 Quantum chromodynamics, parton model

One of the main goals of perturbative QCD is to describe the parton model
within the framework of field theory. The parton model [19, 20] arose as a result of
experimental observations [21, 22, 23], indicating the scaling effect. This effect can
be explained by assuming that protons contain point charged constituents, which
in QCD can be represented as sea and valence quarks. These constituents do not
interact with each other and have a negligible transverse momentum, and each of
them with some probability carries a fraction of the momentum of the composite
hadron. In this case, the cross sections for hadronic processes at large momentum
transfers can be calculated in terms of the cross sections of the interaction of in-
dividual partons and their parton distribution functions. An accurate theoretical
description of parton processes will also make it possible to refine model predictions.
One of the advantages of describing the parton model within the framework of per-
turbative QCD is the possibility of describing the hard processes of the production of
quark-antiquark pairs and hadron jets that occur at the initial moments of collision.
The most common theoretical approach to describe the cross sections of hadronic

processes is based on the QCD factorization theorem [24].



140

1.2 The factorization theorem

The factorization theorem assumes that the average time of parton-parton in-
teraction is shorter than the time of any interactions of partons over a long distance
inside a nucleus in a state of confinement before or after collision. Accordingly, it is
possible to separate the near and far processes to calculate the total cross section of
hadron production. Short-range processes can be described in terms of perturbative
QCD, while long-range processes can only be described in a nonperturbative regime.
The factorization theorem postulates that the cross section for hadron production
in a collision of hadrons or nuclei is calculated as a convolution of three independent
terms: the distribution function of incoming partons (PDF), the cross section for
parton scattering, which produces heavy quarks, and the fragmentation function
(FF), which parameterizes the nonperturbative evolution of a heavy quark into a

given form of hadron [18]:

Aol d = fura(a, Q) @ foyp(ap, Q%) @ Aol (34, 13, Q%) ® Doz, Q%), (1.2.1)
Where:

o foja(za, Q%) — parton distribution function that corresponds to the probabil-
ity of finding a parton with flavor a in the colliding particle A and the carrier
fraction of the nucleon momentum x = 5—1. Parton distribution functions are
necessary to determine the partons participating in the subsequent scattering,
while an analytical description using perturbative QCD is impossible due to
the wide range of momenta, including the soft region. Assuming that the par-
ton distribution functions are unchanged for all collision systems, to calculate
them, experimental data are used, including those on deep inelastic scattering,
as well as the Dokshitzer-Gribov-Lipatov-Alterelli-Parisi (DGLAP) equations
125, 26, 27, 28] and Balitsky-Fadin-Kuraev-Lipatov (BFKL)[29], which reflect
the evolution of quark and gluon distributions in a nucleon with a change of
the Q% and z;

hard

hard (1., 2, Q%) — hard parton process cross section a +b — ¢+ X. Since

° 0
the interaction constant for hard processes with high momentum is small, the

cross section can be calculated using perturbative QCD:;
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o D..;(2z,Q%) - fragmentation function corresponding to the probability of frag-
mentation of a parton ¢ into a hadron h with a fraction of the momentum of
a parton z = %. The processes occurring during the fragmentation are non-
perturbative by definition, therefore, their mechanism cannot be described
analytically. As in the case of parton distributions, they are determined from
the DGLAP and BFKL equations with parameters extracted or extrapolated

from experimental data.

A schematic representation of the application of the factorization theorem is

shown in the figure 1.2.

Fy

,
falx1, Q%)

Parton distribution

MJ(:ITI,:ITQ,QQ) e, FSR

Parton distribution /

fB(:ITQS QQ)

.

hadrons

Figure 1.2: Schematic representation of the application of the factorization theorem in the

formation of two hadronic jets |18|
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1.3 Simulation of processes arising from the interaction of particles in

high energy physics

To simulate processes in high-energy physics, event generators are used, which
are special software libraries that describe the birth, interaction, and decay of par-
ticles, for example, in ultrarelativistic collisions. Event generators take into account
both traditional models of quantum chromodynamics (perturbative QCD, factoriza-
tion theorem, etc.) and phenomenological models that reproduce well certain effects
observed in the experiment. The probability of a particular process in event gen-
erators is estimated using the Monte Carlo method [30]. The most commonly used
event generator in high energy physics is the PYTHIA [31] event generator. The
PYTHIA package contains a set of theoretical and experimental models describing
hard and soft interactions, parton distributions, parton showers in the initial and fi-
nal states, multiparton interactions, hadronization, including total and partial cross
sections of various processes.

The PYTHIA event generator is based on Lund’s string fragmentation model
([32, 33]). According to this model, a massless string is formed between color charge
carriers located at a distance of ~1 fm due to the tension of the field lines. Tradi-
tionally, Monte Carlo models consider the leading color approximation, when one
of the quarks in the final state is connected by a string with only one parton, and
each gluon carrying color and anticolor is connected to two partons. It is usually
assumed that a quark and an antiquark are located at opposite ends of the string.

The PYTHIA event generator includes many subprocesses, such as hard QCD
processes, soft QCD processes, color reconnection, string string showing, string
ropes, etc, and accordingly, a large number of free parameters. One can allocate
separate sets of parameters (tunes), that are optimized for certain conditions. The
most common tunes are Monash and Perugia 0 |34, 35| where parameters are adapted
to study hadron collisions at the LHC. These tunes well describe hard processes. For
softer physics SoftQCD tunes are better, where the formation of confining potentials
(strings) takes into account color correlations beyond the leading color approxima-
tion |36|. In this case, dipoles of connected partons can be considered as individ-
ual pseudoparticles, and the probability of formation of a certain SU(3) multiplet

(hadron) is determined by minimizing the potential energy of the string. The main
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SoftQCD tune is SoftQCD Mode 2 which requires strict causality for all dipoles.

1.4 Experimental data review

Theoretical calculations based on the factorization theorem so far have been
based on the assumption that the fragmentation function, which is usually mea-
sured in electron-electron (electron-positron) collisions [37], is universal for all colli-
sion systems and energies. Calculations based on factorization have been verified in
experiments at the Large Hadron Collider (LHC). Next-to-Leading Order perturba-
tive computation with resummation of the next-after-leading logarithm, as shown in
138, 39, 40, 41], successfully describe the production of strange and charmed strange
mesons and their ratios as a function of transverse momentum and velocity in proton-
proton (pp) collisions over a wide range of center-of-mass energies |2, 42, 43, 44, 45].

This broad set of experiments confirmed the validity of the theoretical frame-
work adopted for describing the formation of heavy flavors, and provided exper-
imental evidence that the hadronization of charmed mesons in pp collisions can
be described using fragmentation functions extracted from electron-electron (ee) or
electron-proton (ep) collisions.

On the other hand, various measurements of the AT production cross section
in pp collisions raise doubts for the hypothesis that the fragmentation function is
universal for charmed baryons [7, 8]. For the first time, a similar problem was
observed in AuAu collisions at RHIC [46, 47|, where increased baryon production
compared to ep and pp collisions was observed for the ratios of the yields 7 /p
and A/K?. Study of the A - baryon production as a function of the transverse
momentum, carried out by the ALICE collaboration for pp collisions at 5 TeV [§],
an increase in the AT cross section by compared with theoretical predictions at low
transverse momenta prp. Calculations performed with PYTHIA 8 in Monash [34]
modification and HERWIG 7 [48| event generator, that also takes into account
color reconection. Both of the generators are using theoretical models, where the
charmed quark fragmentation function is based on measurements for ee and ep
collisions [38, 39].

The ratio of the yields of A - baryons to D - mesons, which was calculated to

isolate the fragmentation effect, ranged from ~ 0.6 in the range 1 < pr < 2 GeV/c¢
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to ~ 0.3 for 8 < pr < 12 GeV/¢, while PYTHIA 8 as modified by Monash and
HERWIG 7 predicted relatively constant relation A /DY ~ 0.1,

A significant increase of the ratio A} /DY in comparison with theoretical models
was also observed for low multiplicities in the study of multiplicity intervals per-
formed by the ALICE collaboration for collisions at 13 TeV [49] (See Fig. 1.3 (a)).

This broad set of experimental observations suggests that the mechanisms
of hadronization of charmed baryons in pp collisions are different from those of
hadronization of charmed baryons in ee or ep collisions. This hypothesis is sup-
ported by theoretical calculations that include new hadronization mechanisms that
go beyond traditional fragmentation in a vacuum. Much better agreement with
the results of the relation A7 /D’ measured by ALICE is achieved by PYTHIA 8
calculations, which include color reconnection mechanisms outside the leading color
approximation [36], or calculations based on the Wigner formalism and relativis-
tic Langevin dynamics, which include the mechanisms of charm formation through

coalescence in the presence of matter in a state of deconfinement [50].
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Figure 1.3: (a) ratio A} /DY as a function of pr compared with theoretical models for multiplicity

classes {1-9}, {60-99} [49]; (b) fragmentation function of hadronic jets containing AT - baryon,

depending on the fraction of the momentum of the jet carried by a given baryon [51]

Despite the abundant experimental evidence for the existence of different
hadronization mechanisms in pp collisions, a microscopic understanding of the na-

ture of these new phenomena has not yet been achieved. Whereas the study of



145

hadronic jets containing a charmed quark can provide a new, more detailed un-
derstanding of hadronization mechanisms in comparison with the distributions and
ratios of individual particles. Indeed, the transverse momentum of the jet and the
direction of the jet axis strongly correlate with the initial energy and direction of the
scattered quark. The possibility of simultaneous access to the hadron in the final
state and to the initial charm kinematics may allow direct studies of the dynamic
properties of hadronization.

The first measurement of the fragmentation function of hadronic jets containing
the A - baryon, depending on the fraction of the jet momentum transferred by
Af, was obtained in pp collisions at \/syy = 13 TeV (Fig.1.3 (b), [51]). It was
shown that the best fit to the measured fragmentation function is observed in the
PYTHIA 8 SoftQCD model, which includes color reconnection.

As an extension of the study of the fragmentation function of hadronic jets, it
was proposed to study the radial dependence of hadronic jets tagged with Al and
DY hadrons, as well as the corresponding ratio of the yields of baryons to mesons
measured in pp collisions at \/syy = 13 TeV in the ALICE experiment from 2016
to 2018.

A similar study (investigation of the diffusion of charmed quarks inside hadronic
jets) was first performed by the CMS collaboration for jets containing D° mesons
in pp and PbPb collisions in [9]. This work showed the difference in the radial
distribution of D° - mesons in pp collisions compared to PbPb, taking into account
a significant error. Thus, the sensitivity of the radial dependence to the effects of
hot nuclear matter was shown, in particular, these dependencies reflected the effects

of jet quenching in PbPb collisions (see Fig.1.4).
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Figure 1.4: Distribution of D - mesons in hadronic jets depending on the radial distance from
hadron to the jet axis (r) in pp and PbPb collisions at \/syy = 5.02 TeV. The measurement is
carried out in the range prpo = {4.20} GeV/c (left) and prpo > 20 GeV/c¢ (right). The ratios of
the radial distributions of jets containing the D° - meson for the PbPb and pp data are shown in
the middle panels. The lower panels show the ratios of the radial distributions of jets containing

the D - meson for two MC [9] event generators.

In our analysis, we investigated the radial dependencies to study the decorrela-
tion effect that occurs as a result of recombination processes in proton-proton colli-
sions. The investigated quantity is the dimensionless angular parameter r, which is

the radial distance between the jet axis and the hadron containing the heavy flavor:

r= \/(¢jet — ¢ur)? + (Njer — 71F)? (1.4.1)
Where:
® 0t and ¢pr azimuthal angles of the jet and hadron, respectively
o 7t and nur pseudorapidity of the jet and hadron, respectively

The purpose of this analysis is to assess the influence of hadronization mechanisms

on the radial dependencies of hadronic jets containing heavy flavors.
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In addition, the paper considered the possibility of experimental verification
of the hypothesis of pair production of quarks. This hypothesis is the basis of
perturbative QCD and the Lund model, where parton production occurs in quark-
antiquark pairs, with a particle and an antiparticle scatter in opposite directions at
an angle of 180°. A similar study was carried out by the LHCb collaboration in the
work [11]. Within the framework of this work, an attempt was made to isolate the
signal of the DYDY meson pairs as products of the fragmentation of the ¢é quark

pairs registered in the ALICE experiment.
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CHAPTER 2

ALICE experiment at Large Hadron Collider

The ALICE experiment is one of four experiments located at the Large Hadron
Collider at CERN. The ALICE detector complex is designed to study the properties
of strongly interacting matter in heavy ion collisions, as well as proton-proton and
proton-nuclear collisions. The main research is concentrated in the field of studying

quark-gluon plasma and, accordingly, particles that can characterize this state.

2.1 Main detector systems of the ALICE experiment

The main detector systems of the ALICE experiment could be categorized as

follows:

e Position-sensitive detectors providing particle trajectory reconstruction (ITS,
TPC);

e Detectors for particle identification (TPC, TRD, TOF, HMPID);
e Multiple charged particle detectors (PMD, FMD, VO0);
e Calorimeters (T0, ZDC, EMCal, PHOS, muon spectrometer).

The general diagram of the ALICE detector is shown in Fig.2.1. The speci-
fied detector systems are presented in the version of a technical design before the
modernization of the ALICE experiment, carried out in 2018-2021.



THE ALICE DETECTOR Al a. ITS SPD (Pixel)

b. ITS SDD (Drift)

- c. ITS SSD (Strip)
g - d.VOand TO
\ e. FMD

i®

ITS
FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DcCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

CeNOUTALNE

Figure 2.1: Diagram of the ALICE experimental setup [52]

Let us consider in details the main detector systems responsible for the registra-

tion of hadrons that contain heavy quarks in the ALICE experiment [53, 54].

1. Inner Tracking System (ITS). The Inner Tracking System is the clos-
est detector to the beam collision point and consists of six cylindrical layers
of silicon detectors that implement three different technologies: Silicon Hy-
brid Pixel Detectors (SPD), the radius of the first layer of which is 3.9 cm,
Silicon Drift Detectors (SDD) and Silicon Strip Detector (SSD).SPD layers

2. The proximity of

contain 9.8 timesl10° pixels of size 50 times425 micron
pixel detectors to the point of interaction in combination with a high spatial
resolution provides a resolution of the impact parameter of the track relative
to the primary vertex of less than 75 pum for tracks with a transverse momen-
tum pr > 1 GeV/c. The layers of drift and strip detectors, in addition to
positional sensitivity, also contribute to the determination of the energy loss
of charged particles (dE/dx).

The inner tracking system covers the pseudorapidity range |n| < 0.9, while
the first layer covers the pseudo-rapidity region |n| < 1.8 to ensure continu-

ous measurement of the multiplicity of events (in conjunction with the FMD
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multiplicity detector).

The main problem of this ITS is a significant limitation on the speed of in-
formation processing: the maximum readout frequency is 1 kHz with a dead
time approaching to 100%. In this regard, after 2018 (during Long Shutdown
2), the ITS was completely replaced by the new one, which included detector

modules with a number of distinctive features (for details, see paragraph 2.3).

. Time Projection Chamber (TPC) The time projection chamber TPC is
a cylinder 510 cm long with an inner radius of 85 c¢m and an outer radius
of 250 cm. The time projection chamber covers the region of pseudorapidity
In| < 0.9 and the full azimuth angle.The chamber is filled with a mixture
of Ne (90%) and CO2 (10%) gases, and it is divided into two parts by a
membrane. A voltage of 100 kV is applied between the membrane and the
end parts of the detector, which ensures the drift of ionized atoms to the ends
of the detector. At the ends of the detector there are multiwire proportional
chambers, divided into 18 segments, from which information is read. The
trajectories of charged particles crossing the volume of the time-projection
chamber are reconstructed from the ionization produced in the gas. Particle
identification in a time-projection camera is based on the ionization energy loss
dF/dz in the gas. The ALICE detector is capable of reconstructing tracks
of charged particles with a transverse momentum from pr = 0.15 GeV/c¢ to
pr = 20 GeV /¢ with a resolution about 2%.

The main problem that arose during the operation of the TPC was a strong
distortion of the drift trajectories at the edges of some reading chambers,

associated with the local accumulation of charges in the chambers [55].

. Time of flight detector (TOF). The time-of-flight detector is designed
to identify particles in the mid-momentum region (up to 2.5 GeV/c for
pions and kaons and up to 4 GeV/c for protons). The TOF consists of an
array of chambers with gaps containing resistive plates and filled with gas
(MRPC) and covers the region of pseudorapidity |n| < 0.9 and full azimuth
angle. Particle identification is achieved by measuring the time of flight of
a particle from the collision point to the arrival of the particle in the TOF
MRPC element of the time-of-flight detector. The starting point of time
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reference for TOF can be either the hit of particles in the Cherenkov counter
TO, or the hit of the very first particles after the collision into the volume
of the TOF itself (taking into account a special calibration). The use of a
combination of TPC and TOF ensures the separation of pions and kaons

at the 3o level for particles with a transverse momentum 0.5 < pyr < 2 GeV/c.

. Transitional Radiation Detector (TRD). The transition radiation detec-
tor is designed to identify electrons with a momentum of more than 1 GeV /c,
as well as a trigger for particles with a large transverse momentum. The princi-
ple of operation of the detector is based on measuring the transition radiation
when a particle crosses the boundary of two materials with different dielectric

constant.

. High Pulse Particle Identification Detector (HMPID). The HMPID
is a ring Cherenkov detector (RICH) designed to measure momentum higher
than 1 GeV/c.

. Photon Spectrometer (PHOS). The high-resolution photonic spectrom-
eter is designed to study the thermal and dynamic properties of the initial
phase of a collision, as well as to study the effect of jet quenching.The PHOS
electromagnetic calorimeter uses scintillation modules based on lead tungstate
crystals in its design. It closes the pseudorapidity range |n| < 0.12 and can
detect not only photons, but also hadrons (including neutral ones). Identifica-
tion of events involving this class of hadrons is carried out using a topological

analysis of the evolution of the Shower.

. Electromagnetic Calorimeter (EMCal). EMCal is a large cylindrical
lead and scintillator calorimeter designed for the identification of particles
with large transverse momenta. Each detector module of the calorimeter con-
sists of a set: 1.44 mm lead / 1.76 mm scintillator. Reading of the signal
from the scintillator is carried out via spectrum-shifting fibers connected to
avalanche photodiodes. The fibers are placed longitudinally through the entire

lead /scintillator assembly.
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A Cosmic Radiation Detector (ACCORDE). The cosmic ray detector is

an array of plastic scintillators located on the top surface of the main magnet.

Muon spectrometer. The registration of muons occurs in the region of pseu-
dorapidity —4.0 < |n| < —2.0. Registration of decays in the p*p~ channels
makes it possible to measure the spectra of vector mesons containing heavy

flavors, such as J/v resonances, as well as ¢ -mesons.

Zero Angle Calorimeters (ZDC). Zero angle calorimeters make it possible
to determine the centrality in PbPb collisions by measuring the energy of
spectator nucleons that did not participate in the collision and fly in the
direction of the beam (at an angle of 0°). Two sets of calorimeters are located
at a distance of 116 m on either side of the interaction point. In the magnetic
field of the dipole separator, protons and neutrons are separated, and thus one
detector registers spectator protons, and the other neutrons. ZDC calorimeters
consist of metal plates (tungsten for the neutron detector, brass for the proton
detector) in which quartz fibers are implemented. The hadrons in the particle
shower, which occurs when protons and neutrons interact with the material of
the plates, create Cherenkov radiation in quartz fibers, which is then recorded
by a special photomultiplier. Also, the ZDCs are complemented by small
electromagnetic calorimeters located at a distance of 7 m from the ZDC (along

the beam axis).

Multiplicity detectors (FMD, PMD). The front multiplicity detector
(FMD) is a silicon strip detector that allows the measurement of particle
multiplicity in the forward rapidity region (—=3.4 <n < —1.7, 1.7 < n < 5.0).
The photon multiplicity detector (PMD) measures the multiplicity of photons
in the pseudorapidity region 2.3 < n < 3.7

Detector V0. The V0 detector is a small-angle detector consisting of two
arrays of scintillation counters located on either side of the interaction point
at a distance of -90 and 340 cm from it and covers the region of pseudorapidity
—3.7<n < —1.7and 2.8 <7 < 5.1. First of all, the VO detector provides
event triggering with minimal interaction (min-bias). Since the number of

particles registered in the detector VO monotonically depends on the number
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of particles in an event, it is possible to determine the centrality class of an
event as a function of multiplicity. In addition, the VO detector is used to

measure the luminosity of an event.

13. Detector T0. The T0 detector consists of two arrays of Cherenkov counters
located on both sides of the interaction point at distances of -72 and 375 cm
and covering the pseudo-rapidity regions —3.28 < n < —2.97 and 4.61 < n <
4.92 . The TO detector determines the starting point of time reference for
the time-of-flight detector, this signal corresponds to the moment of collision
(taking into account the signal delay time) and determines the zero level trigger
(LO). In addition, this detector allows you to determine the position of the

interaction vertex.

The trigger system in the ALICE detector is divided into three levels. The first
trigger level (LO0) is determined by the very first signal collected at the VO and
TO detectors in the first 0.9 us after the interaction. The next trigger (L1) is a
signal arriving at detectors VO and T0 with a delay of about 6.5 us. Both of these
signals are transmitted to all other detector systems with a delay of about 0.3 us and
determine the start of data processing. After about 100 us, the particles should drift
in the volume of the time-projection chamber, and this sets the third-level trigger,
which determines the time of signal collection from the detectors.

The main detectors used for detecting jets and heavy hadrons are: Inner Track-
ing System (ITS), Time-Projection Chamber (TPC), Time-of-Flight (TOF) detec-
tor, and VO scintillators. These detectors were used for vertex detection, track

reconstruction and subsequent particle identification, and also as a trigger (VO0).

2.2 Reconstruction of tracks and vertices

A detailed description of the tracking process in the ALICE experiment can be
found in [54]. Reconstruction of tracks and vertices is performed using the Kalman

filter [56] and proceeds as follows:

1. For all detectors, clustering is performed. Clustering is the selection of the
area of interaction of a particular particle with the detector and, accordingly,
the point where the particle hits the detector (hit);
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2. As a result of the analysis of particles hitting the first two layers of the SPD
pixel detector, the possible position of the primary interaction vertex is deter-

mined;

3. Particle tracks are restored in the time-projection chamber (TPC) and in the

internal track system using the Kalman filter;

4. The tracks are stitched from the time-projection chamber and the inner track-

ing system;
5. The reconstructed tracks are propagated to all other detector systems;

6. The reverse propagation of the reconstructed tracks into the inner layers and

the final fitting are performed;

7. The exact position of the primary interaction vertex where the collision took

place is determined;

8. Secondary interaction vertices are restored, where the short-lived particles

have decayed;

9. Particle showers are restored.

2.3 Modernization of the ALICE ITS

The most important stage of data analysis is the reconstruction of particle tracks
and vertices of interaction and decay. The Inner Tracking System (hereinafter ICS)
plays a key role in the reconstruction of particle tracks in the ALICE experiment.
Since the launch of the ALICE experiment and until recently, the ITS consisted of
six cylindrical layers of silicon detectors (see paragraph 2.1) placed coaxially around
the ion pipe. The radii of the layers ranged from 39 to 430 mm and covered the
range of pseudorapidities |n| < 0.9 for vertices located within z = £60 mm from
the interaction point (i.e. 10 of the luminosity region).

In the middle range of rapidities, it is the I'TS that determines the possibil-

ity of reconstructing the tracks of particles containing heavy flavors. In heavy ion
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collisions, additional track reconstruction and particle identification using a time-
projection chamber and a time-of-flight detector provide signal extraction. Never-
theless, the registration of baryons containing heavy flavors, in particular A7 and
Ay, in heavy ion collisions is a difficult and practically insoluble problem. The A
baryon has its own decay length of only 60 pum. This is below the resolution of the
ITS in terms of the impact parameter in the range of transverse momenta of most
daughter particles of the A.—baryon. Consequently, before the modernization of the
ALICE experiment, charmed baryons could not be measured with sufficient statis-
tical significance using the then existing ALICE detector systems in central Pb—Pb
collisions. For the same reasons, studying particles containing quarks heavier than
the ¢ quark is impossible [13].

The key limitation of the I'TS that existed until 2020 is the low readout rate: the
maximum detector operating frequency is 1 kHz (with a dead time close to 100 %).
At the same time, at present, the Large Hadron Collider operates at a frequency
of Pb - Pb collisions of 8 kHz and most of the data on Pb - Pb collisions was not
recorded in the experiment. In addition, a significant amount of data was lost in pp
collisions. Taking into account the plans to increase the luminosity of the LHC, it
became obvious that the existing I'TS would not be able to solve the problems that
are determined by the new program of physical research of the ALICE experiment.
Therefore, a rather significant modernization of the corresponding detector systems
and the design of the I'TS was required.

In many inner tracking systems of high energy physics experiments: CMS, AT-
LAS, LHCb at the LHC, hybrid pixel sensors are used. In such sensors, the active
volume of silicon and the readout electronics are separated, resulting in an overall
increase in sensor material. As practice has shown, another problem of such detec-
tors is the fragility of fastening the readout electronics modules to silicon, as a result
of which the pixels in such detectors often fail. The solution to these problems was
the advent of Monolithic Active Pixel Sensors (MAPS), where the sensor electronics
are embedded directly in silicon. For the first time, such sensors were used for the
STAR PXL detector [57] during the modernization of the STAR experiment at the
RHIC collider.The main disadvantage of the sensors used in the STAR PXL detector
was the low data readout rate, primarily due to the features of the Roller Shutter

architecture, which provides sequential reading of data from each pixel. The total
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charge collection time from such a sensor was 185.6 us. Also, these sensors with the
corresponding electronics had a rather low radiation resistance.

The project of modernization of the Internal Tracking System [13, 58] involves the
creation of a completely new VTS using detector modules based on new generation
Monolithic Active Pixel Sensors (MAPS) [59, 60]. The main requirement for the
modernization of the ALICE PTS is the ability to collect and process data from
PbPb collisions with a frequency of up to 50 kHz. In addition, in order to implement
a program for studying short-lived particles, the detector should be located as close
as possible to the collision point, consist of a large number of layers for the best
reconstruction of tracks, and have high granularity for better spatial resolution of
particle tracks. Also, to ensure the maximum efficiency of track reconstruction, it
is necessary to minimize the detector material and mechanical structures to ensure
radiation transparency, that is, to minimize radiation losses and re-scattering on the
detector material.

For the modernization of the I'TS of the ALICE experiment, the ALPIDE MAPS
was developed on the basis of 180 nm CMOS technology. Each sensor is a 1.5x3 c¢cm
pixel matrix consisting of 512x1024 pixels. Figure 2.2 shows the charge collection
scheme in a pixel of such a sensor. A high-resistivity p-type epitaxial layer 25 pum
thick is located on a low-resistance silicon substrate, which is the active volume of
the detector. When a charged particle crosses the sensor, charge carriers are formed
in the epitaxial layer of the detector, which are collected on the diode by both
drift and diffusion. At the same time, p-type pockets implemented in the area of
peripheral electronics screen the charge and prevent the creation of additional noise

in the detector electronics. The total thickness of the sensor is 50 pum.
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Figure 2.2: The scheme of the collection of the charge generated by an ionizing particle in a
MAPS pixel cell with a deep p-well [13]. 1 — substrate; 2 — epitaxial layer; 3 — charge collecting
electrode; 4 — NMOS transistor with p-type well (p-well); 5 — PMOS transistor with n-type well
(n-well) [13].

An important difference between the detectors of the ALPIDE family is the
data readout architecture, which operates on the principle of priority reading of
signals from triggered pixels (Priority Encoder architecture). Unlike Rolling Shutter
sequential reading, pixel information is read in parallel for double columns of pixels.
The address of each fired pixel in the column is encoded and transferred to the end
of the double column of pixels, where it is written to the corresponding memory
register. Thus, the reading takes place directly from each double column, and only
the addresses of the triggered pixels are read, which significantly speeds up the entire
process of collecting information.

ALPIDE pixel chips will provide a spatial resolution of tracks at the level of
5 pm, with a detection efficiency of 99.9%. The signal processing time from such
detectors is ~ 5 ps, and the noise level - Fake Hit Rate (FHR) - is much less than
107% hits per event per pixel.

The new Inner Tracking System of the ALICE experiment consists of seven layers
of pixel detectors: three inner layers, two middle layers and two outer layers. The
geometric model of the ITS is shown in the figure 2.3 (a).

The project of modernization of the Inner Tracking System [13, 58] is based on
the use of the new generation Monolithic Active Pixel Sensors (MAPS) [59, 60]. The
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new inner tracking system of the ALICE experiment consists of seven layers of pixel
detectors: three inner layers, two middle layers and two outer layers. The geometric
model of the Inner Track System is shown in the figure 2.3 (a).

The difference between the inner, middle and outer layers lies in the geometric
dimensions of the MAPS assemblies that form each layer and the location of the pixel
sensors on the carbon support structures. In addition, for the MAPS assemblies of
the inner layers, the power and data acquisition provided by the flexible printed
circuit board are combined into a hybrid integrated circuit (HIC), while the other
layers are powered by a separate power bus.

The first three layers of the ITS consist of 48 modules 27 c¢cm long and 1.5
cm wide each, forming a cylindrical structure surrounding the point of collision.
Each module consists of 9 MAPS located on a water-cooled ultra-light carbon fiber
support structure |61, 62|. It is the inner layers that ensure the accuracy of the
reconstruction of the interaction vertex. The material and geometry of the support
structures of the inner layers, together with the MAPS technology, allows the first

layer of detectors to be located at a distance of 2.2 cm from the interaction point,

providing a high-quality reconstruction of the vertex at a collision rate of up to 100
kHz (in Pb - Pb collisions).

Figure 2.3: (a) Project of the modernized Innner Tracking System [13]; (b) Schemes of assemblies
of the inner and outer (middle) layers of the ITS [13]

Pixel sensors are located on ultra-lightweight carbon fiber space-frames |61, 62].
The carbon space-frames were made of carbon fibers using a special technology de-

veloped by scientists from St Petersburg University. The design of the space-frames



159

makes it possible to achieve maximum hardness with minimal material budget, which
ensures record radiation transparency, and also allows avoiding distortion of the re-
sults when reconstructing tracks due to deflections of the supporting structures and
violation of the geometry of the ITS. The use of carbon composite materials for the
cooling substrate and supporting structures is due to the high thermal conductivity
of carbon fiber, which ensures efficient heat removal from the sensors. A cooling
circuit is connected to each assembly from a centralized cooling system via the
polyamide tube with a constantly circulating liquid. Each space-frame with sensors,
electronics and cooling system forms the basic element of the detector layer—stave.
The diagrams of assemblies of the inner and outer (middle) layers are shown in the
figure 2.3 (b).

The difference between the inner, middle, and outer layers lies in the geometric
dimensions of the MAPS assemblies that make up each layer, and the location of

the pixel sensors on the carbon fiber supporting structures.

Inner layers (Inner Barrel)

The first three layers of the I'TS consist of 48 detector staves 27 ¢m long and 1.5
cm wide each, forming a cylindrical structure surrounding the LHC beam collision
point.

Each detector stave consists of 9 MAPS, which form an inner layer detector
module. For each module, the power and data acquisition provided by the flexi-
ble printed circuit, as well as the sensors themselves, are combined into a hybrid
integrated circuit (HIC). Data is read directly from each sensor through a high-
speed channel of 1.2 Gbps. Power and data acquisition via a single bus further
minimizes the amount of material used in the first detector layers. In addition, a
reverse bias voltage can be applied to the detector substrate, which will increase
the depletion zone in silicon, which will improve the performance of the detector
after long-term radiation exposure [13|. The detector module, together with the
electronics, is placed on a carbon-composite cooling substrate, which, in turn, is
fixed on a carbon-fiber space-frame. It is the inner layers that provide the accuracy
of the reconstruction of the collision point and decay vertices. The material and
geometry of the supporting structures of the inner layers, together with the MACS

technology, makes it possible to place the first layer of detectors at a distance of 2.2
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cm from the LHC beam collision point, providing high-quality reconstruction of the

vertex at a collision frequency of up to 100 kHz (in Pb-Pb collisions).

Outer and middle layers (Outer and Middle Barrel)

Since the middle and outer layers of the ITS are much farther from the beam
collision point than the inner layers, they are exposed to a significantly lower dose of
radiation, in addition, the density of particle tracks is greatly reduced, respectively,
the requirements for the detectors of the middle and outer layers are lower than for
the detectors of the inner layers.

Among themselves, the middle and outer layers of the ITS differ only in the
length of the staves, i.e. the number of sensors installed in one assembly. As in the
inner layers, the sensors in the outer layers are grouped into modules. Each module
consists of 14 sensors, arranged in two rows of 7. For each module, the sensors with
the signal bus connected to them form a hybrid integrated circuit (HIC). There is
one master sensor and 13 slave sensors in each module. Each slave sensor transmits
data to the end of the module to the master sensor, after which the signal from
the master sensor is read through the signal bus. In addition, configuration signals
and time information are transmitted to the sensor through additional differential
pairs on the signal bus, which makes it possible to link each element of the ITS
and all other detector systems of the experiment. Data transmission via the signal
bus is carried out in the format 8bit/10bit. Unlike inner layers, the power bus of
the modules is separate from the signal bus. From the power supply unit, digital
and analog power supply voltage is supplied to each module via the power bus. In
addition, a separate reverse bias voltage bus is supplied to the assemblies of the
outer and middle layers. The modules are arranged on a carbon-composite cooling
pad: seven modules in a row for the outer layer assemblies and four modules in a
row for the middle layer assemblies. Cooling is supplied to the carbon composite
substrate. A system of modules with appropriate electronics and a cooling circuit
on a carbon-composite substrate is called a half-stave. At the same time, two such
half-staves are located in parallel on one space-frame. Thus, the modules on the
stave are arranged in two rows: 2 x 7 modules for the outer layers and 2 x 4 for
the middle ones. The length of the outer layer staves is 1.5 m, the total number of

sensors in the stave is 196, the length of the middle layer staves is 0.9 m, the total
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number of sensors in the stave is 112. Figure 2.4 shows the stave of detectors of the

outer layers of the I'TS.

Figure 2.4: Outer layer stave of the ALICE ITS

At present, the upgraded Inner Tracking System has already been installed in
the ALICE experiment cavern and has been successfully tested in conjunction with
all the ALICE experiment detector systems, including the LHC test beam. The
figure 2.5 shows the view of the outer layers of the ITS after their installation in
the experiment cavern (a), half of one of the outer layers before installation in the

cavern (b).

Figure 2.5: (a) Inner Tracking System in the ALICE detector cavern (prior to the installation
of the very internal layers) [63]; (b) the upper half of the outer layer of the ALICE ITC
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CHAPTER 3

Study of radial dependence in hadronic jets

containing heavy quarks

One of the main goals of this work is to study the influence of microscopic effects
of parton interaction in ultrarelativistic collisions on radial dependencies in jets
containing heavy quarks. It is assumed that the radial distance from the axis of the
hadron jet to a hadron containing a charmed quark can carry information about
the mechanism of formation of the hadronic jet. Since radial dependencies have not
been previously studied in the ALICE experiment, this study will complement the
existing work in the field of heavy flavor physics and expand the future research

program.

3.1 Experimental data analysis strategy

The analysis was based on inelastic pp interaction events with minimum selec-
tion (minimum bias) recorded by the ALICE detector in proton-proton collisions
during the runs of 2016, 2017, and 2018. To trigger and isolate one event, it was
necessary to match the signals in the two scintillators of the VO detector. Back-
ground events resulting from interactions of particles with gas were excluded from
subsequent analysis using information about the event time obtained from V0 and
neutron calorimeters. To mitigate the pile-up effect, where several events were reg-
istered simultaneously, events with multiple reconstructed primary vertices were
rejected. To correct the nonuniformity of the detector acceptance, only events with
the position of the primary vertex |zy| < 10 ¢cm around the nominal interaction
point were used for the analysis. Finally, the events had to have at least one charged
particle in the pseudorapidity region || < 1.0, which corresponds to about 75 %
of the total inelastic section [64, 65]. After the selection described above, the data
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sample consists of 1.8 billion events.

Hadron reconstruction

A} - baryons and their charge conjugate were reconstructed in the weak hadronic
decay channel AJ — pK2 — prt7~ (decay probability along this channel: BR =
1.5940.08%) [17], in the interval of transverse momenta Af : 2 < pp y+ < 12 GeV/c.
This decay channel was chosen due to the fact that in the case of decay along the
channel with a higher probability (A7 — pK~7"), the combinatorial background in
this channel is much higher. Only tracks with |n| < 0.8 and pr > 0.4 GeV/ ¢, which
fully meet the criteria described in [66] were consideres. The criteria for choosing the
pseudorapidity of the AT track were selected in such a way as to correspond to the
reference sensitivity of the detector: the particle detection efficiency drops sharply
to zero at |y| > 0.5 in the region of low transverse momentum and for |y| > 0.8
in the region pr > 5 GeV/c. For this reason, the corresponding restrictions were
imposed on the rapidity of the candidates: in the range of transverse momenta
0 < pr < 5 GeV/¢, the restriction on the rapidity increases from 0.5 to 0.8 as a
second-order polynomial function, and for pr > 5 GeV /¢ is constant: ygq = 0.8. The
selection of AT - candidates was carried out using machine learning methods based on
the Boosted Decision Tree (BDT) algorithm provided by the XGBoost [67] package.
When optimizing the model, both topological parameters and particle identification
parameters were taken into account.These parameters include the cosine of the angle
of expansion of the decay products, the distance of closest approach of the decay
products, the impulses of the decay products, and a number of other parameters.
Since the optimal values of the parameters depend on the transverse momentum of
the candidate, the entire range of the AT candidate transverse momenta was divided
into intervals in which the parameter values could remain constant. The training was
carried out in the intervals of the transverse momenta of the A} - candidate, where
the signal was received from the direct component from the PYTHIA 8.243 event
generator with the Monash-2013 [68] setting, and the background was obtained from
the sidebands of the distribution of the invariant masses of the data.

DY - mesons and their charge-conjugate were reconstructed in the D® — K7+
hadron decay channel, which has the decay probability for a given channel BR =
3.89 + 0.04% [17]. In each event, the DY - meson candidates and their vertices
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were reconstructed from pairs of tracks with opposite charges. For the analysis, we
considered tracks with |n| < 0.8 and pr > 0.3 GeV /¢, having at least 70 connected
spatial points in a time-projection chamber (TPC) (from maximum 159), x/ndf < 4
in TPC (where ndf is the number of degrees of freedom included in the tracking
procedure), at least one hit in any of the two layers of pixel detectors and at least 3
hits in the entire inner tracking system. The criteria for selecting the rapidity and
pseudorapidity of the track, as well as the motivation for their choice, correspond
to the criteria described above for A7.

DY - mesons have an average intrinsic decay length e = 123 pum|17|, therefore the
secondary vertex is usually displaced by several hundred microns from the primary
interaction vertex. As geometric constraints on the tracks of DY - mesons, we used
constraints on the displacement of the tracks from the interaction vertex, on the
distance between the decay vertex of the D - meson and the primary vertex (length
decay, L) and on the direction of the reconstructed momentum of the DY -meson
relative to the primary vertex in the laboratory coordinate system. As well as for
the A—baryon, the transverse momentum range of the D"-meson was divided into

intervals with the best choice of constraints [69)].

Jet reconstruction

The reconstructed tracks of the candidates AJ and D are used as the input data
for the jet reconstruction. In the reconstruction, the daughter tracks are replaced
by the four-momentum of the mother hadron for each candidate found in the event.
The procedure for the reconstruction and tagging of the jet is implemented in the
AliPhysics software package [70].

Candidates track reconstruction

For the reconstruction of jets, all events containing A7 and D° are considered.
If only one hadron that contains heavy quark can be reconstructed in an event, the
daughter tracks of its decay products are replaced by the track of this hadron. If
there are several candidates in the event, this procedure is repeated for each of the
candidates. Events in which two or more candidates meet all the selection criteria are
very rare and amount to approximately 0.9% events. Thus, in the further analysis,
only reconstructed "pseudo-tracks" of candidates are considered in each event. For

the reconstruction of the jet, the cone angle is 0.4 rad, while more than 50% of
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"charmed" hadrons (hadrons that contain charmed quark) with pr = 3 GeV/c
emit decay products at an angle exceeding 0.4 rad relative to the direction of the
momentum of the "charmed" hadron. As a consequence, the decay products of
low-momentum charmed hadrons are often found outside the reconstructed jet cone.
The missing momentum carried away by the decay products worsens the momentum
resolution of the charmed jet and reduces the efficiency of detecting a hadron that
contains heavy quark in the jet. Figure 3.1 (a) shows how the reconstruction of
hadronic jets with the replacement of the tracks of decay products by the track of

the hadron itself solves this problem.

: Jet axis
_——>

() (b)

Figure 3.1: (a) replacing daughter tracks with the tracks of D’~mesons during the jet recon-
struction

(b) hadron jet tagged with D%~meson

Jet finding

The search for hadronic jets was carried out on a sample of "pseudo-tracks"
using the FastJet [71, 72| package based on the anti-krFastJet algorithm [73] with
a resolution of R = 0.4. The anti-k7 algorithm is based on sequential measurement,
of the distance between particles in the space (7 — ¢), where 1 is pseudorapidity
and ¢ is the azimuthal angle. If the distance between two particles is less than the
distance between the particle and the beam axis, then these particles are combined
into a cluster until the cluster size exceeds the specified radius of the jet. Each
cluster is subsequently treated as a separate particle, and all the momenta of its
constituents are replaced by a four-momentum of the cluster. If the distance between

two particles is greater than the distance between the particle and the beam axis,
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then this particle (cluster) is treated as a jet. The search for jets is carried out until
the distance between all pairs of particles is verified. The tracks were combined
by summing four vectors, while the transverse momentum of the jet was limited
to the interval 5 < pr e < 35 GeV/c. The jet axis was positioned to satisfy
the condition || < 0.5. Selection criteria for pseudorapidity and momentum:
In| < 0.9 and pr > 0.15 GeV /¢, respectively. The tracking efficiency is homogeneous
as a function of the pseudorapidity 1 and the azimuthal angle ¢. As a function of the
transverse momentum of the track, the efficiency is about 70% for pr = 0.2 GeV/c
and approaches its maximum value 90% for pr ~ 2 GeV/c. Then the efficiency
decreases again and reaches a plateau of 85%.

Jet tagging

The jets containing an charmed hadron (A7 or D) were tagged with a heavy
flavour and were used for further analysis. The analysis was carried out on jets
in the transverse momentum ranges 5 < pr e < 7 and 7 < prja < 15 GeV/e.
Additional corrections of the transverse momentum of the reconstructed jets to take
into account the background, for example, from multiparton interactions, were not
performed.

The choice of the transverse momentum intervals of the candidate and the jet
for data analysis was made in such a way as to compare the regions where different
mechanisms of hadronic jet formation can dominate. At the same time, in the course
of this analysis, various combinations of splitting into intervals of the transverse
momentum were tested and those that provide the best statistical significance of

the results for both the D’~meson and A — baryon.

3.2 Study of radial dependencies in jets tagged with D’ meson

The analysis of hadronic jets containing D'- meson was carried out independently

for three combinations of transverse momenta of D%~ meson and hadronic jet:
1. 2< p?o <6 and 5 <pr e <7 GeV/e,
2. 2< p?o <6 and 7 < prje < 15 GeV/c,

3. 6 <pl <12and 7 < prju < 15 GeV/c.
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The radial distance r calculated by the formula 1.4.1 for each candidate was
divided into intervals {0,0.05,0.1,0.2} in such a way that a sufficient amount of
statistics was collected in each interval. At the same time, data that could be

outside the selected intervals are not statistically significant.

Signal extraction

The signal extraction for the radial dependencies was performed in two stages.

At the first stage, the distributions of invariant masses were made. Calculations
of the efficiency as a function of the transverse momentum were performed for the
signal from the Monte Carlo simulation in the intervals of the transverse momentum
that correspond to the reconstruction intervals. To take into account the efficiency
of reconstruction the correction to the extracted signal in the corresponding intervals
of the transverse momenta should be done. Therefore, the procedure for extracting
the signal is carried out in narrow intervals of the transverse momenta. Thus, the
distributions of invariant masses for the D” - meson were plotted in the intervals
proo: {3,4,5,6,7,8,10,12}. For each distribution, the signal and background were
fitted. The Gaussian function was used to fit the signal, and an exponential function
was used to fit the background. The distributions of invariant masses are shown in
Figures 3.2 - 3.4.
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Figure 3.2: The spectra of invariant masses of the D° - meson for the intervals of transverse
momentum (from left to right){2-3}, {3-4}, {4-5}, {5-6} in the interval of the jet transverse
momenta 5< pr e <7 GeV/c
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Figure 3.4: The spectra of invariant masses of the D? - meson for the intervals of transverse
momentum (from left to right) {6-7}, {7-8}, {8-10}, {10-12} in the interval of the jet transverse
momenta 7< pr e <15 GeV/c

In the second stage, the sideband was subtracted. For this, the spectrum of
invariant masses was divided into lateral regions containing only the background
([mean — 9o, mean — 40U [mean + 40, mean + 9o], where mean is the mean of the
Gaussian fit of the signal, o is the half-width of the Gaussian fit) and the signal region
containing a mixture of the signal and the background ([mean — 20, mean + 20}).
Then each of the selected areas is plotted as a function of the radial distance—r.

Then, the selected signal is calculated as:
AN/dr™ = dN/dr®® — o - AN/droP (3.2.1)
Where:
o AN/dr™ — distribution of extracted signal as a function of r
o dN/dr°® — signal region as function of r

e dN/drB% — sum of the sideband regions as function of r
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e « — a scaling parameter representing the ratio of the area in the signal region

to the sum of the sideband areas.

Signal extravtion procedure is shown in Fig. 3.5. Results of the signal subtraction

for DYmeson are presented in Fig. 3.6 — 3.8.
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Figure 3.5: Signal extraction and sideband subtraction for D” - meson.
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Figure 3.6: Distribution of the yields of jets containing the D° - meson as a function of the radial

distance after subtracting the sideband for the transverse momentum intervals (from left to right)
{2-3}, {3-4}, {4-5}, {5-6} in the interval of transverse momenta of the jet 5< pr j: <7 GeV/c
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Figure 3.7: Distribution of the yields of jets containing the DY - meson as a function of the radial

distance after subtracting the sideband for the transverse momentum intervals (from left to right)
{2-3}, {3-4}, {4-5}, {5-6} in the interval of transverse momenta of the jet 7< pr s <15 GeV/c
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Figure 3.8: Distribution of the yields of jets containing the DY - meson as a function of the radial
distance after subtracting the sideband for the transverse momentum intervals (from left to right)
{2-3}, {3-4}, {4-5}, {5-6} in the interval of transverse momenta of the jet 7< pr e <15 GeV/c

Efficiency corrections

The reconstruction efficiency of hadrons containing charmed quarks depends on
their transverse momentum and varies from 10% in the low pr region to 60% in the
high pr region. The efficiency is calculated using a PYTHIA 8 simulation containing
prompt jets (originating from a charmed quark produced by hard parton processes).
This simulation includes the geometry and material of the detector and is performed
in the GEANT3 |74] package.

To calculate the reconstruction efficiency of indirect jets (charmed particles are
produced as a result of the decay of a heavier b-quark), POWHEG+PYTHIA 8
simulations were used. POWHEG |75] is an event generator, which parameters are
manually selected in such a way as to reproduce the experimental results as accu-
rately as possible. The dependence of the efficiency on the transverse momentum
for the prompt and non-prompt components is shown in Figure 3.9. Signal distri-
butions as a function of radial distance for each transverse momentum interval were

corrected for this efficiency (Fig.3.10 — 3.12).
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Figure 3.9: Reconstruction efficiency of jets containing a D° - meson over the entire measurement
range. Reconstruction efficiency of the prompt component is highlighted in blue, the reconstruction

efficiency of the non-prompt component from b-quark decay is highlighted in red.
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Figure 3.10: Efficiency corrected distribution of jets tagged with D%-meson,as a function of
radial distance of jet after sideband subtraction for transverse momentum intervals (left to right)
{2-3}, {3-4}, {4-5}, {5-6} ¢ in jet momentum intervals 5< prj: <7 GeV/c
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Figure 3.11: Efficiency corrected distribution of jets tagged with D’-meson,as a function of
radial distance of jet after sideband subtraction for transverse momentum intervals (left to right)
{2-3}, {3-4}, {4-5}, {5-6} ¢ in jet momentum intervals 7< pr e <15 GeV/c
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Figure 3.12: Efficiency corrected distribution of jets tagged with D’~meson,as a function of
radial distance of jet after sideband subtraction for transverse momentum intervals (left to right)
{2-3}, {3-4}, {4-5}, {5-6} c in jet momentum intervals 7< pr ., <15 GeV/c

Feeddown subtraction

The measured data contains a c-quark-initiated prompt component and a b-
quark-initiated non-prompt component. To study the processes of charmed quark
hadronization, it is necessary to remove the non-prompt component from further
analysis.

The input data for the calculation are the cross sections for the produc-
tion of charmed hadrons as a result of b - quark decay, obtained from the
POWHEG |[75]+PYTHIA 6 event generator. POWHEG simulation allows one to
estimate the indirect cross section for the production of jets, while PYTHIA 6 is used
to describe the processes of hadronization and particle showers. The non-prompt
section from the event generator is represented as a three-dimensional matrix in the

intervals of 7, prjet, pPT HF-
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One can represent the measured data with the following equation:

Nprompt,data * €prompt + Nnon—prompt,data * Enon—prompt

N™eas — , (3.2.2)

6promp?f

Where:
o N _ measured data

Npromptdata _rompt component initiated by c-quark

ePromPt — prompt component registration efficiency

Nnon—prompt,data

— non-prompt component resulting from b-quark decay

non—prompt

® € — non-prompt component registration efficiency

In order to get the efficiency-corrected distribution of the direct component-

Npromptdata g cprompt - gne can subtract from the previous equation following:

non—prompt

Nnon—prompt,PYTHIA+POWHEG % €
Eprompt

, (3.2.3)

Where the non-prompt component N"en—prompt,PYTHIAXPOWHEG g received from
the event generatoe. To subtract the non-prompt component, for each interval of
the transverse momentum of the hadron, the three-dimensional matrix is integrated
in this interval, then the result is projected onto the transverse momentum of the jet
and the radial distance. The resulting two-dimensional matrix is multiplied by the
ratio of prompt and non-prompt efficiencies. Then, the two-dimensional matrices are
summed to obtain the corrected output of the non-prompt jets at the final intervals
of the transverse momentum (prur : {2 — 6}, {6 — 12}).

Further, for the non-prompt component received from the event generator, it is
necessary to make corrections related to the possible changes in the signal introduced
during the detection process. The folding method is used for this. Unlike experimen-
tal data, where we only know the parameters obtained from the reconstruction, for
simulation data, we know both the input parameters of the reconstruction obtained

from the generator (p i, 79" ) and the result of the reconstruction of these data

rec rec
pTJet T

were received from the event generator. Based on the PYTHIA 8 simulation data, a

In the ideal reconstruction limit, we will reconstruct all the jets that
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four-dimensional non-prompt response matrix is constructed(p%ezt, I ety )
(Fig. 3.13) which reflects the ratio of reconstructed to generated jets. It can be seen
that the projection of the response matrix has a diagonal form, which indicates the

correctness of the reconstruction procedure and construction of the response matrix.

5 < p‘et °h < 30 GeV/c

= 107

10

107

0.02 0.04 0.06 0.08 01 012 0.14 0.16 0.18 0.2
rgen

Figure 3.13: Projection of the four-dimensional non-prompt response matrix of the D° onto the

radial distance r

Before folding, it is necessary to apply corrections related to the kinematic effi-
ciency at the generator level, which is calculated as the ratio of the generated jets
within the established kinematic boundaries to all generated jets. It is also necessary
to make a correction to take into account the b-quark decay branching ratio and
the integrated luminosity of the measurement. The corrected data is folded with a

response matrix.
3.14.
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Figure 3.14: Distribution of the yields of jets containing the D° - meson as a function of the radial

distance after subtracting the non-prompt component for the transverse momentum intervals: (a)
2 < prpo <6 &5 < prje <7 GeV/e; (b) 2 < prpo <6 &7 < prje < 15 GeV/e; (c)
6 < Pr DO <12&7< PTjet <15 GeV/c.

Unfolding

Two dimensional Bayesian unfolding procedure |76] is used to eliminate the signal
component introduced by detection artifacts and reconstruction imperfections. The
distributions obtained at the previous stage of the analysis are used as input data.
In addition, Monte Carlo simulation data is used to construct the 4D response
matrix, which takes into account the geometry and materials of the detector that
were recreated in the GEANT3 simulation.

Before the unfolding, a kinematic efficiency correction is applied to the input
data. As in the case of the non-prompt component, it is necessary to make a
correction for jets that were reconstructed in the kinematic range of the analysis,
but were not generated in the given kinematic range. To calculate the kinematic
corrections, it is necessary to divide the distribution of the reconstructed jets with
kinematic restrictions at the reconstruction and generator levels by the distribution
of jets without restrictions.

Four-dimensional response matrix (pf ., 79", pjS,;, 77°°) (Figure 3.15) was built
for the prompt component of the Monte Carlo simulation. The projection of the
response matrix onto the radial distance axis has a diagonal form, which indicates
the correctness of the reconstruction procedure and the construction of the response

matrix.
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Figure 3.15: Projection of the four-dimensional response matrix of the prompt component D°

to the radial distance r

The unfolding procedure is based on the iterative use of Bayes’ theorem imple-
mented in the RooUnfoldBayes class. Knowing the distributions of reconstructed
and generated jets, it is possible to estimate the corresponding probability of re-
construction and, accordingly, the number of generated jets for real data. This
procedure is repeated until complete convergence, and each time the input data is
replaced by the obtained estimate. At the same time, the two-dimensional Bayesian
unfolding allows us to take into account the migrations between the intervals of the
transverse momentum and the radial distance.

Further, a correction for the kinematic efficiency at the generator level is applied
to the obtained results, which is calculated as the ratio of the generated jets within
the established kinematic boundaries to all generated jets. This kinematic efficiency
takes into account the part of the jets that was lost during the unfolding due to the
absence of the corresponding jets in the response matrix.

The unfolding results compared to the unfolding input are shown in Figure 3.16.

The results are self-normalized.
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Figure 3.16: Self-normalized distribution of the yields of jets containing the D° - meson as a
function of the radial distance after the unfolding for the transverse momentum intervals : (a)
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6 < Pr DO <12&7< PTjet <15 GeV/c.

To validate the unfolding procedure, a series of tests were run to confirm that the
sweep was correct. The results and a detailed description of the tests are presented

in the appendix A.0.1.

Study of systematic uncertainties of radial dependencies in jets

In order to check the influence of the analysis parameters on its results, as well as
to estimate the systematic error of measurements of radial dependencies, the variable
parameters at each stage of the data analysis were changed and the analysis was

repeated for the following categories of changed parameters.:

e Signal and background fit parameters (fitting)

Parameters for selecting signal bands and sidebands (sideband sub)

Parameters for modeling prompt component (feed down)

Unfolding parameters (prior, regularization)

Variations in tracking efficiency (tracking eff.)

Variations of topological constraints on the choice of a D - candidate (cuts)

A detailed description of the study of systematic errors with the corresponding

plots for each stage of the analysis is presented in the appendix B.0.1.
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Figure 3.17 shows the relative errors for each of the sources of error. It is impor-
tant to note that systematic errors are within the statistical error. To calculate the

square of the total systematic error, all contributions are square summed.
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Figure 3.17: Relative systematic errors for the yields of jets containing the DY - meson for the

transverse momentum intervals: (a) 2 < prpo < 6 & 5 < prje <7 GeV/e; (b) 2 < prpo <6 &
T <prje <15 GeV/c; (¢) 6 < prpo <12 & 7 < prje < 15 GeV/e.

3.3 Study of radial dependencies in jets tagged with Af-baryon

The analysis of jets containing the AT - baryon was carried out independently

for three combinations of the transverse momenta of the AT - baryon and jet:

1. 2< pgj <6 and 5 < prje <7 GeV/e,
2. 2 < p%j <6 and 7 < prje < 15 GeV/e,

3.6 < ph <12and 7 < prje < 15 GeV/e.

The radial distance r calculated by the formula 1.4.1 for each candidate was
divided into intervals {0,0.05,0.1,0.2} in such a way that a sufficient amount of
statistics was collected in each interval. At the same time, data that could be
outside the selected intervals are not statistically significant. In general, the analysis
exactly repeated the analysis performed for the D° - meson, with the exception of

some details.



Signal extraction

The signal extraction procedure is the same as described in 3.2.

differences were:
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The main

e The invariant mass distributions for the A} - baryon were plotted in the
intervals prpo : {3,4,5,6,7,8,10,12} (Fig. 3.18 - 3.19)

e The Gaussian function was used to fit the signal, and a second-order polyno-

mial function was used to fit the background.

e For the signal Gaussin fit, the width of the function was fixed to the value

of the width of the corresponding distribution of invariant masses for Monte
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(a) 2 < pra+ <4 &5 <prje <7GeV/e; (b) 4 < ppa+ <6&5 < prje <
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Figure 3.19: Spectrum of invariant masses of Af—baryon for transverse momentum intervals:
(a) 4 < ppar <6 &7 < prje <15 GeV/e; (b) 6 < ppyr <8 & T < prju < 15 GeV/e; (c)
8 < prar <12& 7 <prje <15 GeV/ec.

The procedure for subtracting the sideband was the same as described in 3.2.
The results of signal extraction for the A7 - baryon are presented in figures 3.20 —
3.21.
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Figure 3.20: Distribution of the jet yields tagged with AT - baryon as a function of the radial
distance after subtracting the sideband for the transverse momentum intervals: (a) 2 < pp y+ < 4
&5 < prje < 7GeV/e; (b) 4 < pppr <6 &5 < prjee <7 GeV/e (¢) 2 <pppr <4 &
7 < prje < 15 GeV/c.
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Figure 3.21: Distribution of the jet yields tagged with AT - baryon as a function of the radial

distance after subtracting the sideband for the transverse momentum intervals: (a) 4 < pp,+ <6

&7 < prje <15 GeV/e; (b) 6 < Prat

7 < PTjet < 15 Ge\//c.

Efficiency corrections

<8& T < prje <15 GeV/e; (¢) 8 < ppp+ < 12°&

The reconstruction efficiency of the prompt and non-prompt components for jets

containing the Af—baryon is shown in Figure 3.22. Signal distributions as a function

of radial distance for each transverse momentum interval were corrected with the

reconstruction efficiency(Fig. 3.23 — 3.24).
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Figure 3.23: Efficiency-corrected distribution of the yields of jets containing the Af—baryon
as a function of the radial distance after subtracting the sideband for the transverse momentum
intervals: (a) 2 < Prar <4 &5 <prje<T GeV/e; (b) 4 < Prar <6 &5 <prje <7 GeV/c;
(c)2< Prar <4 &7 <prje <15 GeV/ec.
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Figure 3.24: Efficiency-corrected distribution of the yields of jets containing the Af—baryon
as a function of the radial distance after subtracting the sideband for the transverse momentum
intervals:: (a) 4 < pp+ <6& 7 <prje <15 GeV/e; (b) 6 < ppa+r <8 & T < prje < 15 GeV/¢;
(c) 8 <pppar <12& 7 < prje <15 GeV/e.

Feeddown subtraction

For non-prompt component subtraction (feeddown) for the AT - baryon, the
technique described in paragraph 3.2 was used.

The projection of the four-dimensional response matrix used to subtract the non-
prompt component of the AT— baryon is shown in Figure 3.25. The projection of the
response matrix has a diagonal form, which indicates the correctness of the recon-
struction procedure and building of the response matrix. The results of subtraction

of the non-prompt component can be seen in the figure 3.26.
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Figure 3.26: Distribution of the jet yields containing the Af—baryon as a function of the radial

distance after the feeddown for the transverse momentum intervals :

15 GeV/c.

Unfolding

() 2 < pppr <6&5<

prje <7 GeV/e; (b) 2 < Prar <6 &7 <prje <15 GeV/e; (¢) 6 < prar <12& 7 < prje <

The unfolding procedure for the A —baryon also did not differ from the procedure

for the D%meson. (3.2). The projection of the four-dimensional response matrix
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for the prompt component of A is shown in Figure 3.27. The self-normalized radial
dependencies for jets containing the A - baryon before and after the unfolding are

shown in the figure3.28.
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Figure 3.28: Self-normalized distribution of the jet yields containing A}-baryon as a
function of the radial distance after the unfolding for transverse momentum intervals:
(a) 2 < pprar <6 &5 < prje <7 GeV/e; (b) 2 < pppr <6 &7 < prje <15 GeV/e; (c)
6 <ppar <12& 7 <prje <15 GeV/e.

To validate the unfolding procedure, a series of tests were run to confirm that
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the unfolding was correct. The results and a detailed description of the tests are

presented in the appendix A.0.2.

Study of systematic uncertainties of the radial dependencies in jets

As well as for the D° - meson, for the A - baryon, a study of systematic errors

of the radial dependencies was carried out by varying the analysis parameters. Data

analysis was repeated with the following parameters changed:

e Signal and background fit parameters (fitting)

Parameters for selecting signal bands and sidebands (sideband sub)

Parameters for modeling prompt component (feed down)

Unfolding parameters (prior, regularization)

Variations in tracking efficiency (tracking eff.)

Variations of probability constraints on the choice Af—candidate (cuts)

A detailed description of the study of systematic errors with the corresponding

plots for each stage of the analysis is presented in the appendix B.0.2

Figure

ref fig: sys-unc-Lc shows the relative errors for each source of bias. It is

important to note that systematic errors are within the statistical error. To calculate

the square of the total systematic error, all contributions are summed quadratically.
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Figure 3.29: Relative systematic errors for the jet yields containing the A} - baryon for the

transverse momentum intervals : (a) 2 < pp,+ <6 & 5 < prje <7 GeV/e; (b) 2 <pp+ <6 &
7T <prje <15 GeV/e; (¢) 6 <pppr <12 & 7 < prje <15 GeV/e.
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3.4 The main results of the study of radial dependencies in jets

Figure 3.30 shows the final radial distributions for jets containing a D° - meson
in comparison with the PYTHIA 8 Monash models, which is traditionally used to
describe pp - collisions and successfully describes the production charmed mesons
and PYTHIA 8 SoftQCD (mode 2), which includes color reconnection mechanisms
and which are more successful in description of the production of charmed baryons
in proton collisions.

The results obtained show that in the region of low transverse hadron momentum
(a) none of the models well describe the radial dependence, which may indicate the
sensitivity of the radial dependence variable r to additional mechanisms of charmed
meson production. Also, one cannot exclude the fact that in the region of low
hadron momenta we are at the boundary of the recording region of the detector in

the presence of a large number of background particles and a low reconstruction

efficiency.
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Figure 3.30: Self-normalized radial distribution of jets tagged with D° - meson in comparison
with models for the interval of transverse momenta: (a) 2 < pyrpo < 6 & 5 < prje < 7 GeV/c;
(b) 2 < prpo < 6&7< DT jet < 15 GGV/C, (C) 6 < prpo < 12& 7 < DT jet < 15 GQV/C

In the region of low momenta of hadrons at comparatively high momenta of
the jets (b), a shift of the peak of the radial dependence towards the side of large
r is observed. This phenomenon may indicate the dominance of nonperturbative
processes of jet production as a result of gluon splitting. Since the problem of
separating jets originating from hard parton collisions and from splitting gluons is
one of the open questions in the physics of heavy flavors, the possibility of using
radial dependencies to solve it is an extremely tempting prospect. In this case, due to
the limitation of the radius of the hadron jet (resolution parameter R = 0.4) and with
extremely low statistics (especially for A, jets: Fig.3.31), the displacement of the
peak of the radial dependence is rather insignificant and cannot directly indicate the
possibility of using the r variable as a marker of gluon jets; nevertheless, the result

obtained is a good motivation to continue the research data with more statistics.
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Figure 3.31: Self-normalized radial distribution of jets tagged with the AT—baryon in comparison
with models for the transverse momentum interval: (a) 2 < pp,+ <6 & 5 < prju <7 GeV/c;
(b) 2 <pppr <6& T <prje <15 GeV/e; (¢) 6 <ppp+ <12& 7 < prje <15 GeV/c

For the radial dependencies in A, jets (Fig.3.31), there is a better agreement with
the models, but with a much larger error; also the results of PYTHIA 8 Monash

simulation turn out to be the closest to the obtained results.
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Figure 3.32: Ratio of radial distributions of jets tagged with AT - baryon to distributions of
jets tagged with D%~meson in comparison with models for the interval of transverse momenta: (a)
2 < prarpo <6 &5 < prje <7 GeV/e; (b) 2 < pparpe <6&7 < prje <15 GeV/e; (c)
6 < pra+po <12 & 7 < prje <15 GeV/c

The results of the ratios of the radial distributions of jets tagged with AT —baryon
to the distributions of jets tagged with D’ meson in comparison with the models are
presented in Figure 3.32. In general, for all ratios, an enhanced yield of Af—baryons
is observed, including when compared with models. The large error associated with
insufficient A, statistics does not allow more rigorous physical conclusions to be
drawn. Nevertheless, the results of the study of radial dependencies both for jets

containing A —baryon and for jets containing D’meson are promising and allow us
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to consider them as an important tool studying the mechanisms of hadronization of

the medium.



192

CHAPTER 4

Study of the correlations of particles containing

heavy quarks

This chapter discusses the search for D -meson correlations in order to isolate
the signal from the production of charmed quark pairs in pp collisions at /s = 13
TeV, recorded in the ALICE detector in the period from 2016 to 2018. The minimum
bias events were considered, the data sample matches the one for studying the radial
dependence in jets (see 3).

Corresponding Monte Carlo simulations obtained with PYTHIAG6 with Peru-
gia2011 [35] tuning. In Monte Carlo simulations, the number of charmed quarks
was artificially increased by the requirement that in 50% of events the pair of ¢¢ was
formed, and in the remaining events the bb pair ; all D? -mesons must decay in the

hadronic decay channel.

4.1 Reconstruction of D' mesons

D-mesons were considered in channels DY —K~=7+ and D’ —K*+7~ with branch-
ing ratio BR = 3.89 + 0.04% [17]. Particle identification (PID) of pions and kaons
was carried out using information on specific energy losses in TPC and on time
of flight in TOF. Due to the complexity of the separation of pions and kaons in
TPC and TOF in a wide range of momenta (Fig. 4.1), the main requirement was
the correspondence of energy losses and opposite charges of the pion and kaon.

Accordingly,D - mesons were reconstructed in the channel:
D'(DY) = KT 4 o (4.1.1)

The range of transverse momentum of D’-meson pr : 2 <+ 24 GeV/c.
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Figure 4.1: Particle identification by energy losses dE/dx in TPC (a) and in TOF (b) [77]

4.2 Data analysis

To extract the signal, all events in which more than one candidate for D°-mesons
were detected were selected. For such events, all possible pairs of D’-mesons can-
didate were constructed and the azimuthal angle A¢ of the candidates scatter was
calculated.

Taking into account the small cross section for the interaction of heavy flavors
with the medium, it is assumed that the deviation of the D meson from the original
trajectory of the charmed quark will be insignificant. According to perturbative
QCD and Lund’s model, when a pair is created, a quark and an antiquark scatter
in the opposite direction at an angle of 180°. Since the production of a heavy quark
in the process of thermalization of the medium or the formation of a D? meson as
a result of the decay of b-quark fragmentation products is a less probable process,
it is assumed that a peak corresponds to the azimuthal angle 180°. This correlation
may indicate the production of a quark-antiquark pair.

The results of the angular distribution of DY pairs for Monte Carlo simulations

and experimental data are shown in the figure 4.2.
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Figure 4.2: Distribution of azimuthal angles of a couple of D° mesons for Monte Carlo simulation

(a) and experimental data (b)

The peak of azimuthal correlations in the region of ¢ = 7 is observed both for
the Monte Carlo simulation data and for experimental data. Moreover, in both
cases, the peak is also observed for the angle ¢ = 0 . This peak corresponds to such
a reconstruction artifact, in which two equally probable hypotheses correspond to
one particle registered in the experiment during the reconstruction of the particle
track.

The next step is the approximation of the distributions of the invariant masses
of the D pairs.

The distributions of invariant masses for Monte Carlo simulations and exper-
imental data are shown in Figure 4.3. Here, one axis represents the distribution
of invariant masses for the first candidate, and the second axis for the second can-
didate, thus, at the center of the distribution, one can observe a possible signal
from the production of a pair of particles, each of which falls into the region below
the peak of the distribution of invariant masses and can be a signal. The strong
difference in the shape of the distributions for experimental data and Monte Carlo
simulation data is associated with the artificial enhancement of the charmed quark
yield by 50% and background suppression. Such simulation allows us to imagine the
conditions of an ideal experiment, test the signal extraction technique, and estimate
the initial values of the parameters the fit of experimental distributions. However,
in order to assume the pair production of D” — mesons, it is still necessary to make

a selection on the angles of scattering of candidates.



195

2D Invariant mass distribution, MC 2D Invariant mass distribution, data

| DDbar_data_plot |
Entries 252101
Mean x 1.835
’ Meany 1.839
| Std Dev x 0.1273

L StdDevy 01273

Entries 93099

Mean x 1.866

JEErEE ~ Mean y 1.868

. . Std Dev x 0.04953
16005 /StdDevy  0.05292 |

Figure 4.3: Two-dimensional distributions of invariant masses of a pair of D mesons for Monte

Carlo simulation (a) and experimental data (b)

The resulting distributions were approximated by a probability density function
(PDF):

STgX St B sigx bk B
PDF = N®W9%%9.. Dsz’gnal : Dsignal + N g 7. Dsignal : Dbackground"’

(4.2.1)
bkgx si B bkgx bk B
+N 9xg Dbackground ' Dsignal +N g 7. Dback‘ground ’ Dbackground;

Where:

o N*9*5Y9 i5 the number of pairs of candidates where both particles contribute

to the signal, that is, most likely they are D” mesons;

o NUFgxsig — Nsigxbkg _ the number of pairs where one of the particles con-
tributes to the signal, and the second contributes to the background, i.e. it
is a reconstruction artifact, and not D%meson. Since in the reconstruction of
D% mesons we do not distinguish between a particle and an antiparticle, each
D% candidate enters the distribution twice, as two equally probable hypothe-
ses. In this case, if one of the candidates contributes to the signal, the second
automatically contributes to the background, so the number of pairs where
only the first particle of the pair is a D? meson is equal to the number of pairs

where only the second particle is a DY - meson;

o NPk9xPkg — number of pairs of candidates where both particles contribute to

the background;

® Dgignal (Dsignar) 1s @ Gaussian function approximating the signal region for a

one-dimensional distribution of invariant masses;
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o Dyuckground (Dbackground) is a second-order polynomial approximating the back-

ground region for a one-dimensional distribution of invariant masses;

The parameters of the fitting functions were extracted from the one-dimensional
distributions and used as the initial parameters for the two-dimensional approxima-
tion. The result of the fit allows us to estimate the number of pairs contributing to
the signal and to the background. For Monte Carlo simulation data, these values
are known, so they can be used to check the correctness of the approximation. The
results for the Monte Carlo simulation data are presented in the figure 4.4 and in
the table 4.1. The results of the approximation of experimental data are shown in
the figure 4.5.
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Figure 4.4: PDF fit of the two-dimensional distribution of Monte Carlo simulation data for D°

meson pairs.
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Figure 4.5: PDF fit of the two-dimensional distribution of experimental data for D meson pairs.

Monte Carlo data Experimental data
Fit Control Fit
Parameter
results value results

N sigxsig (5.572 4 0.002) - 10° 56619 (2.6 +0.97) - 102
N 519> bkg (1.79 £ 0.02) - 10? 16011 (1.004 4 0.007) - 10*
NN Pkgxsig (1.62 4 0.01) - 10* 16011 (1.37 £ 0.03) - 10*
INbkgx kg (5.43 +0.09) - 103 5658 (2.280 £ 0.006) - 10°

Table 4.1: The values of the parameters of the two-dimensional distribution of Monte Carlo

simulation data and for experimental data for D? mesons pairs.

For the Monte Carlo simulation data, there is good agreement between the ap-
proximation results and the control parameters, which confirms the correctness of
the chosen model. However, the error in the results obtained is much less than the
discrepancy between the approximation results and the control value, which is a con-
sequence of a systematic error that can be estimated by varying the approximation
parameters.

The approximation results obtained for experimental data show that the ob-

tained signal value, taking into account the error, has almost no physical meaning
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due to insufficient statistics. The next step is to select the region of angles corre-
sponding to the expansion in the opposite direction, however, as can be seen in the
figure 4.3 (b), while most of the events are located in the region 0° and correspond
to the so-called reflections, i.e. situations where one candidate for the DY meson was
counted twice due to the equiprobable hypothesis (as a particle and as an antiparti-
cle).Due to the rarity of registration of pair production of charmed mesons, the used
data sample does not have sufficient statistics for further analysis. Nevertheless,
the continuation of research in this direction is of considerable interest for studying
the mechanisms of heavy quark production. Currently, work is underway to include
the study of pair production of heavy flavors in the physics program of the ALICE

experiment after increasing the luminosity of the Large Hadron Collider.
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CHAPTER 5

Study of Monolithic Active Pixel Sensors for
upgraded Inner Tracking System of the ALICE

experiment

The new physics program of the ALICE experiment, which will be implemented
after the launch of the LHC in 2022, is largely focused on research in the field of
heavy flavor physics. In such studies, the most important role is played by the re-
construction of the tracks of particles containing heavy quarks, which is provided
by the inner tracking system. The possibilities of the ALICE experiment that ex-
isted until 2020 significantly limited the spectrum of research in the field of heavy
flavors. This, in particular, can be observed from the results of the analysis of the
ALICE experiment data presented in the 3 and 4 chapters of this work. The low
efficiency of detecting particles containing heavy quarks does not allow collecting
enough statistics for a rigorous physical interpretation of the results obtained. Ex-
pansion of research into the field of quarks heavier than the c-quark, for the I'TS
that existed until 2020, was not possible in principle.

To implement the physical program of the ALICE experiment after 2022, a new
ITS was created based on the use of monolithic active pixel sensors (see 2.3). One
of the most important stages of the modernization of the Inner Tracking System
was the quality control of the main systems and components and the study of all
modules of pixel detectors, electronics, power systems and cooling systems.

Within the framework of this work testing, quality control and characterization
of individual detector modules of the outer and middle layers of the ALICE ITS
were carried out. The procedure for working with the detector modules consisted of

the following steps:

e Study and characterization of detector modules;
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e Study of detector modules after any mechanical manipulations, including in-
stallation into layers of the ITS, modification of modules after troubleshooting,

etc.

5.1 Study of performance characteristics of detector modules for the

outer and middle layers of the ALICE Inner Tracking System

Carrying out the research in this direction consisted of a series of tests that
were implemented at given operating parameters of pixel sensors. Based on the
test results, it was determined whether the entire detector module met the stated
requirements or whether it could not be used in the experiment. The object of the
study was the assemblies of detectors of the outer and middle layers of the new VTS.
These assemblies consist of modules, each of which contains 14 sensors arranged in
two rows of seven sensors. Power and data reading is performed for each module
(see 2.3), so all tests are carried out independently for each module.

At the first stage, the operation of the power supply system of the detector was
checked. The detector modules are powered via the power bus. Voltage is supplied to
each detector module, in addition, through an additional bus, a reverse bias voltage
applied directly to the pixel sensor substrate can be applied to each module. It is
necessary that the power is evenly distributed between the detector modules, for
which a special dynamic voltage correction procedure has been developed that takes
into account the voltage losses in each of the modules. At the first step of the tests, it
was necessary to turn off the power and synchronize the modules. After that, power
is applied sequentially to all modules and a time is set that allows synchronization
of pixel detector modules, individual I'TS systems, as well as ITS with the rest of the
ALICE detectors. During this procedure, dynamic voltage correction is performed
and both digital and analog voltages and currents are recorded. The operation of
the reverse bias voltage supply system is also tested. To do this, the volt-ampere
characteristic of the detector is plotted when the reverse bias voltage changes from
0 to 4 V. If the current in this case exceeds 15 mA, it is considered that this module
does not work with reverse bias voltage.

Despite the fact that the assemblies of the detectors of the outer and middle

layers are equipped with buses for supplying reverse bias voltage, their use in the
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experiment is unnecessary. The fact is that during prolonged exposure of the sensor
to radiation (for example, near the beam collision point), imperfections appear in
the silicon crystal lattice, including strong leakage currents, which cause fake pixel
responses. In this case, applying a reverse bias voltage to the pixel array substrate
allows one to expand the depletion zone in silicon and reduce the chance of collecting
a parasitic charge on the diode. In the case of detectors of the outer and middle
layers, the sensors are located far enough from the beam collision point and, during
the entire planned time of using the I'TS, they will not have time to accumulate a
sufficient dose of radiation to cause significant defects in silicon.

The next step was digital scanning of the pixel matrix. Digital scanning is
performed to check the response of pixels when a digital signal is injected into a
given set of detector pixels, as well as to check the quality of a readout via a high-
speed data link. The scan is repeated for three voltage settings of the digital part
of the sensor peripheral electronics: nominal, +10% and -10%.

Next, threshold scanning of the pixel matrix was performed. In this scan, the
minimum amount of charge required to trigger a pixel was determined — the charge
threshold for pixel response, as well as the smearing of this threshold — noise.

The pixel response threshold in units of charge is determined by injecting ~ 50
test charges into the external pixel input (for a given set of pixels). The value of
the injected charge increases with a certain step, and for each charge the probability
of each pixel firing is calculated. The result is an S-shaped curve of dependence
of the probability of a pixel firing on the amount of charge. Such a curve can be

approximated by a modified error function:

1 mng
Prit(ding) = 5 (1 + Erf [q\/%—(j“]) (5.1.1)

Where g¢;,,; is the number of charge injections, p is the pixel trigger threshold in
units of charge, and o is the threshold smearing or temporal noise.

An example of a threshold scanning of one of the modules of the investigated
detector is shown in the figure 5.1. It is shown that the pixel response threshold is

uniform for all chips of a given module and for all pixels inside the chip.
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Figure 5.1: The result of the threshold scan of the detector module of the outer layer of the

internal tracking system

The scan is performed at two reverse bias voltages of 0 V and 3 V. An additional
scan is also performed: in this case, the comparator settings are adjusted in order
to achieve a uniform response for all sensors in the module. In addition, adjusting
the parameters can increase or decrease the threshold value of the pixels. In such a
case, a high threshold can cut off fake (noise) pixel firings caused by the collection
of free charge carriers on the diode. The appearance of free charge carriers in the
depletion zone is mainly caused by the thermal motion of charge carriers in silicon
or by leakage currents.

The next step was to study such noise pixel responses in the absence of sources
of ionizing radiation. To determine the number of noisy pixels, a cyclic poll of the
entire pixel matrix was carried out (1,000,000 cycles of polling the pixel matrix at
nominal values of the threshold current and voltage), and a map of pixels that fired
more than once was built. According to the requirements for the threshold level of
noisy pixels, due to the need to register rare events, the maximum number of noise

triggers should be much less than 107 triggers per event per pixel. Figure 5.2 shows
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an example of the dependence of the noise level (number of hits/pixel /event) on the
number of noisy pixels for each module. The noise level in each of the modules does
not exceed the maximum allowable.

Such a series of studies was also carried out for other staves of the outer and
middle layers of the ITS. According to the results of the research, all detectors of
the outer and middle layers installed in the updated I'TS ALICE have successfully
passed all the necessary studies and meet all the stated requirements. The inner
layer detectors also successfully passed similar series of tests [78, 79], however, they

were not considered in this work.

= — Module1
-6
= 19 E - Module 2
E 107 E Module 3
oy =
s - Module 4
§ 10 Module 5
S — Module 6
107 Maximal Fake Hit Rate for all modules doesn't exceed 1078 (hits/pixel - event) oaHie
Module 7
10}
1o B
1072 = N
1078
10“14 = | | 1 | | | | . | | 1 | | | 1 ] | | | | | |
0 400 600 800 1000 1200 1400

Number of pixels

Figure 5.2: dependence of the noise level (number of hits / pixel / event) on the number of noisy

pixels for each of the seven modules of the half-stave of the outer barrel.

Also, for the outer layer half-staves, the response function (map of fired pixels) of
the pixels of the detector modules was studied when these modules were irradiated
with a source of ionizing radiation. The isotope *°Sr with an activity of 1.42 MBq
was used as a radioactive source. Maps of triggered pixels were obtained for different
source locations. The source moved along the half-stave and, in each dimension, was
located above the center of the module and at the boundary between the modules.

The measurements were carried out sequentially with each of the seven modules of
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the half-stave. The figure 5.3 shows maps of fired pixels in different modules as they
stands farther away from the source of ionizing radiation, namely: (a) for the first
module, over which the source was located, (b) for the second module, (c¢) for fourth
module and (d) for the seventh module.

The pixel maps show the uniformity of pixel response along the half-stave. With
a long exposure and the location of the source directly above the module under
study, the places of soldering of the sensors with the substrate and the location of
the elements of the external detector electronics are clearly visible. In the fourth
module (figure 5.3 (c¢)) there is a noticeable decrease in the number of pixel firings
in one of the sensors (sixth sensor). All pixel triggers in a given sensor are noisy due
to a malfunction of that sensor.
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Figure 5.3: Maps of triggered pixels under irradiation with a 90-Sr source: (a) a map of triggered
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pixels for the first module; (b) a map of triggered pixels for the second module; (¢) a map of
triggered pixels for the fourth module; (d) map of triggered pixels for the seventh module. The

source is located at the beginning of the assembly, on the border of the first module.

According to the simulation of track reconstruction in the ITS, a malfunction

of one of the sensors in the outer layer half-stave module is acceptable and does
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not significantly affect the efficiency of track reconstruction. Analyzing the pixel
responses, it is worth noting that the ionizing radiation from the source almost does
not reach the last module, therefore, for the seventh module, only noisy pixels are
recorded (see Fig. 5.3 (d)).

Also, as part of the study outer layer staves of the ITS, a series of temperature
measurements was carried out. According to the requirements, primarily due to the
mechanical properties of the materials used in the assembly of detector structures
(for example, the adhesive that fixes the sensors), the maximum allowable heating
temperature is about 45°C. The temperature of the detector modules is measured
by sensors located on each MAPS of the half-stave and is directly related to the
sensor supply voltage. Each of the detector modules (as well as each sensor) can be
considered of as a resistor with a voltage drop. The higher the supply voltage, the
more heat is generated on the module and the higher its temperature. To evaluate
the efficiency of the cooling system of the detector assembly, as well as temperature
fluctuations in various parts of the half-stave, the temperature on each sensor were
read, and the average temperature values for the modules were obtained. The upper
part of the figure 5.4 shows the dependences of the temperature (a) and voltage (b)
measured on the sensor on the serial number of this sensor in the half-stave. Since
cooling occurs in parallel for the two rows of pixel sensors in each module, the
results for each row are presented independently of each other (first and second
temperature circuits). As one would expect, moving away from the first module (to
which the coolant is supplied directly from the cooling system), the coolant heats
up and removes heat less efficiently. However, fluctuations from sensor to sensor are
insignificant and the general trend can be seen only for averaged (for modules) values
(figure 5.4 (c¢)). Cooling the detector cannot affect the voltage applied to the sensor,

and as you move away from the first module, the voltage drops as expected figure

5.4 (b,d)).
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Figure 5.4: (a) temperature dependence on the number of the chip in the stave; (b) temperature
dependence on the module number; (c) dependence of the analog voltage on the number of the

chip in the stave; (d) dependence of the analog voltage on the module number.

Studies of the temperature characteristics of the detector modules were carried
out both for the detector in the absence of loads (when the detector was connected to
the power supply system, but not tested), and during tests, for example, a threshold
test, which maximizes the use of all detector electronics and the data acquisition
and processing system. The results of this study showed that under conditions
of maximum load at an average temperature of modules not exceeding 40°C, single
fluctuations of individual sensors do not exceed 45°C. Thus, the liquid cooling system
does not allow critical overheating of sensors and modules. At the same time, this
study was carried out before the commissioning of a centralized cooling system, the
parameters of which will allow the most efficient removal of heat from the detectors
(up to 20°C).

In a functioning I'TS, the temperature of the entire detector assembly is contin-

uously monitored. With constant centralized liquid cooling, the temperature of the
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detectors does not exceed 22°C at no load and 40°C at the maximum load of the

detector, which was verified during the commissioning of the ALICE ITS.

5.2 Main results of the study of the pixel sensors characteristics

During the study of the pixel detectors for the modernized ITS of the ALICE

experiment, the following results were obtained:

e A complete testing of the detector modules of the detector assemblies of the
outer layers of the I'TS of the ALICE experiment was carried out. The author
personally investigated about 70% of all staves of the outer and middle layers
of the ALICE ITS.

The uniformity of charge threshold of pixel response for all chips in all staves
ensures uniform particle registration and no blind spots — such areas of the
sensor, in which the efficiency of charged particle detection is significantly
reduced.

Compliance with the requirements for the maximum permissible fake hit rate
level will allow recording rare events, including heavy quark production in

heavy ion collisions at LHC.

e A study of the response function of pixel sensors when exposed to ionizing
radiation has been carried out. This study made it possible to check the
uniformity of registration of electrons from a source for chips located in various
modules of the stave, as well as the effect of external detector systems (power
bus, signal bus, detector electronics) on the registration of particles by sensors.
The uniformity of response to the ionizing irradiation makes it possible to
conclude that there are no blind zones of the detector that reduce the efficiency
of particle reconstruction. On the maps of fired pixels, the external electronics
of the sensor are visible, which indicates the rescattering of electrons in the
detector material, however, the spectrum of electrons from the ?°Sr source lies
in a region that is much lower in energy than the particles detected during
the collision of LHC beams. Accordingly, the energy loss dE/dx for a higher-
energy particle will be minimal, and rescattering of particles on the detector

material will have an insignificant effect on the detection efficiency.
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e The operation of the cooling system was checked. It is shown that when
the detector is operated with liquid cooling, the critical temperature is not
reached, at which damage to the detector can be caused. Under conditions
of maximum load of the detector, it is extremely important to prevent over-
heating of both the entire detector and its individual elements. At the same
time, the sensors themselves, even after prolonged exposure to radiation, are
tolerant to heating up to temperatures of the order of ~ 60°C [80], while the
mechanical elements of the supporting and fixing structures of the detectors
can cause the shift of detector elements when the temperature rises. It should
be noted that for the reconstruction of tracks and decay vertices of particles
produced in ultrarelativistic collisions with a decay length of <100 pum, even
minimal displacements of the detector geometry can become critical. In this
regard, special attention is paid to the constant monitoring of the temperature
of all elements of the detector, as well as elements of the power supply and
cooling system. Temperature control is provided by software methods both

during detector testing and directly in the experiment.
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Conclusions

This thesis presents a study of the yields of hadrons containing heavy quarks
in ultrarelativistic collisions at the Large Hadron Collider. As part of the work,
theoretical models of the physics of heavy flavors were considered, methods of data
analysis in high-energy physics were studied and successfully applied.

Analyzing the data from the ALICE experiment, the following results were ob-

tained:

1. The analysis of data obtained in proton-proton collisions in the ALICE ex-
periment has been carried out. Proton-proton collisions are the simplest col-
lision system and make it possible to study the creation of particles in a
vacuum. Traditionally, the parton model of quantum chromodynamics is suc-
cessfully used to describe proton collisions. However, a number of sources
(17, 8, 49, 51]), including this thesis, show that there are significant discrep-
ancies between the experimental results and theoretical calculations within
the parton model. This shows that a more detailed study of proton collisions
is needed with an increase in measurement statistics, which is possible only
after the modernization of the ALICE experiment. Moreover, the study of
processes in a vacuum is necessary to reveal the effects that arise in heavy
ion collisions during the formation of QGP, the study of which is the main
physical task of the ALICE experiment at the LHC.

2. The first measurements of radial dependencies for the jets containing charmed
quarks in the ALICE experiment were obtained. The first measurements of ra-
dial dependencies for the jets tagged with the A -baryon have been obtained.
The ratio of the radial dependencies of jets tagged with the AT - baryon to

the jets tagged with the DY - meson was measured for the first time.

3. It is shown that the behavior of radial dependencies both for jets tagged with
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the A - baryon and for jets tagged with the DY - meson strongly depends on

the range of transverse momenta of hadrons and jets:

e In the region of low momenta of hadrons and low momenta of jets, a
decrease in the radial dependence is observed, and the behavior of the
radial dependence (especially for the DY - meson) differs greatly from
theoretical models, including the mechanisms of color reconnection and

interaction with the medium

e In the region of low momenta of hadrons and high momenta of jets, a
shift of the peak of the radial dependence to the region 0.05 < r < 0.1
is observed, which may be a sign of an increase in the number of jets

formed due to the splitting of gluons

e In the region of high momenta of hadrons and hadron jets, a decrease in
the radial dependence is observed, which corresponds to the predictions

of theoretical models

The results obtained indicate the sensitivity of the radial dependence to
hadronization processes, which is the main positive conclusion of this work. Thus, it
is shown that it is necessary to continue studying the radial dependencies in hadronic
jets after the modernization of the detector complex, both in collisions of heavy ions
and in collisions of protons, the physics of which is not completely clear.

Another important stage of the work was the approbation of the technique for
studying the pair production of charmed mesons. For the existing data set, the
statistical significance of the obtained results does not allow physical interpretation,
however, the developed technique creates the necessary groundwork for continuing
research with an increase in measurement statistics.

In addition to analyzing the data obtained in the ALICE experiment from 2016
to 2018, methods for detecting particles, in particular hadrons containing heavy
flavors, were studied in the ALICE experiment. The work included participation in
the modernization of the Inner Tracking System of the ALICE experiment, which
is responsible for the reconstruction of tracks and vertices of particle interactions,

including fragmentation products of heavy quarks. The main advantages of the
modernized ITS ALICE are:
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e Low level of fake hit rate of the pixel matrix, which will reduce the background

when registering rare events, such as the decay of charmed hadrons

e High detector efficiency ~ 99.9%, radiation transparency and reduction of
signal processing time to 5 ps [13] will allow processing most of the data from
Pb-Pb collisions at a frequency of up to 50 kHz, respectively, the probability

of detecting heavy flavours will be significantly increased

e The detector layers will be placed as close as possible to the collision point,
providing the best resolution for reconstructing the decay vertices of short-
lived heavy hadrons. At the same time, the effective cooling system of the
detector and radiation resistance will ensure uninterrupted operation of the

ITS, even at the maximum load of the LHC in heavy ion collisions.

As part of the ITS modernization project, participation was taken in studies
of the operation of the MAPS assemblies of the external layers of the ITS, as well
as in studies of the characteristics and operation of the MAPS assemblies when
installing the external and middle layers of the I'TS. Separately, it is worth noting
the importance of the study of MAPS, developed by the ALICE collaboration, and
for other projects in the field of high energy physics, where these sensors are used [81,
82, 12|. At the same time, the use of such technologies is not limited to fundamental
problems; there is a wide range of possible applications of pixel detectors in the field

of medicine, materials science, and even in space research.
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APPENDIX A

Unfolding procedure verification

A.0.1 Unfolding procedure verification for the jets tagged with D’-

meson

In order to make sure that the unfolding procedure was correct, a series of tests

was carried out.:

e Convergence. To check the convergence, the distributions of the jet yields
were plotted for each iteration of the Bayesian unfolding. The figure A.1 shows

the results of the convergence test. It is shown that convergence is achieved

after the fourth iteration.
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Figure A.1: Convergence test for the jets tagged with D’~meson, for the momentum intervals:

(@) 2 < prpo < 6 &5 < prje <7 GeV/e; (b) 2 < prpo < 6 & 7 < prje < 15 GeV/e; (c)
6 <prpo <12 & 7 < prje < 15 GeV/e.

e Refolding. The stability of the response matrix is checked by folding of the
unfolded results with the response matrix and comparison with the input data.

The results are shown in the figure A.2. The results of the ratio of the refolded



223

and input data are within 10% of unity, which confirms the correctness of the
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Figure A.2: Refolding test for the jets tagged with D%-meson, for the momentum intervals:
(a) 2 < prpo < 6 &5 < prje <7 GeV/e; (b) 2 < prpo < 6 & 7 < prje < 15 GeV/e; (c)
6 < Prpo < 12 & 7 < DT jet < 15 GGV/C.

e Closure test. In this test, the unfolding procedure was performed with the

sample of Monte Carlo simulated data in which there is a direct correspondence
between the generated and reconstructed data. For this test, the simulation
data was split into two samples at a ratio of 20% and 80%. Reconstructed
jets from the first sample were used as test input. From the remaining 80%,
a response matrix was created, which was applied to the first sample. For the
resulting distributions, the ratios of the results to the generated jet distribu-
tions were plotted. It is shown that the ratio of distributions is in the vicinity
of 10% of unity (within the error).
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Figure A.3: Closure test for the jets tagged with D% meson, for the momentum intervals: (a)

2 < prpo <6 &5 < prje <7 GeV/e; (b) 2 < prpo <6 &7 < prje < 15 GeV/e; (c)
6 < Prpo < 12& 7 < DT jet < 15 GGV/C.

A.0.2 Unfolding procedure verification for the jets tagged with A}—
baryon

In order to make sure that the unfolding is correct, a series of tests was carried

out similar to the unfolding tests for the D"—meson (see.A.0.1):

e Convergence. The figure A.4 shows the results of the convergence test. It is

shown that convergence is achieved after the fourth iteration.
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Figure A.4: Convergence test for the jets tagged with Af—baryon, for the momentum intervals:

(a) 2 < Prpo < 6 &5 < DT jet < 7 G@V/C; (b) 2 < prpo < 6 &7 < DT jet < 15 GeV/c; (C)
6 <prpo <12 & 7 < prje <15 GeV/ec.

¢ Refolding test. As for D'~ meson stability of the response matrix is checked

by folding of the unfolded results with the response matrix and comparison
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with the input data. The results are shown in

of the ratio of the refolded and input data are

confirms the correctness of the unfolding.

the figure A.5. The results
within 10% of unity, which
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Figure A.5: Refolding test for the jets tagged with AT—baryon, for the momentum intervals:
(@) 2 < prpo <6 &5 < prje <7 GeV/e; (b) 2 < prpo < 6 & 7 < prje < 15 GeV/e; (c)
6 <prpo <12 & 7 < prje <15 GeV/ec.

e Closure test. The results of the Closure test are shown in the figure A.6 It

is shown that the ratios of distributions are within 10% of unity (within the

error).
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Figure A.6: Closure test for the jets tagged with Af—baryon, for the momentum intervals: (a)
2 < prpo <6 &5 < prja <7 GeV/e; (b) 2 < prpo <6 &7 < prja < 15 GeV/e; (c)
6 < Prpo < 12& 7 < DT jet < 15 Ge\//c.
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APPENDIX B

Systematic errors study

B.0.1 Variations of data analysis parameters for jets containing D°-

meson
Fitting parameters variation

The following parameters were varied:

e Fit limits for invaruant mass distributions

e Binning of the invariant mass distributions

e Exponential function for background fit was switched to th polynimial one

e The width of the Gaussian function for signal fit was fixed at the value of
the width of the corresponding distribution of invariant masses for the Monte
Carlo data

The obtained distributions are shown in the figure B.1, and the symmetrized stan-

dard deviations were taken into account in the systematic error.
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Figure B.1: Variations in the distributions of the yields of jets tagged with the D° - meson, when
changing the fitting parameters for the intervals of the transverse momentum: (a) 2 < prpo < 6
&5 < prje < 7GeV/e; (b) 2 < prpo < 6 & 7 < prje <15 GeV/e; (¢) 6 < prpo < 12 &
7 < PTjet < 15 Ge\//c.

Sideband variations
Following variations of sideband parameters were done:

e Signal region was changed from 1.6 ¢ to 2.4 o with 0.1 o step.

e Sideband regions were changed as (in sigma units):

— Left band: {8,4}, right band: {4,8}
— Left band: {6,4}, right band: {4,9}
— Left band: {9,4}, right band: {4,6}
— Left band: {7,5}, right band: {4,9}
— Left band: {9,4}, right band: {5, 7}
— Left band: {8,6}, right band: {4,9}
— Left band: {9,4}, right band: {6,8}
— Left band: {8,5}, right band: {4,9}
— Left band: {9,4}, right band: {5, 8}
— Left band: {9, 7}, right band: {4,9}
— Left band: {9,4}, right band: {7,9}
— Left band: {9,5}, right band: {4,9}
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— Left band: {9,4}, right band: {5,9}

The influence of variations in the signal and sidebands on the jet yields are shown
in the figure B.2.
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Figure B.2: cVariations in the distributions of the yields of jets tagged with the DY - meson, when
changing the sideband parameters for the intervals of the transverse momentum: (a) 2 < prpo < 6
&5 < prje <7 GeV/e; (b) 2 < prpo <6 &7 < prje < 15 GeV/e; (¢) 6 < prpo < 12 &
7 < prje <15 GeV/c.

Feeddown parameters variations

To study the influence of variations in the nonprompt component, some param-
eters of the POWHEG simulation have been changed. In particular, the scale factor
of the factorization fp, the renormalization scale factor fg and the mass of the b -

quark m; were changed as:

fr=1/fr=05
fr=05fr=1
fr=2fr=1
fr=1fr=2
fr=2fr=2

fr=05,far=05

my, =5 GeV /c? (Mhigh)
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my = 4.5 GeV /c? (Mlow)

The influence of variations in the simulation parameters of the nonprompt com-
ponent on the jet yields are shown in Figure B.3. For variations in the nonprompt

component, the calculated error was not symmetrized.
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Figure B.3: Variations in the distributions of yields (top panel) and variations in the fraction of
the nonprompt component (bottom panel), for jets tagged with D° - meson, when changing the
parameters of modeling the nonprompt component for the intervals of the transverse momentum:
(a) 2 < prpo <6 &5 < prje <7 GeV/e; (b) 2 < prpo < 6 & 7 < prje < 15 GeV/e; (c)
6 <prpo <12 & 7 < prje < 15 GeV/c.

Regularization variations

During the unfolding procedure, convergence is achieved already at the fourth
iteration, which is used as the default one. As part of the systematic study, the
results of this iteration are compared with the third and seventh iterations, as shown
in the figure B.4.
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Figure B.4: Variations in the distributions of the yields of jets tagged with the D° - meson, when
changing the default iteration for the intervals of the transverse momentum: (a) 2 < prpo < 6
&5 < prje <7 GeV/e; (b) 2 < prpo <6 &7 < prje <15 GeV/e; (¢) 6 < prpo < 12 &
7 < prje <15 GeV/c.

Prior unfolding variation

As unfolding variations, the obtained results were compared with the distribu-
tions obtained within the prior unfolding approximation. In this case, the radial
distribution was used as an input parameter of the iterative procedure, weighted

in such a way as to obtain the most flat dependence. The comparison results are

shown in the figure B.5.
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Figure B.5: Variations in the distributions of the yields of jets tagged with the D° - meson, when
changing to the prior unfolding approximation for the intervals of the transverse momentum: (a)
2 < prpo <6 &5 < prjea <7 GeV/e; (b) 2 < prpo <6 &7 < prje < 15 GeV/e; (c)
6 <prpo <12 & 7 < prje <15 GeV/ec.
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Tracking efficiency variations

As part of the study of systematic errors, a full analysis was carried out for a data
sample containing 4% fewer tracks than the sample under study (correspondingly
lower tracking efficiency). The results of comparison with the main distributions are

shown in the figure B.6.
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Figure B.6: Variations in the distributions of the yields of jets tagged with the D° - meson, in

comparison with the results obtained for a data sample containing 4 % fewer tracks for the intervals
of the transverse momentum: (a) 2 < prpo < 6 & 5 < prje < 7 GeV/e; (b) 2 < prpo < 6 &
7T <prje <15 GeV/e; (¢) 6 < prpo <12 & 7 < prje < 15 GeV/c.

Topological cut variations

Data analysis was carried out for several sets of topological cuts when changing
the parameters of the track displacement from the interaction vertex, the distance
between the decay vertex of the DY meson and the primary vertex (decay length, L),
and the direction of the reconstructed momentum D -meson relative to the primary
vertex in the laboratory coordinate system. In addition, when the topological cuts
change, the reconstruction efficiency also changes. The variations were chosen so
that the efficiency varied on average by 4 25%. The ratio of radial dependencies
with variation of topological cuts to the original radial dependencies, as well as their

efficiencies, are shown in the figure B.7.
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Figure B.7: Top panel: Ratio of radial dependencies of jets tagged with DY - meson with variation
of topological cuts to initial radial dependencies, for the intervals of the transverse momentum:
(@) 2 < prpo <6 &5 < prje <7 GeV/e; (b) 2 < prpo <6 & 7 < prje < 15 GeV/e; (c)
6 <prpo <12 & 7 < prje < 15 GeV/c. Bottom panel: ratio of the efficiency of reconstruction
of D - meson jets with variation of topological constraints to the initial efficiency, for transverse
momentum intervals: (a) 2 < prpo <6 & 5 < prje <7 GeV/e; (b) 2 < prpo <6 & 7 < prje <
15 GeV/e; (¢) 6 < prpo < 12 & 7 < prje < 15 GeV/c.

It can be seen from the obtained distributions that the variations in the jet
yields have the character of fluctuations and do not correspond to the order that is
established in the distribution of efficiencies. Moreover, all variations are within the
statistical errors of each other. This allows us to consider variations in topological
constraints as a source of systematic error. To take into account the systematic
error of variations, the standard deviation of all variations above and below the
main value was calculated, then the maximum of the two standard deviations and
symmetrized with respect to the main value. Since changes in topological parameters
cause strong fluctuations in distributions, each of which has a large statistical error,
symmetrization of the error in many cases overestimates the magnitude of the error.
In addition, this data analysis was carried out on a sample with low statistics and

was more sensitive to fluctuations than the traditional inclusive analysis without
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restrictions on the jet momentum. Therefore, for the topological parameters, it was
decided to use as a contribution to the systematic error the relative error of 5%,

which is characteristic of inclusive analysis.

B.0.2 Variations of data analysis parameters for jets containing A'—

baryon
Fitting parameters variation

The following parameters were varied:

e Fit limits for invaruant mass distributions

e Binning of the invariant mass distributions

e Polynomial function for background fit was switched to the exponential one
e The width of the Gaussian function for signal fit set free to vary

The obtained distributions are shown in the figure B.8, and the symmetrized

standard deviations were taken into account in the systematic error.
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Figure B.8: Variations in the distributions of the yields of jets tagged with the Al - baryon, when
changing the fitting parameters for the intervals of the transverse momentum: (a) 2 < py ,+ < 6
&5 < prje < 7GeV/e; (b) 2 < pppr <6&7 < prje <15 GeV/e; (¢) 6 < ppy+ < 12 &
7 < prje < 15 GeV/ec.

Signal and sideband variations

Following variations of sideband parameters were done:
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e Signal region was changed from 1.6 ¢ to 2.4 ¢ with 0.1 o step.

e Sideband regios varied as (in sigma units):

— Left band: {8,4}, right band: {4, 8}
— Left band: {8,4}, right band: {4, 9}
— Left band: {9,4}, right band: {4,8}
— Left band: {9,5}, right band: {5,9}
— Left band: {9,4}, right band: {5,9}
— Left band: {9,5}, right band: {4,9}
— Left band: {9,4}, right band: {5, 8}
— Left band: {8,5}, right band: {4,9}
— Left band: {9, 7}, right band: {4,9}
— Left band: {9,4}, right band: {7,9}

The influence of variations in the signal and sideband parameters on the distri-

butions of the jet yields are shown in the figure B.9.
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Figure B.9: Variations in the distributions of the yields of jets tagged with the AT - baryon, when
changing the sideband parameters for the intervals of the transverse momentum: (a) 2 < pp ,+ <6
&5 < prje < 7GeV/e; (b) 2 < prar <6 &7 < prje <15 GeV/es (¢) 6 < ppy+ <12 &
7 < prje <15 GeV/c.



235

Feeddown parameters variations

The POWHEG simulation parameters changed in the same way as in the case
of the DU - meson. Scale factorization factor fg, scale renormalization factor fgr and

b - quark mass my changed as:

fr=1,fr=0.5
fr=05,fr=1
fr=2fr=1
fr=1,fr=2
fr=2,fr=2

fr =05, fa=05
my =5 GeV/c* (Mhigh)
my = 4.5 GeV /c* (Mlow)

The influence of variations in the simulation parameters of the nonprompt com-
ponent on the jet yields are shown in Figure B.10. For variations in the nonprompt

component, the calculated error was not symmetrized.
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Figure B.10: Variations in the distributions of yields (top panel) and variations in the fraction

of the nonprompt component (bottom panel), for jets tagged with AT—baryon, when changing the

parameters of modeling the nonprompt component for the intervals of the transverse momentum

(2) 2 < pppr <6 &5 <prje <7 GeV/e; (b) 2 <ppp+r <6&T7 < prje <15 GeV/ce; (c)
6 < pras < 12& 7 < prju < 15 GeV/e.

Regularization variations

Within the framework of the systematic study, results of the fourth default itera-
tion of unfolding procedure are compared to the third and seventh iteration. Results

are presented in the figure B.11.
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Figure B.11: Variations of radial distributions of the jet yields for jets tagged with AT—baryon,

when changing the default iteration for transverse momentum intervals : (a) 2 < pp,+ < 6 &

5 < prje <7 GeV/e; (b) 2 < prjp+ <6 &7 < prju <15 GeV/e; (¢) 6 < ppp+ < 12 &
7T < prje < 15 GeV/e.

Prior unfolding variation

As unfolding variations, the obtained results were compared with the distribu-
tions obtained within the prior unfolding approximation. In this case, the radial
distribution was used as an input parameter of the iterative procedure, weighted
in such a way as to obtain the most flat dependence. The comparison results are

shown in the figure B.12.
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Figure B.12: Variations of radial distributions of the jet yields for jets tagged with Af—baryon,

(a)
2 < pppr <6&5 < prjeu <7 GeV/es (b) 2 < ppyr <6 &7 < prje < 15 GeV/e; (c)
6 <prp+ <12& 7 <prje <15 GeV/e.

when changing to the prior unfolding approximation for transverse momentum intervals :
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Tracking efficiency variations

As part of the study of systematic errors, a full analysis was carried out for a data
sample containing 4% fewer tracks than the sample under study (correspondingly
lower tracking efficiency). The results of comparison with the main distributions are

shown in the figure B.13.
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Figure B.13: Variations of radial distributions of the jet yields for jets tagged with Af—baryon

in comparison with the results obtained for data sample with 4% reduced amount of tracks for
transverse momentum intervals : (a) 2 < pp,+ <6 & 5 < prje <7 GeV/e; (b) 2 <pp+ <6 &
7T <prje <15 GeV/e; (¢) 6 < Prar <12& 7 <prje <15 GeV/ec.

Probability cuts variations

In the case of the Al - baryon, the selection of candidates was carried out
using machine learning methods. As a result of applying the model to the data,
each candidate was assigned the probability that this candidate is a A - baryon.
For further analysis, only those candidates whose probability is higher than 70%
are considered. As variations of the probabilistic cuts, the probability threshold
was varied so that the efficiency varied in the range of +£25%. The ratio of radial
dependencies with variation of probability cuts to the original radial dependencies,

as well as their efficiencies, are shown in the figure B.14.
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Figure B.14: Top panel: Ratio of radial dependencies of jets tagged with Af—baryon with
variation of topological cuts to initial radial dependencies, for the intervals of the transverse
momentum: (a) 2 < ppa+ < 6 &5 < prju < 7 GeV/e; (b) 2 < pr+ < 6& 7 < prje <
15 GeV/e; (¢) 6 < ppa+ <12 & 7 < prje < 15 GeV/c.. Bottom panel: ratio of the efficiency of
reconstruction of Af—baryon jets with variation of topological constraints to the initial efficiency,
for transverse momentum intervals: (a) 2 < pp+ <6 & 5 < prje <7 GeV/e; (b) 2 < ppp+ <6
& T <prje <15 GeV/e; (c) 6 < Prar <12& 7 <prje <15 GeV/c.

It can be seen from the obtained distributions that the variations in the jet
yields have the character of fluctuations and do not correspond to the order that
is established in the distribution of efficiencies. It is seen that in the interval 2 <
prar < 6 & 7 < prjee < 15 GeV/e, most of the variations are absent. This
is due to the fact that due to an increase in the background population due to
a less stringent selection of candidates (or due to a more stringent selection of a

signal), the signal/background ratio does not allow reaching the established level

Signal
V/Signal+Background

the systematic error is underestimated for the given interval of transverse pulses

of significance o = > 3. Thus, in this case, the contribution to
and overestimated for the remaining intervals. Therefore, for the variation of the
probabilistic constraints, it was decided to use as a contribution to the systematic

error the relative error of 10%), which is characteristic of inclusive analysis.



