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BBenenne

zBecTHO, uTO mM3ydeHue QpIYKTyalndii U KOPPEJIAuil pas/imdHbiX HabJIro1ae-
MBIX B IIPOIIECCaxX MHOYKECTBEHHOIO POKICHUS YACTHUI[ P BHICOKUX SHEPIUSIX JAET
HHGOPMAIINIO O CAMOM HAYAJBLHOM STalle B3AMMOJIEHCTBUS aJIpOHOB, OTBEYAIOIIEM
HaMOOJIbITEll TIOTHOCTH 00pasyIolelicss KBapK-TyII0oHHOM Marepun [1]. D9To mo3Bo-
JIsieT MOJIyYNTh YHHUKAJbHBIE JTaHHbIE O HOBBIX 00BbEKTaX, 00pa3yIOIIUXCs Ha TOM

oTalle, B TOM YHUCJIEC O KBAPK-I'JIIOOHHBIX CTPYHaX 1 CTPYHHBIX KJIaCTE€pax.

K coxkasiennio, B HacTosiiee BpeMsi KBaHTOBas xpomoanaamuka (KX/I), koro-
pasi BeCbMa YCIIENTHO ITPUMEHSETCsT JJIsl OMUCAHNsT KEeCTKUX (¢ GOJIBINIME Mepeia-
JaMU MMITYJIbCA ) TTPOTIECCOB CUIBLHOTO B3aNMOJICHCTBIS [2], He MO3BOJISET TOJIYIUTh
KOJINIECTBEHHOE OINCAHNE MTPOIECCOB MHOYKECTBEHHOTO POXKICHUST TaCTUIL B MSATKOI
obJ1acTu, TaK KakK B 9TOi 0bslacTi HEIpUMEHUMa Teopus Bo3myIeHuit. s Komnde-
CTBEHHOI'O OIMCAHUs MSITKUX IPOIECCOB, BKJIAJI KOTOPHIX B IOJIHOE CEUCHUE paccesi-
HUS aJIDOHOB BBICOKUX SHEPIHUil SBJISIETCS JOMUHUPYIONINM, IMHPOKO UCIOJIb3YETCs
(B TOM 4HCJIe T BO BCEX CYIIECTBYIOMINX MOHTEKAPJIOBCKUX T€HEPATOPAX COOBITHIA,
traknx kak PYTHIA, VENUS, HIJNG, AMPT, EPOS u ap.) nmerormasi KauecTBeH-
Hoe obocHoBaHme B pamkax KXJI mMojie/ib KBApK-TIFOOHHBIX (IIBETHBIX) CTPYH [3—
5].

B 910l Mojesm mpejoiaraeTcs, 9To CUJILHOE B3aUMOJIEHCTBUE MTPOUCXOIUT
B JIBa dTama: Ha IEPBOM 3dTalle MEXKJy MapTOHAME CTAJKHUBAIOIUXCS aJIpDOHOB 3a,
cUer IMpOIECCOB MepecoeIMHeHNs [[BETOBbIX MOTOKOB (color reconnection) mpomncxo-
auT GOPMUPOBAHIE MPOTAXKEHHBIX OOBEKTOB — TPYOOK, 3allOJHEHHBIX IIBETHBIM
nIr0OHHBIM TIosieM (color flux tubes), KoTopbie, ecn mpeHebpedb UX MOTEPETHBIMI
pasMepaMu 110 CPABHEHUIO C IPOJIOJIBLHBIMU, MOYKHO pacCMaTpUBAThH KaK OJHOMEp-
Hble cTpyHBI. Ha BTropom sTalie nponcxoauT paciia/ CTpyH ¢ 00pa3oBaHieM aJIpOHOB
(apoHu3anus).

Takast KapTHa HAXOIUT CBOe 0OOCHOBAHIE B PE3Y/IbTATAX, IOy Ia€MbIX MOHTE-

KapJIoBcKuMu cumyJdausivu crangapraoii KX/I na perrerke [6; 7|, koTopsie moj-



TBEPKJIAIOT ocjiabjienne (POHOBBIX (PJIYKTyaluii TJIIOOHHOTO I0JIs, OTBEYAONINX 34
BO3HMKHOBEHNE BJICHUST KOH(aMeHTa, B 001aCTH BJIOJIb JTMHIHN COEIMHSIONIEH KBapK

1 AHTHKBApK (JMKBaPK).

Puc. 1. Kapk-niukBapkoBas crpyHa B pererodnoin KX/I 6]

Jpyroe noarBepKaeHne CTPyHHAs MOJIE/Ib CUIbHBIX B3AUMOCHCTBUIN MOJIyYa-
eT Yepe3 NHTePIPEeTAINIO IIOMEePOHa KaK IUINHIPUIECKON CTPYKTYPhI B PaMKax TO-
nojiorudecknx paziaoxkenuit KX/ B npesese 6osbinoro dncia mseros [8; 9]. B sTom
110/IX0/I€ PACCEUEHHBIII IOMEPOH COOTBETCTBYET 00pa30BaHUIO JIBYX CTPYH, COEJIMHSI-
FOIIUX KBAPKU ¥ JINKBAPKN MUIIEHN U CHapsga (IPOIecc mepecoeMHe s [BeTa),
KOTOpPBIE TI0Cae UX (bparMeHTaIun JAloT JBE I0CJIEI0BATEILHOCTH HAOJIIOIAEMbIX

ajporos [10; 11].

p
p
Puc. 2. TTomepon Kak IUIMHIpUIECKas CTPYKTYPa B Ipejiesie 60JbIoro ducia 1seros [10]

st onmcanus mporecca pparMeHTAIN CTPYHBI B HaOJII0IaeMble aIPOHBI MC-

noJib3yeTcst Jmbo obobimerne va caydait KX/ [12—15] mexanusma, mpe/iiio;KeHHOTro
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Puc. 3. Paccedennslit momMepon kaxk jiBe cTpyHbr [10]

[MIBunrepoM i pozKJeHusl YacTHIl U3 BaKyyMa B KBAHTOBOH 3JIEKTPOIMHAMUKE
[16—18|, /6o unero reomMeTpuUecKuii MoAX0, IpPeJJIOKeHHbIH B padore [19] st
MaTeMaTriecKuit moesn crpyubl Hamoy B 3+ 1 usmepenusix [11; 20]. O6a nojgxosa
LIPUBOJAT K OJIHOMY M TOMY 7K€ Pe3yJIbTATy — PABHOMEPHOMY PACIIPE/ICJICHUIO da-
CTHUII, 00PA3YIONINXCs OT pacliajia OJIMHOYHON CTPYHBI, 110 II€PEMEHHOMN, UMEHYeMOit

OBICTPOTOI

2 po—p. 2 \pPApi-p.

[TosToMy OOBITHO BMECTO TPOJIOJIbHON KOMIIOHEHTHI UMITYJIbCa YaCTHUIIBI P,, HAIlpaB-

1 . 1. \/p2+p?+p.
pPotr 1 VPEHDtp (1)

JIHHOIT BJIOJTb OCH CTOJIKHOBEHMUs, B T1ape C MONEPEYHbIM UMITYJIbCOM Py UCIOIb3YET-
csd ee ObICTPOTA Y.

[Tpu sTom okasbiBaercs [11; 19; 20|, 410 nMeeTcst CTaTHCTHIECKOE COOTBETCTBIE
MeZK/Iy [TPOCTPAHCTBEHHON KOOPMHATON cerMeHTa CTPYHbI (2) n OBICTPOTOI YacTui
(y), obpasyroruxcest Ipu ero paciajie: JacTUIlbl, 00pasoBaHHbIE TP (DPArMEHTAIIN
COCEJIHIX CEIMEHTOB CTPYHBI, B CpeJHEM HMMEIT U OJIN3KHe 3HaYeHUsi OBICTPOTHI.
970 HabOJIIOCHIE TO3BOJISICT U3ydaTh KOPPEIAIIMI MEXKTy JacTUIIaMKI, 00pa3yIoIu-
MUCSI OT paclaja COCEIHNX WU IIPOCTPAHCTBEHHO yIAJeHHBIX CEIMEHTOB CTPYHHI,
UCCTIeJIysl KOPPEJISIIIK MKy BBIXOJIaMI JaCTHIIAME ¢ ObICTPOTAME B COCETHUX WJIN
pa3sHeCEeHHBIX OBICTPOTHBIX MHTEpBaIaX (HAO/IOIATEIbHBIX OKHAX ).

[Ipu OOJIBIION ILJIOTHOCTH CTPYH B IOIEPEYHON ILJIOCKOCTH, HAIpUMep, IIPH
SIIPO-sIJIEPHBIX CTOJKHOBEHUsIX 1/M cBepxBbicOKNX 3Heprusix LHC, HeoOxo 1Mo

VIUTBIBATEL B3anMojeiicTBue Mex iy Humu [21; 22|. st coiydast B3amMoieiicTBis



rsikesbix sgep M.A.Bpaynom u K.ITaxapecom B paborax [23; 24| 6bLi1a npejiiozkena
MOJIEJIb CJIUSTHUSA (TIEPKOJIAIIN ) TIEPBUIHBIX CTPYH JI0 HAYAJIA X PPArMEHTAIIINI KAK
CIIoco0 ydeTa MPOIECCOB B3aUMOJICHCTBUS MEXKJy HUMU. BayKHBIMU CJICACTBUSAMU
JIAHHOT'O MTOJIX0/IA ABJISIOTCS YMEHBIICHIE MHOYKECTBEHHOCTH POKIAIOIINXCS YaCTHUI]
1 yBeJUYEHUE CPEJIHEro MOMepedHoro NMITYIbCa 110 CPABHEHUIO ¢ MOJIETBIO HEe3aBH-
cuMbIx cTpyH [25]. Ere omHuM cieicTBueM MOJIes N CIUSHUS CTPYH SIBJISICTCST Y BEJIH-
YeHHe BbIXOJIa CTPAHHBIX YACTHUI[ IPU OOJIBINON IJIOTHOCTH CTPYH B SAJIPO-51/IEPHBIX
CTOJKHOBeHUSX [26; 27].

Y4eT mporeccoB CANIHUS CTPYH ObLT TakKe BK/IIOYEH B TeHepaTop COOBITHI
DIPSY B Bujie dopmupoBanust Tak Ha3bIBAeMbIX ‘“TIBETHBIX BepeBOK  (color ropes),
MPUBOJISAIINUX K YBEJIMIEHHOMY BbIXOIY cTpaHHbiX dacrur [28|. B crarbe [29], mocss-
IIEHHOM 9KCIePUMEHTAILHBIM UCCIC0BAHUSM BbIX0/Ia MYJILTUCTPAHHBIX aJIDOHOB B
PP-B3aNMOJICHCTBUAX KaK (DYHKIUN [EHTPAJTbHOCTH CTOJIKHOBEHUSI, DU CPABHEHUH
TUX PE3YABTATOB C MPEJICKAZAHUSAMI PA3TNIHBIX TEOPETUICCKITX MOeIei KOLI1adbo-
panus ALICE nenaer BoiBox, ato mojesns DIPSY ¢ yaerom mporeccoB oOpasoBaHms
“IIBETHBIX BEPEBOK~ OIUCHIBACT JIAHHBIE JIYUIIE, YeM JIPYTUe reHepaToOpPhl COOBITHIA.
Anajiornunbie pesysibrarhl [30] ObLIE [OJIyYeHbl U B paMKaX MYJIBTHIIOMEPOHHO MO~
Jiesi, B KOTopoit 3hdeKTUBHBIM 00pa30M TaK»Ke YUTEeH BKJIAJL IIPOIECCOB CANSTHUS
crpy [31; 32].

PaccmarpuBaior JiBa BapuaHTa CJAUSHUS CTPYH: JIOKaJbHOE 1 ryodajibHoe. B
JIOKaJIbHOM BapuaHTe cjustHus crpyH (local fusion) mpesnonaraercss 4ro 1serHbie
OJIsT CKJIQJIBIBAIOTCST TOJIBKO B 00JIACTSIX TepeKpbiTusi c¢TpyH [33]. B arom ciyuae
CpeJTHASA MHOZKECTBEHHOCTD B 33/JaHHOM OBICTPOTHOM MHTEpBAaJie U CPeIHUI Toreped-
HBIT UMITYJTBC 3apsIzKEHHBIX YaCTHIL, U3IYIEHHBIX U3 00/IaCTH epeKPLITHA k CTPYH,

OIIMCBhIBaIOTCs CJIeAYIONMMU BblIpazKEeHHUSAMU:
Sk

rje Sy — IolepedHas ILIONA b 00JIaCcTH IepeKpbITus k CTPYH, 0( — IOolepedHast

IiomaJab CTPYHBI, oy — CPeAHAA MHOXKECTBEHHOCTDL 3apA2KEHHBIX JaCTUIl Ha € TNHN-



Iy OBICTPOTHI, POXKJIEHHBIX OT paclaja OJJHONH CTPYHBI, Py — CPEJIHUI MonepevdHbIil
IMIIYJIBC YaCTHUIl, POXKJICHHDLIX OT pacliaja OJHOI CTPYHDI.

B riobanbHoM BapuanTe ciusinus crpyH (global fusion) mpemonaraercst 1o
I[BETHBIE TI0JIsI CKJIQ/IBIBAIOTCS TJI0O0AJBHO ¢ 0Opa30BaHneM KacTepa, 3aHNMAIOIIero
BCIO 00J1aCTh TepeKpbIThst cTPyH [34]. B 9TOM cityuae cpeHsis MHOYKECTBEHHOCTD B
3aJIAHHOM OBICTPOTHOM WHTEPBAJE U CPEJIHUIT MOMepeUHbIil MMITYJIbC 3apIKeHHbIX

JACTHIl, KJACTEPOM C IOIEPETHON ILI0Ma b0 S¢, ONNUCHIBAIOTCS CJCAYIOMNMEI BbI-

paKeHUIMU:

o
< cd — ,lL()— \/ cly <p > d — g ke ] <pt> 0\/_kcla ka = clSOl (3)

rjie Ny — 49uc/io crpyH, (GOPMUPYIONINX KJIACTED.
B npejie/ibHbIX Cydasix MaJIoil WIu OOJIBIION IIJIOTHOCTH CTPYH 3TU BapUAHTHI

copmajraor [35].

"overlaps" "“clusters”
(local fusion) (global fusion)
g (=] o NS"_ 3
C:{SI.S”...} i S‘ 5‘ 1—
) \’ Ny Scl
SFM | s«-area 82 i
covered k-times ke = N’ str

N'E 2
% . s

g : ; . . {Sd Suf

C Nin‘ N\J’ } 1 d
- str | oyt | | 1 9 )_f-:
cellular| € {Nr'f } L
1] | -

analog I I = . s‘
of SFM e .t' 5 SCLS : . Ns"_s. kCL
b=y - B | O3NS K25/
St20; N'24; K=2

Puc. 4. Paszmmanbie Bepcun Mogyiesn cmstaus ctpyH [36]

st ynporenus paccMoTpenus 3pMeKTOB CANAHISA CTPYH ObLIa MPeJJIoKeHa
[37—39] u 3aTem mmpoko ucnospzoBatack [35; 40—47| mpocras AuCKpeTHAS MOJIEITD,
B KOTOPOIl morepeynast IMJI0CKOCTh pa3dMBaeTCsd Ha SYeiiKU pasMepoM IMOpsiIKa T0-

EPETHOTO CEUCHUs] CTPYHBI (pajimyc cedeHust CTPYHbI Iy, ~ 0,2 < 0,3 du). B



10

TAKOM TI0JIXOJIE HPEJIIIoJIaraeTcs, YTO IIPOUCXOINUT CJIUSHNIE BCEX CTPYH C IEeHTPaAMU
B JIAHHOI stdeiike pereTku. DH@PEeKTUBHO 9TO TPUBOJUT K pa3OUEHUIO MONepeIHO
00J1aCTH Ha JIOMEHBI ¢ Pa3HBIMI (QIYKTYUPYIOMUMEI OT COOBITUS K COOBITUIO 3HAYE-
HUSMHI TIJIOTHOCTU I[BETOBOI'O TOJIsI BHYTPU HUX, YTO TOXOXKE Ha MOIMBITKH yIECTb
n3MeHeHne B MOIePevHol IIJIOCKOCTH B MOJIE/ISAX, OCHOBAHHBIX Ha dBoJorun bOKJI

[48] n Ha moxosIe KoHjeHC AT IBeTHOTO cTekJa (colour glass condensate) [49].

Puc. 5. Bejenne perreTkn B MONEPEIHON MIJI0CKOCTH

B kauecTBe 0JIHOIO U3 UHCTPYMEHTOB Ui n3ydeHus 3MeKTOB CAusSHus CTPYH
ObLIO Tpeiozkeno [H0| u3ydars Tak HasbiBaeMble Koppessiun repeji-aaszan (FB)
MeZKTy HAOTIOJaeMbIMI BeTMIMHAMUI JIJTsT 9acTUIl, OOHAPYKEHHBIX B JIBYX pa3jie/eH-
HBIX 110 ObIcTpoTe MHTepBaiax. OObIYHO 5T JiBa OBICTPOTHBIX MHTEpBasa (Hab/IIO-
JaTeJIbHbIX OKHa) BBIONPAIOTCS CUMMETPUYHO, OJIMH B II€pe/IHEl, a JIPyroil B 3a iHeil
noJsiychepe peaxnun. V3BecTHO, 9TO MCCIEI0BaAHUS JTaJbHUX OBICTPOTHBIX KOpPpEJIisi-
Uit 1a0T THMOPMAIMIO O CAMBIX HAYAJIbHBIX CTaJIUAX aJIPOHHBIX CTOJIKHOBEHHIT |1]
1, B 9aCTHOCTH, O KOH(MUTYPAIUN CTPYHBI, CPOPMUPOBAHHOI MIPH JJAHHOM CTOJIKHO-

BEHUN.

B kadecTtBe Hab/rogaeMbIxX BestndnH, F' u B, 00bIYHO BHIOMPAIOT MHOXKECTBEH-
HOCTB (YMCJI0) YaCTHUIl, Np U Mg, ¢ OBICTPOTAMHE, HOTAIAONINMI B BHIODAHHBIE MH-

TEepBaJIbI, U CPEJHUI TTONEPEUHbII UMITYJIbLC STHX YaCTHUI[ B JAHHOM COOBITHH, pf u
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1 & 1 &
pi =—>_|pil, p’ =—> Ipil. (4)

(2 "B
Boio npemioxkeno [42] nceregoBath 3 THIA KOPPEJISIIUIL: 1 — 1, KOPPEJISIIINT MEZK Ty
MHOKECTBEHHOCTSIMU 3aPsizKeHHBIX YaCTHIL, Py — Py, KOPPEJIANUUI MEXK/Ly 3HAUCHUSI-
MU CPEJIHETO IMOTIEPEUHOI0 UMITYJILCA U Py — M, KOPPEJIAIMI MEXKJY CPEJIHUM IIOIe-
PEUHBIM UMITYJILCOM B OJIHOM OBICTPOTHOM OKHE M MHOYKECTBEHHOCTDHIO 3apsI?KEHHDBIX

YACTHI] B IPYTOM OBICTPOTHOM OKHE.

K coxasnennto, kKak 0bL710 1MoKazano B [51], Tpajurmonnstii kosddurment FB
KOPPEJISIIII MEXK Ty MHOYKECTBEHHOCTBIO 3aPSI?KEHHBIX YaCTHIL B IIEPEIHEM 1 38 THEM
OBICTPOTHBIX OKHAX, Mp U Np, 3aBUCUT OT KOJIEOAHWIl 4YKC/ia CTPYH OT COOBITHUS K
COOBITHUIO B PP-CTOJIKHOBEHHSIX, T.€. OT TaK Ha3bIBAEMbIX “‘00beMHBIX (DJIyKTyalnii’
— TPUBUAJBHBIX KOJIEOAHNI KOJNIECTBA UCTOUHUKOB.

CymiecTByeT JiBa criocoba MCKIIOYUTD BANSHNIE STUX TPUBUAJIBHBIX (DIYKTY-
anuit “obbeMa’ 10 CpaBHEHMIO C BKJIAJIOM OT IPOIECCOB CausHuA cTpyH. MoyKHO
MO0 M3ydaTh KOPPEJANNH, BKJOYAIONINEe HHTEHCUBHBIE II€pEMEHHbIe, TaKne Kak,
HAIPUMED, CPEJIHUE 110 COOBITUIO MOTIEPEUHbIE UMITYJILCHI Pr U P BCEX 3aPsI?KEHHbBIX
JaCTHI, OOHAPYKEHHBIX B JIAHHOM COOBITHH, B IIEPeIHEeM U 3aHeM OBICTPOTHBIX OK-
Hax HabJIrOJIeHnsT (BMECTO WX MHOYKECTBEHHOCTe np u np ), Kak B [31; 32; 35; 42;
43; 52|. pyrum crocobom n36aBUTHCs OT BKJIAIa TPUBHAIBHBIX “00beMHBIX (JIYK-
Tyallnii SIBJISIETCSI NCIIO/IH30BaHNEe B aHAJIN3€ TaK HA3bIBAEMbBIX CHJIbHOMHTEHCUBHBIX
HaOJTIOIaeMBIX, HEIYBCTBUTE/IBHBIX K KOJEOAHUSIM KOJIMIECTBA UCTOYHUKOB (CTPYH),
HO YYBCTBUTEIBHBIX K KOJIEOAHUSIM CBOMCTB 9TUX UCTOYHIKOB, B YaCTHOCTH, K 00Opa-
30BaHUIO CTPYHHBIX KJIACTEPOB B PE3YJIbTATE MPOIECCOB CIAMAHNUSA CTPYH.

B peasibHBIX 9KCIIepIMEHTax 0ObITHO BeCh MACCUB COOBITHII pa3dUBAIOT Ha Tak
Ha3bIBacMbI€ KJIACCHI IEHTPAJILHOCTH U MPOBOJIAT aHAIU3 OTJCJIBHO JIJIsi KayKJI0ro
KJ1acca. B nmpuMeHeHnn K ¢cTpyHHOI MOJIEIN 9TO O3HAYAET HAJIOXKEHUE JIOIOJHATE b
HOI'O YCJIOBHS, OIPAHUYINBAIONIETO PJIYKTYAINK OOIIEro Yncja CTPyH. AHaIN3 BJIU-

AHWA 9TOIr0 JOIIOJTHUTEJILHOI'O YCJIOBUA Ha KOS(b(bI/HH/IGHTbI KOoppeJidanyn Io3BOJIAET
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KaueCTBEHHO CJIeJIaTh BBIBOJ O XapaKTepe BINAHUA (DUKCAINHT KJIacca IeHTPaIbHO-
CTU Ha BEJIUUNHY 3TUX KOIPDUIMEHTOB B PeaJbHOM SKCIIEpUMEHTE

B sanHOiT paboTe B paMKaxX CTPYHHOI MOJIE/IN Ha PEIIeTKe UCCIeIyI0TCs aCHMII-
TOTUKH KOPPEJISIIIUN MEYK/Iy MHOYKECTBEHHOCTSIMU, MEXK/Ty ITOIEPEIHBIM UMITYJIbCOM
1 MHOYKECTBEHHOCTBIO M M€Ky ITOIEePEUYHBbIMU UMITYJIbCAMI B pa3HECEHHBIX ObICTPO-
THBIX UHTEpPBaJIaX B IPOIECCaX CTOJKHOBEHUs IIPU BBICOKUX SHEPIUAX, B TOM UUCIIE
JUTd cotydas ¢ (PUKCHPOBAHHBIM OOIIUM CPEJTHUM YHUC/JIOM CTPYH, a TaK YK€ CUJIbHO-
NHTEHCUBHBIE HaOJIIOIaeMbIe.

AKTyaJabHOCTb TEMBI MCCJIEJOBAHMSI.

Uzyuenne dpaykTyannit 1 KOppeasiuil pa3Indubix HabJIro1aeMbIX B IIpoTieccax
MHOKECTBEHHOI'O POKJIEHHSI YaCTUIL IIPU BBICOKUX SHEPIUAX JaeT MHMOPMAIIIO O
caMOM Hada/JIbHOM dTalle B3alMOIeliCTBUs 8 IPOHOB, OTBeYaloeM Hanbo IbIIell I/10T-
HOCTHU OOpazytoleiics KBapK-IVIIOOHHONH MaTepuu. DTO IO3BOJISET IOJYUYUTh yHU-
KaJIbHbIE JIaHHbIE O HOBBIX 00bEKTaX, 00Pa3yIoMNUXcsd Ha 9TOM dTalle, B TOM YHC/Ie O
KBapPK-TJIFOOHHBIX CTPYHAX U CTPYHHBIX KJacTepax.

B sToM 11aHe ocoboe 3HaueHne NMeeT U3ydeHne KOPPeJsuil ¢ UCII0Ib30BaHU-
€M UHTEHCUBHBIX U CHJIbHO-MHTEHCUBHBIX HAOJII0IaeMbIX, KOTOPhIE IT03BOJISIIOT MUHU-
MU3UPOBaTh BKJIaJl TPUBUAJIBHBIX “00bEeMHBIX  (DJIYKTYAIil, 1 Jal0T BO3MOXKHOCTH
MOJIYYUTh WHMOPMAINIO HEIOCPEJICTBEHHO O CBOWCTBaX 0O0BEKTOB, 0OPA3YIONIUXCs
Ha HaYa/bHOI CTaJ MU CUJIBHOIO B3amMoJielicTBudA. B juccepralimonHoil padore, ¢
ITOI TETHIO N3YUAIOTCS KOPPEIANNN ¢ yIacTHEM B KaUeCTBE MHTEHCUBHON BEJTMINHDBI
— CPEeJIHEro MONEePEeIHOr0 UMITYIbCA TacTUIl, PETUCTPUPYEMBIX B HEKOTOPOM OBICTPO-
THOM HHTEpBaJie, a TaKyKe CUJILHOMHTEHCUBHON IepeMeHHol Y, XapaKTepu3yiomei
KOPPEJIAIIMI MEXKJIy YHCJIOM YacTUIl B JIByX pa3HECEHHBIX MHTEPBaJaxX ObICTPOTHI.

OJiHUM U3 acCIeKTOB, ONPEJE/ISIONINX aKTyaJbHOCTh TeMbl HCCJIEC/IOBAHNSA, STB-
JisieTcss HeoOXOIMMOCTBIO TOJTyIeHNsT aHAJIUTHIECKIX BbIpaKeHuil 11 Koddpduu-
€HTOB KOPPEeJISIIUN U CUJILHOMHTEHCUBHOI IIepeMeHHOi Y B paMKaX MOJIEIN CO CJIU-
sSIHIEeM CTPYH I cJIydasl UX PeajuCTUYIeCKOIr0 HEOIHOPOIHOIO pPacIpejie/IeHns B

IIJIOCKOCTHU TPUIIEJIBHOTO TIapaMeTpa. JTO HEe0OXOINMO, YTOObI KAUeCTBEHHO ITOHSITh
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BJIMSIHIE HEOJHOPOJIHOCTH B pacCIlpeesleHul CTPYH Ha BeJIUIHHY KO3MDOUINEHTOB
KOPPEeJIAINN IIPU UX CPABHEHUH C SKCIIEPUMEHTAJIbHBIMU JAHHBIMIA.

Hpyroit actekT BbITEKAET M3 TOTO, YTO B COBPEMEHHBIX KOJLIAiIePHBIX IKC-
HePUMEHTaX 0 CTOJKHOBEHUIO Y/IbTPAPEIITUBUCTCKUX siJIep aHAJIN3 KOPPEJIsIuii
OOBITHO TTPOU3BOIUTCS OTIETILHO JIJIsT PA3JIMIHBIX KJIACCOB MEHTPAJILHOCTH CTOJIKHO-
BeHHsI. DTO TpebyeT AOMOJHUTEIbHOTO TEOPETHIECKOIO aHAIN3 BINSHISA (DUKCAIIIHI
KJIaCcca, MEeHTPAJIbHOCTH Ha BeJMINHY KOPPEJISIIHIi.

UccreoBanne B jiuccepTalini KOPPEIsIuil ¢ UCIOIb30BaHIEM CUJIbHOMHTEH-
CUBHOM TIepeMEHHON Y 1 CpaBHEHUE PE3YJIbTATOB PACUETOB C IKCIEPUMEHTAIbHbI-
mu jpaxaeiMu Kostaboparun ALICE B HEPH nossosumio, B gactHOCTH, cliesiaTh
HPUHIMIINAIBLHO BayKHBII BBIBOJ, O TOM, 9TO IPH SHEPTUSAX OOJIBIIOIO aJIPOHHOTO
kosutaitjiepa (BAK) obpasoBatiiie cTpyHHBIX KJIACTEPOB MIPOUCKOJUT y7Ke B PP B3au-
MOJICHICTBUSIX, ITO CBUJIETETHCTBYET 00 aKTyaJbHOCTH TEMbI HCCJIeIOBAHMUS.

Ilean u 3agaum AuccepTarmoHHO pabOTHI.

[esbio JaHHOM IUCCepTAIOHHON PAOOTHI SIBJISIETCST TEOPETUIECKOe NCCIIeT0Ba-
HUEe KOPpeJsiiinii MexK 1y HaO/o1aeMbIMi (MHOYKECTBEHHOCTBIO U TIOMIEPETHBIM M-
TyJIbCOM ) B PA3HECEHHBIX OBICTPOTHBIX MHTEPBAJIAX B MPOIECCaX CTOJTKHOBEHUS al-
POHOB U s1Jiep 1IPU BBICOKUX HEPIUSIX, & TAKKE TEOPETUICCKOE MCC/IC0BAHIE CHIb-
HOMHTEHCUBHON MepeMeHHOM X (N g, Np) KOTOpasi XapaKTepU3yeT KOPPEJISIIINT MeZK-
JIy KOJMYIECTBOM YACTHIL B JABYX PasHECEHHBIX OBICTPOTHBIX MHTEpPBAJIAX.

B gacTHOCTH, HEOOXOAMMO OBLIO UCC/IE0BATH BJIUSTHIE HEOJHOPOJIHOCTH B pac-
peJie/IeHI CTPYH B IJIOCKOCTH MPUIEIBHOTO HapaMeTpa Ha BeJIMInHy KOo3hduIm-
CHTOB KOPPEJISIUU U BAUSHIEC (DUKCAIUN KJIACCA MEHTPAJIHHOCTH HA UX BEJINUNHY,
a TaKyKe BBIOJHUTH PACYEThl CUJILHOMHTEHCUBHON IepeMeHHOll Y (np, np) B paM-
Kax MOJIeJN ¢ 00pa3soBaHMEM CTPYHHBIX KJIACTEPOB, W 3aTeM IPOBECTH CPaBHEHUS
Pe3yJIbTATOB PACIETOB € MMEIOIIIMECS [TPEIBAPUTEIbHBIMI SKCIEPUMEHTAbHBIMI
narabivu Kosutaboparun ALICE ¢ mespio momcka ¢BueTe/beTB 006 0Opa3soBaHUN
CTPYHHBIX KJIACTEPOB B pPp B3amMmojeicTBusax npu sueprusx BAK u wmspieuenus

apamMeTpoB TUX KJIACTEPOB.
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J171s1 TOCTUKEeHMsI TI0OCTaBJIEHHBIX 1iejieil ObLIM PelleHbl CJIeIyIONIe 3a,1a9u:

1. 1 peaJucTUIHOrO ciiydasi ¢ HeOJHOPOJIHBIM pacipejieileHeM CTPYH B ILIOC-
KOCTH TIPUIEILHOTO IMapamMeTpa ObLIN MOJTyIeHbl aHAJIUTHIECKIE BbhIPpayKeHUsI
JUUTT ACUMIITOTUK KO3 PUITMEHTOB JAJILHUX KOPPEJIINil MeXK/ 1y TOIepeTHbIM
UMITYJTbCOM U MHOYKECTBEHHOCTBIO, a TaKyKe MeYKy TOIepeTHbIMI NMITY/IbCa-
MU B JIBYX Pa3HECEHHBIX OBICTPOTHBIX MHTEPBaJIaX, MPH OOJIBIION MJIOTHOCTH
CTPYH U MPOAHAJTM3NPOBAHBI MX CBOWCTBA. J[OMOTHNTE/IHLHO OBLT TaKXKe paspar-
ooran mouTe-Kapsosekuit (MK) agropurs, mosBosisttoruii mpoBecTn ST pac-
YeThl MIPU MPOU3BOJIbHON 110THOCTU CTPYH. [lokazano, uro pesynbrarsl MK
pacdeToB 1pU OOJIBLIION MJIOTHOCTA CTPYH BBIXOJAAT Ha aCUMIITOTUKY, PaCCUH-
TAHHYIO AHAJIUTUIECKH, UTO MO/ITBEPKIAeT HAJIe?KHOCTD, TTOJTYIeHHBIX PE3Y/Ib-

TaTOB.

2. Tomy4enbl aHaTUTUIECKIE BbIpAYKEHUS JIJIT ACUMIITOTHK KOI(MPUITUEHTOB /1A Th-
HUX KOPPEJIAIUA MEZK/IY MHOXKECTBEHHOCTAMU U MEKJLY MOIEPEYHBbIM UMITY/Ib-
COM U MHOXKECTBEHHOCTBIO TIPU OOJIBINON TJIOTHOCTH CTPYH C YIETOM JIOMOJTHH-
TeJILHOTO yCJIOBUs (PUKCAITMH OOIINEro 4ncia HadaJbHBIX CTPYH, COOTBETCTBY-
1011ero 0TOOPY 1O KJiaccaM MEeHTPATbHOCTH MIPU aHAJIN3€e SKCIIEPUMEHTATbHBIX
JaHHbIX. [IpoaHa/M3MpPOBAaHO BJIMSHUE 9TOr0 YCJIOBHUA Ha BEJIUYMHY KO3(PDU-

IUEHTOB KOPPeJIAInn.

3. B pamMkax 3Toii ke MOJen cO CAMIHIEM CTPYH Ha PENIETKe M3ydeHa CUIbHO-
MHTEHCUBHA ITepeMeHnas ., XapaKTepu3yIoasa KOPPEeIainil MeyK, 1y InC/IOM
YaCTUIl, 00PA3YIOMINXCA B JIBYX pa3HECEHHBIX 110 ObICTPOTE NHTEpBa/axX HabJIro-
nenusd. llokazano, uto npu ydere 3pPeKTOB CAMAHUS CTPYH, TPUBOJIAIITIX
K 00pa30BaHMUIO CTPYHHBIX KJIACTEPOB, 3Ta INepeMeHHas OKa3bIBAeTCS paBHa
B3BEIIICHHOMY CpeJHEMY €€ 3HAYeHUIl JJ1d Pa3/JINnYHbIX CTPYHHBIX KJIACTEPOB,
3aBUCAIIIX TOJHKO OT TTApaMETPOB 9TUX KJ1acTepoB. Toria Kak BecoBble KOID-

uImenTsl, peacTaB/IAoIne OO0 10N TacTUI] POXKIEHHBIX OT KJIaCTEPOB C
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Pa3HbIM YUCJIOM CTPYH, OKa3bIBalOTCA 3aBUCAIINMU OT }/C.HOBI/Iﬁ CTOJIKHOBEHI A

— €I'0 SHEPI'un 1 CTEelleHn INEeHTPaJIbHOCTH.

4. Jlng coydas pp paccesdHusi NpHU BBICOKMX SHEPTUAX pa3padoTaH MOHTe-Kap-
JIOBCKUI1 aJITOPUTM TO3BOJIAIONINI, ITyTeM MOJCJIUPOBAHUS PEAJIUCTUIECKOTO
pacnpenesie s CTPYH B IIJIOCKOCTH MPUIEJIBHOTO IapaMeTpa, PACCUYNThIBATH
9T BeCOBble KOI(PMUIMEHTHI I PA3JIMIHBIX SHEPIUil W HEHTPAJBLHOCTH PP
crosiknoBenns. C X MCIOTHL30BAHNEM PACCUNTAHA 3aBUCUMOCTD ITepEeMeHHOI
Y. OT PacCTOSHUS IO OBICTPOTE MEYK]ly OKHAMU HaOJIOJCHUs, WX ITUPUHBI,

OQHEPIrun M HEHTPaJIbHOCTU PP CTOJIKHOBEHUI.

5. IlpoBesieno cpaBHeHne pe3yabTATOB PACUETOB X € SKCIEPUMEHTAJTLHBIMI JTaH-
ubiMu Kosutabopannn ALICE na BAK. YeranosiieHo, 4To HAOJIIOJaEMOE B 9KC-
nepumenTe ALICE moBenenne 3Toii mepeMeHnHOil ynaeTcss 00bsICHUTH TOJBKO
PN HAJIMYIUN UCTOYHUKOB PA3HOTO THUIIA, POJIb KOTOPBHIX B HAIEN MOJEIN WT-
paloT OJIMHOYHBIE CTPYHBI U KJIacTepbl, 00pa30BaHHbIe CAUSHIEM HECKOJIHKIX
cTpyH. [lokazano, 4To cpaBHEHHE pe3yJIbTATOB Hallleil MOJIEIN C IIPEIBAPUTE b=
HbIMI 9KcriepumenTaabubiMu ganabiMu ALICE, moyaennbivin 8 min.bias (6e3
orbopa 10 MEHTPAJIbHOCTH) PP-CTOJKHOBeHUsX Tpu sHeprusax 0.9-13 THB u
JUTS PA3JIMIHBIX KJIACCOB IeHTpaJbHOCTH Tpu sueprun 13 TsB, nospossger ns-
BJIeUb HH(MOPMAIUIO O MOJICJIBHBIX ITapaMeTpax, XapaKTepU3yIoIX K/IacTePb

C Pa3JIM9YHBbIM YHCJIOM CJIMBIIUXCA CTPYH.

TeopeTruveckass u MpakKTuyeckasi 3HAUYNMOCTb.

[TonydyeHHble aHAIUTUYIECKNE BBIPAXKEHUs JIJIT aCUMITOTUK KO DUIIMEHTOB
JIAJTBHIX KOPPEJIsInii Tpu OOJILITION MJIOTHOCTH CTPYH C YIETOM YCJIOBHil, XapaKTep-
HBIX JIJIs1 peaJIbHbIX KCIIEPUMEHTOB, MMO3BOJISIOT KAUYEeCTBEHHO ITOHATh 3aBUCUMOCTD
KO3 DUITUEHTOB KOPPEJIAINN OT TapaMEeTPOB 3a/a9l U YCJIOBHI MTPOBEICHIS SKCIIe-
pUMEHTA, YTO OOBITHO TPY/IHO CAeIaTh, OIPAHNYNBASICH TOJHKO MOHTE-KAPJIOBCKIM

(MK) momennpoBasueM mporiecca B3anMOIeHCTBHsT 8 POHOB.
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C apyroit cropoHbl, cpaBHenne pesyibraroB MK mMopemmpoBanust ¢ 1moJydeH-
HBIMI aHAJIUTUIECKIME BBIPAXKEHUAME JII aCUMIITOTUK KOI(PMUITMEHTOB JaTHHIX
KOPPEeJIATIT TTpu OOJIBITION TJIOTHOCTH CTPYH MO3BOJIIET OCYIIECTBJIATD MIPOIEYyPY
KoHTposig MK aaropuTMoB, KOTOPhIE 3aTeM MOIYT ObITh HCIIOJIB30BAHBI JJIsSI Pac-
YeTOB IPOIECCOB IIPU HPOU3BOJIbHON IJIOTHOCTH cTpyH. CoBlaJjieHne pe3ybTaToB
aHasuTmdeckux u MK pacdeToB 1pu 00JIbIION IIJIOTHOCTH CTPYH IOJATBEPKIAeT Ha-
JIe?KHOCTD, 110J1y4deHHbIX Kak MK, Tak u aHauTUYIecKnX pe3yJibTaToB.

[Tpuanunua bsHo BaKHOe 3HAUEHNE UMeeT BLIBOJI, TIOJIYUEeHHbBIH TyTeM cpaBHe-
HUsI Pe3yJIbTaTOB PACUeTOB CUJILHO-UHTEHCUBHOMN IIEPEMEHHOI Y ¢ 9KCIIepUMEeHTA b
aeiMu gaaabiMi Kosutaboparmuun ALICE ma BAK, o Tom, aro npnu sneprusx BAK
obpa3oBaHne CTPYHHBIX KJIACTEPOB IIPOUCXOIUT yKe B pp B3auMmojeiictBusix. [Ipn
9TOM SKCIIEPUMEHTAJbHO HaOJIIOaeMblil POCT 3TO IepeMEeHHO ¢ yBeJnieHneM Ha-
YaJIbHOI SHEPIUU U NEHTPAJBLHOCTH PP CTOJKHOBEHHUS MOXKHO OOBSICHUTH TOJIBKO
POCTOM BKJIa/1a OT 00pa30BaHns CTPYHHBIX KJIACTEPOB, COCTOSIINX U3 BO3PACTAIONIe-
r0 YNCJIa CJAUBIIUXCS CTPYH.

Taxum ob6pa3oM, pe3yJibTaThl, U3/I0XKEHHbIE B JIICCEPTALNN, YKe ObLIN UCIIO/Ihb-
30BaHbI, 1 OYJIyT UCIOJIb30BATLCs B JlajIbHEIIIIEM B paboTe MEXKyHAPOIHONH KOJLIa-
ooparun ALICE na BAK B Esporneiickom mienTpe siiepubix ncciemopanuii (ITEPH)
IpU TPOBEJICHUN TEKYIUX U TJIAHUPYEMBIX B OyJIyIeM SKCIepUMeHTOB. B 0yy-
IeM OHU TaKzKe MOT'YT IMPUMEHSITHCS JIJIsT N3yUeHnsd KOPPEeIdalnil ¢ NCIOIb30BAHNEM
CUJIbHO-UHTEHCUBHBIX [TEPEMEHHBIX ITPH aHAJM3e JAHHBIX ¢ jgeTekTopos MPD u SPD
yekopuTesbHoro komiiekca NICA, cosmaBaemoro B Hactosiiee Bpemst B OVAN B

JlyOHe.

HOJ’IO}KeHI/ISI, BbIHOCHMBbIE€ Ha 3alllUTY:

1. B Mozenn ¢ peaJluCTUIHBIM HEOJHOPOJIHBIM pacipejeeHneM CTPYH B ILIOC-
KOCTH IIPHUIEIBHOIO IapaMerpa ¢ yIeToM UX CJIUSTHUSI aHAJIUTUIeCKN HaiigeH
BIJ] CUMIITOTUK P OOJIBIION IIJIOTHOCTU CTPYH JIJIg KO3(DDUINEHTOB 1aJib-

HUX KOppeﬂHILI/IfI MEXK/Y IIOII€EpE€YIHbIM HMITYJIbCOM M MHOXKECTBCHHOCTbBIO, a
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TaKzKe MeExK/Yy IIOIIEPCYHbIMU HNMITYJIbCaMW YaCTHUIIL, O6paSYIOH_[I/IXC9{ IIpu B3a-
I/IMOILGI?’ICTBI/II/I aJIPOHOB BBICOKHX SHepFI/Iﬁ B JABYX Pa3HECCHHBIX 6bICTpOTHbIX

NHTepBaJIax.

[Tosrydenbl aHAJIUTUYECKIE BHIPAXKEHUS JIJIs1 aCUMIITOTUK KOI(DMUITIEHTOB JIa/Th-
HUX KOPPEJIAINA MEZKJIy MHOKECTBEHHOCTAMI U MEKTY MTOIIEPEYHBIM UMITYJIb-
COM W MHOYKECTBEHHOCTBIO C JIOTMOJTHUTE/TLHBIM YCJIOBUEM (PUKCAINN OOITEro
qucIa HA9aJbHBIX CTPYH, 9TO COOTBETCTBYET OTOOPY IO KJjiaccaM IEeHTPaJIb-
HOCTH TIpU aHaJIU3€e SKCIePUMEHTAIbHBIX JJaHHbIX. [[poBejien anams BIAusAHIA

9TOT0 YCJIOBUA Ha KOI(PDUINEHTH KOPPEINN.

Pazpaboran MOHTe-KapJIOBCKHIl aJrOpUTM, IO3BOJISIONINI IIPOBECTU YNC/ICH-
HBIiT pacdeT KodhOUIMEeHTOB KOPPEIsIIIN JJIsi IIPOU3BOJILHOI IIJIOTHOCTH CTPYH
¢ yudeToM X cingaus. [TokazaHo, 4TO pe3y/ibTaThl YUCJIEHHBIX PAcUeTOB IIPU
OOJIBIION IIJIOTHOCTH CTPYH BBIXOSIT Ha aCHMIITOTHKY, PACCINTAHHYIO aHAJII-

THYECKU.

[Tokazano, 4To B paMKaxX MOJIEJN CO CJIUSAHMEM CTPYH Ha PEIIETKe, CUJILHO-
MHTEHCUBHAS HaO/IoaeMas Y, XapaKTepusylomas KOPPEeIsinl MKy TIC-
JIOM YacTHIl, 00pa3yIoNuxcsd B JIBYX pa3HECEeHHBIX MO OBICTPOTE MHTepBaJIax
HAOJTIO/ICHU, pPaBHA B3BEIIEHHOMY CPEJIHEMY €€ 3HAUCHUN JIJIsi pa3TmIHbIX TH-

II0B CTPYHHBIX KJIaCTEPOB.

C ucrnosb30BaHNEM KOMOMHAIIMN aHAJUTUYECKIX U MOHTE-KapJOBCKUX METO-
JIOB paccunTaHa 3aBUCUMOCTh CUJIbHO-UHTECHCUBHOI ITepEMEHHOI ) OT ObICTPO-
THOI'O PACCTOSIHISA MEXKJIy OKHAMU HAOJIIOAEHUs] U UX ITUPUHBI JIJI CIydasi PP
CTOJIKHOBEHU 1IPU Pa3JIMUHBIX SHEPIUSIX, B TOM YHUCJIE U C YYETOM CTelleHN UX
reHTpabHoCcTH. Cleanbl IpeacKa3aHs ee BUJIa IPU PA3IHIHbIX SHEPIHUsIX,

B TOM 4YHCJIE U C YI€TOM CTE€II€eHN HNEHTPaJIbHOCTU CTOJIKHOBCHMA.

[Tokazano, 9T0 cpaBHEHNE PE3YJIbLTATOB PACUeTOB CUJIbHO-UHTEHCUBHOI mepe-

MEHHOIT X ¢ VMEIOIMINMMCE ITPpeJBapuUTEJIbHBIMI 9KCIIEpPUMEHTAJIbHBIMW JaHHbI-
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mu Kosutabopannun ALICE cBugerenbcTtByer 00 00pa3oBaHuU CTPYHHBIX KJla-
CTEPOB B PP B3amMojeicTBusIX npu suepruax BAK u yBennuennn ux BKjaia

C pocTOM HavaJIbHOIA QHEPI'MKU N HEHTPaJIbHOCTHU CTOJIKHOBEHU.

Anpobalusi pe3y/ibTaToB.

OcHoBHBIE pe3YyJIbTAThI JIICCEPTAINN JTOKIAIBIBAINCH Ha CJIEYIOMNX KOHbe-

PEHIUSX:

1.

IV RUSSIAN-SPANISH CONGRESS: Particle, Nuclear, Astroparticle Physics
and Cosmology, [lyona, Poccusi, 04.09.2017 — 08.09.2017, ycTHBIi JTOKIa,1

«Long-range correlations in the model with string fusion on a lattice»

Oslo Winter School Standard Model, Quantum Chromodynamics, Heavy Ion
Collisions, Skeikampen, Norway, 02.01.2018 — 12.01.2018, ycTHBI# 10KJIa/1

«Long-range correlations in the model with string fusion on a lattice»

QUARKS-2018, XXth International Seminar on High Energy Physics, BaJ-
nait, Poccust, 27.05.2018 — 02.06.2018, ycrasriit goxkiazn "Asymptotes of multi-

plicity and transverse momentum correlation coefficients at large string density"

International Schools of Subnuclear Physics 56th Course: From gravitational
waves to QED, QFD and QCD, Dpuue, Urammua, 14.06.2018 — 23.06.2018,
ycTHBIN JlokJa)] «Long-range rapidity correlations in the model with string

fusion on transverse lattices

The Helmholtz International Summer School Matter under Extreme Conditions
in Heavy-Ion Collisions and Astrophysics, lybona, Poccus,
20.08.2018 — 31.08.2018, ycrubrit noxsaj «Long-range rapidity correlations in

the model with string fusion on transverse lattices

NUCLEUS - 2021. Nuclear physics and elementary particle physics. Nuclear
physics technologies, Cankr-IleTrepoypr, Poccusi, 20-25 centsaopst 2021, ycr-

HbIil oK1 «Strongly intense observables as a tool for studying clusters of
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quark-gluon strings in relativistic hadronic interactions», Svetlana Belokurova,

Vladimir Vechernin

ITy6ankamnm.
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JIn4aHbIil BKJIa aBTOpA.
Bce ocHoOBHBIE Pe3YILTATHI OBLIN MOy YeHbl JITTHO ABTOPOM I B COBMECTHOI

paboTre ¢ HAYUHBIM PYKOBOJIUTEIEM.



20

CrpykTypa m o0beM AuccepTalliu.

Juccepranus cocTOUT U3 BBeJeHUs, 4 IJaB, 3aKk/odennsd, oubsmorpadun u 4
npusoxkenuit. Juccepranus cojepkut 136 crpanun, 17 pucyukos. bubsimorpadus
BKJIIOYaeT 79 HanMeHoBaHMil Ha 11 cTpanuax.

B neppoii riaBe mpuBoauTCs (pOPMYJIUPOBKA JUCKPETHON BEPCUU MOJIEJH CO
CJIMSTHUEM CTPYH, BBOJIATCSI OCHOBHBIC ITOHSITHSI, MCIIOJIb3yeMble B paboTe.

Bo Bropoil ry1aBe aHaJU3UPYIOTCA KOPPEISIIUN MEXK/1y TOIEPETHBIM UMITYJTh-
COM U MHOYKECTBEHHOCTBIO U MEXKJIY IMOTEePEeIHbIMI MUMITYJIbCAMU B JIBYX pas/ie/eH-
HBIX OBICTPOTHBIX MHTEpPBaJIaxX ITPU BBLICOKON IJIOTHOCTUH CTPYH B paMKaxX CTPYHHOI
MOJIEJTH CO CAUSTHUEM Ha PelIeTKe JIs cIydas TPOM3BOILHOTO pacipegeeHus CTPYH
B IIOIIEPEYHON IIJIOCKOCTU, BBIUMC/ISIIOTCA aCUMIITOTUKN KO3MMUINEHTOB KOppeJisi-
IUIA.

B Tperbeil riiaBe BHIYUC/ISIIOTCA aCUMIITOTHI KOI(MMUIMEHTOB JIAJIbHUX KOPpe-
JIANNAN MEXKTY MHOYKECTBEHHOCTSIMH U MEXKJTy MHOYKECTBEHHOCTBIO W CPEJIHUM TIOTTe-
PEUHBIM UMITYJILCOM B JIBYX pPa3/le/IeHHBIX OBICTPOTHBIX MHTEPBaJaX MPU BBICOKOI
IJIOTHOCTU CTPYH U ¢ pukcarueit o0Iero yncia HadaabHbIX CTPYH, YTO MOJAETUPYET
dukcamnuio knacca MeHTPATBHOCTH CTOJIKHOBEHUS.

B derBépTOil TyIaBe MPUBOJATCA Pe3yabTaThl TCOPETUIECKOIO MCCJICTOBAHMUS
CIUJILHO MWHTEHCUBHOMN TIepeMeHHOl I, a TaKkyKe Pe3yJIbTaThbl UNCJIEHHOTO MOJIETHPO-
BalNd U UX CpaBHEHUE C KCIEPUMEHTAJIbHBIMI pe3yIbTaTaMy.

B zak/oueHnn npejicraBjieHbl OCHOBHBIE PE3YJIbTAThl JJAHHON PadOTHI.

B npuioykeHussX Mbl IPUBOJIUM MTOAPOOHBIE BBHIUNC/IEHNST HEKOTOPBIX BEJIMYWH,

HCIO/TBE3YyEeMbBIX B paboTe.
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I'maBa 1. Mozejib co ciansiHuEeM CTPYH B IIJIOCKOCTU

IIPpUIlEeJIbHOTO IIapaMeTpa

B sToit TiraBe onmcana MojieNib, B paMKax KOTOPOI B MOCJIETYIONINX TJIaBaX Bbl-
YUCISAI0TCA KOI(MDPUITMEHTH! JAJbHUX KOPPEJIANNil U CUJIbHO WHTEHCHUBHBIE HAOJIIO-

JlaeMble JIJIsI B3aUMOJIeHCTBIs aJIpoHOB Ipu sHeprusix BAK.

1.1. Onpenenenne ko3 punmeHTa JaJIbHIX KOPPEIdIuii

OOBIYHO SKCIIEPUMEHTAJBHO N3YJal0T KOPPEJISIU MeXKJLy JIBYMSsI OIIPEe/ie/IeH-
HbIMU (pU3NYECKUMU Betmdunamu, F' u B, n3MepeHHBIMU I 9aCTHIL ¢ OBICTPOTA-
MU B JIBYX BbIOpAHHBIX MHTEpBaJaX, 0ygr U 0yp, YCIOBHO HA3LIBAEMBIX EPEJHIM 1
3a/THIM OKHAMU HabJIIOJIeHNs, pasjeeHHbX nareppajoM Ay. Takne Koppessimm

MOJIY N Ha3bIBaHUe Koppessiuii “Brepes-uazan (forward-backward - FB).

- Y gap .
L B | | L F

0 y

Puc. 1.1. /IBa ObICTPOTHBIX OKHa, IIepejiHee U 3ajHee, pas/ieleHHbIe HHTEPBAJIOM.

Ojnoit 3 npuyunH Bo3HUKHOBeHUsT F'B Koppessiuil siBisieTcs poxkJieHue da-
CTHUIL OT OJIHOTO M TOT'O YK€ WU OT COCETHUX CErMEHTOB, 00PAa3YIOIINXCA B MIPOIIECCe
dparmenTanuy JaHHON CTPYHBI, YTO MPUBOIUT JIUIIH K KOPPETATINAM MEYKTY BBIXO-
JIAMU 9aCTHUIl ¢ OJIM3KUME 3HAYEHUSIMI OBICTPOTHI, O KOTOPBIX OOBIUHO MOBOPSAT Kak
0 OKHEX Koppessiuax (short-range). Briajg stux Koppessiinii Oyjier ncde3arhb
IpU pa3sHeceHny OKOH HaOJII0/IeHns 110 OBICTPOTE.

Hpyroit mpwannoit Bosnuknosenuns FB xkoppensiuit apisiorcsa durykTyarun
qucsia 06pa3yoIINXCs UCTOYHUKOB (CTPYH) OT COOBITHsI K coObITUIO. BRjaj sToro
MeXaHu3Ma He 3aBHCHT OT BEJMYMHBI 3a30pa MO OBLICTPOTE MEXKIy OKHAME HaOJIIO-

JeHUsT U He yObIBACT IPHU yBEJUYEHNN 3TOTO 3a30pa (B MPEJIIONIOKEHIN, ITO MPH
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BBICOKHX 9HEPIUsX 00Pa3yIOTCs JOCTATOTHO POTSI?KEHHbBIE CTPYHBI, JIAIOIIIe BKJIa/I
B IIIPOKYIO 00JIaCTH OBICTPOT), MOITOMY OH TIOJIYUII HA3BAHUE JIAJHHUX KOPPEJIsi-
mugx (long-range).

Cy1ecTByeT JBa aJIbTePHATUBHLIX OIIpeeIeHnsT KoM DUITMEHTOB KOPPEISIIIT
Mezk Iy BesmaumHaMn ' u B, npudem o6a NCIOIB3YIOTCA B psijie padoT.

KoadhduiimenT Koppesdainun MoKeT ObITh olpejieieH depe3 (DYHKIIMI0 perpec-
cun (B) = f(B), xax, Haipumep, B |53]:

corr f __ d<B>F

b = . 1.1
BF dF Fe(F) ( )

CKOOKH (.. .) p O3HAYAIOT YCPEHEHNE 110 COOBITHAM IPH (PUKCHPOBAHHOM 3HAYECHIH
BEJIMYINHBI F'.
Takzke KoaPUIIMEHT KOPPESIIIT MOKET OBbIThH OIIPeJie/IeH Yepe3 cpejiHne 3Ha-

dennsd sesimann F' u B [b4]:

poverage — <FB> T <F> <B> _ COV(F7 B)

() Dy

rie (F), (B) — cpeauane 3uadenus semana F' u B. CkoOKu (. ..) 03HAYAIOT yCpei-

. (1.2)

HEHUE 110 BCEM COOBITHUSIM.

Ompenenennst (1.1) u (1.2) coBnagaior B ciiydae JIMHEHHON KOPPEJSIIUOHHOI
yHKIIN

YacTo paccMaTpuBaloT BEJINIMHY KOPPEIALNI MKy OTHOCUTEILHBIMU BEJI-
aunavu F'/ (F), B/ (B). Kosddurment Koppessinnn MezKy HIMI OTIPe/IeJISTeTCsT

KaK

bel, = %b@. (13)

1.2. ®opmyMpoBKa MOJEJN CO CAUSHUEM CTPYH Ha pelieTKe

Jl1st ydaeTa mporieccoB CIMSHUS IBETHBIX CTPYH U 00pa30BaHUs CTPYHHBIX KJIa-
CTEPOB B HACTOsAIIIEH paboTe UCIOIB30BAJICS TUCKPETHBIN 1m0/1X0/1 [37—39], 0 KoTopom
MBI y2Ke YIOMUHAJIN BO BBeJIeHNN. B 9TOM Mo/X0/e B TOTEPETHOi K OCU CTOJIKHOBE-

HUsI TJIOCKOCTH BBOJUTCST KOHETHAsI PEIeTKa (CeTKa) ¢ MIOMAbio STIefiKN MopsiIKa
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MOTIEPETHOrO CeUYeHUsl CTPYHbI (CM. puc. 5). B 9ToM ympormeHHOM TO/IX0je Mpe/i-
II0JIAraeTCsl, YTO IMPOUCXOJIUT CJIUITHUE BCEX CTPYH C IEHTPpaMH B JAHHOI sdeiike
IoIIepeYuHoil pemeTku. B pesynbrare Jio0ast BO3HUKAIONAsd B COOBITUN CTPYHHAA

KoH(Urypalus XapakTepusyerca HabopoM Iesbix duces Cy:

Cyp=1{m,...nu}, (1.4)

rjie 1; — YUCJIO IEHTPOB CTPYH, MONABIINX B ¢-yio g4eiiky, M — 4ucjio gdeex B
[IOIIEPEYHOI IIJIOCKOCTU CTPYHBI.

B pamkax gaHHOIT Moesn Jitoboe coObITue OyIeM XapaKTepu30BaThcss HAOOpOM

CJIEJIYIONINX BeJINYUH

c={c, CE CcF cP cry, (1.5)

e
Cf:{nf,...,nﬂ}, Cf:{p%F,...,p?lF;...;p}\f,...,p%F} (1.6)

— YHCJIO YacTUIl, 00Pa30BaBIINXCA OT pacliajia CTPYHBI B ¢-0if d4defike B mepeHeM
OBICTPOTHOM OKHE U 3HAYeHUs WX MMONEPEeUHbIX UMITYJIbCOB, U aHAJOTUYIHO T 3a/1-

HEro OBICTPOTHOIO OKHA!
B_ [ B B B_ [ 1B mB., . 1B ny B
(O —{nl, ...,nM}, C, —{pl ey DY DAL - P } (1.7)

[Ipn GOJIBINON IJIOTHOCTH CTPYH U OOJIBLIIOM YHC/IE POZKIAIOIINXCA YACTHUIL MbI
TakzKe OyJeM HCIOJIL30BATL TayCcCoBO IpubamzKkenne, chopMyIupOBAHHOE, HAIPU-
Mep, B [44]: npejnosaraercst, 9To (DIyKTyallMd YUCIa YacTUll, 0OPasyIOIUXcs OT
paciiajia CTpyH B JIAaHHOI sTdeiike B mepejHeM U 3aJiHeM OBICTPOTHBIX OKHAX, IIPO-
HCXOJAT HE3ABUCUMO OKOJIO CPEIHEro 3HAa4YeHUst ¢ JAUCIepPCHeii, IPOoIopIuoHaIbLHOI

9TOMY CpeJHeMY 3HadeHUIo 10 3aKOoHy [aycca:

1 -lgm)
P(TLZ) = W@ " <18)

dnf = wﬂﬁf, dn? = w#ﬁiB. (1.9)
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Anasiornano yKTyalun qrcjia CTPYH B Pa3JIMIHBIX siuefikax Mpe/Ioarar-
cd He3aBUCHUMBIMU, TTPOUCXOJANIIMI 110 3aKoHy laycca ¢ jucnepcuneii, mpomopIimo-

HaJIbHOU CpeJHeMy YHUC/Iy CTPYH 7); B JaHHOU sIeiiKe:

1 (=)’
P(m) = —==c ", (1.10)
i

dy, = T (1.11)

Ananornano paboram [22; 24| 6yem mpe/Inosarartb, IT0 CpeHUIT MOMepeTHbIT
UMITYJIbC YacTHIl, OOPa3yIOMNUXC OT pacia/ia ¢-0if ssueliKi 3aBUCUT TOJIBKO OT CTelle-
HU TI€PEKPBITUS CTPYH B JIAHHON ddeiiKe 7); U He 3aBUCUT OT YHUCJIa 00Pa3yIONUXCs
YaCTUIL nf : nZB . Jlucniepcust nMIysibca OTAEILHON YacTUIIBI, POKIAIONIEiica TPU pac-

najie CTpyH B 2-TO sdveiike, W3 cOOOpayKeHmit pa3MepHOCTHU, MPEJIOIaraeTcs TPo-

HOPIUOHAJBHON KBAJIPATy CPEIHEro 3HAUYEHUST NMITY/IbCA:
dp. () = P2(n;) — P> () = vD° () (1.12)

[Ipu BBIYMCTIEHNSAX UCHOIB3YeTCs sABHBII BUJ 3aBUCUMOCTEHl CpeHEero 4nc/ia,
JaCTHIl, 00pa30BaBIINXCSd OT pacliajia CTPYH B ¢-0if sg4eiike, U MX IOINEPEUYHOI0 M-
IyJbca OT YUCJa CTPYH B JIAHHOI siueiike 7);, KOTOpble 0KUJIAI0TCs B KAPTUHE, OCHO-

BaHHOM Ha MOJEJIN CJMSTHUS CTPYH [21; 22; 24]:

n(ni) = /nis P (i) = poy/mi- (1.13)

Torpa dmcso yacTuil, 00pa30BaBIINXCsS OT pacliajia CTPYH B -0if siuelike, ¢ ObICTPO-

TaMN B HepeﬂHeM " SaILHeM 6bICTpOTHbIX OKHaX
F — B _
n; = prn(n;), ny = ppn(n:), (1.14)

TJe [F, fbp — YUCJIO YaCTUIL, POXKJACHHBIX OT pacliajia OJIHOI CTPYHBI B IIEPEIHEM 1

3a,/JHEM 6bICTpOTHOM OKHE COOTBETCTBCEHHO.
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1.3. Haxoxxaenne acuMOToTuK KO3(dPUIMEHTOB
KOPpeJIalni KaK IIPOU3BOAHBIX OT (DYHKIINN Perpeccun

O6osnaunm C' = {C,, CZ CI'}. Venosnoe cpennee (B) g, Bxoagiee B onpe-

nenenne (1.1), st cydast TaabHUX KOPPEJISINiT MOKHO 3amucaTh B Bujie |44]

_ 2o (B)o P(C) FPor(F)
(B)p = S POV Po(F) (1.15)

re (B)o — cpejiHee 3HadYeHHe BeJIMYUHbI B 11pu (BUKCHPOBAHHON KOHMbUIYpalnm

', P(C") — BepositHoCcTh 0bpazoBanus koudburypaiun C', Po(F') — BeposgTHOCTD
HaOJII0IeHNsT BeInInHbL F' B iepe/iHeM ObICTPOTHOM OKHE IpH (PUKCUPOBAHHOI CTPYH-
noit kouduryparuu C'.

Tak Kak (IyKTyaryuyu 4ucia 4acTull, oOpasyIolyuxcs OT JaHHOM s4eliku B 11e-
peIHeM 1 3aJHeM OBICTPOTHBIX OKHAX, M (BJIYKTYAIMM YUCJA CTPYH HPOUCXOJST

HE3aBHICUMO, BEPOSITHOCTL 0OpazoBanust Koudurypanun C' MoxkeT ObITh 3aiucata B

susie P(C") = P(C,)Pe, (CF) P, (CB), e

M M ] (oFatY’
2d
P (Ch) =1]P0) =1] e v (1.17)
=1 =1 zﬂdnf
M Mo _ (”igd”fg)2
2d p
ol =[PP =]] —=¢ ™ . (1.18)
i—1 i=1 y/2md,p

Yenosuoe cpeatiee (B) B 91X 0003HAYEHNAX

(B) ZP ZPC B>Cnc7gB ZPC ") FPo,cr(F) |,

ZP ZPC (CB) ZPC ) Pe,cr(F) | (1.20)
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rjie Jiisd PC,,C{(F ) 1pu OOJIBIIOM YHCJIE 9eeK B CHUJIY IEHTPAJbHON MpeIe/bHOI

TEOPEMDBI UMEEM ,
1 . <F7<F>Cncrlf)
PCanT(F) - \/me 2 : <121)

Cymmy 110 KOHGMUI'YPALUAM IPH OOJIBIIONH IJIOTHOCTH CTPYH MOXKHO IIPUOJIN-

ZKEHHO 3alliCaTb B CJICAYIOIIEM BUIE:

DREES I DOIE | RN (1.22)

rorga (1.19) umeer Bu:

M (0] (0] o
H/d /d P Pe,(CP){ COB/d ¥ Pe, (CF) P, cr (F),
0 0 0

J=1

‘

(1.23)
M (0.} (0.} o0
= H/dan(an)/dancn(Cf)/dangn(Cf)PCncf(F). (1.24)
=17 0 0

B ciientytomneii riiaBe 11t HAXOXKIeHUS aCUMIITOTUK STUX NHTEI'PAJIOB IIPH 00JIhb-

IO ILJIOTHOCTH CTPYH MBI 6y,H,€M MCIIOJIb30BaTb METO/ II€peBaJla.

1.4. AjropuTM BBIYHMCJIEHUSI CPEIHNX 3HAYEHU

HabJII0/IaeMbIX B MOJEJN CO CJIUSHUEM CTPYH Ha pelleTKe

st Berancenns Koagduimenta KOpPeJIsAIiun ¢ MOMOIIbIO onpeesenns (1.2)
HEOGXOAMMO BBIMUC/ISATH CpejHue 3HadeHns Habmoaemsix: (F), (B), (FB), (F?). B
paMKax MOJIEJIU CO CJMSTHIEM CTPYH Ha PEIeTKe YCPeJIHEeHIe O COOBITHSIM ITPOBOJINT-
cs B JIBA 9Talla: cHavasa BHIUNCIISETCS cpejiiee 3HaYeHne BeJNINHbI P (BUKCHPO-
BaHHOII cTpyHHOI KoHdurypanuu C,, 3aTeM IPOBOANTCA yCPEJIHEHHE 110 CTPYHHbBIM

koHburyparnusam. Cpeane BIIUCIIIOTCs B rayccoBoM npubimkennn (1.8), (1.10).

= {{m)y ) (129
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rjae cKookm (- - - >C obozHavaloT yepejanenue 1o kouduryparyuu C,

M
(F)r = H/de(m) F, (1.26)

M
(=11 / dnf P(nf) F. (1.27)

Acumnrorukn KodpOUIMEHTOB KOPPEISIIE P OOJIBINON IIJIOTHOCTH CTPYH
Oy1eM UcKaTh B MPUOJIUKEHUN:

1 1
— 1. — 1. 1.28
ﬁ_<< s < (1.28)

1
OrmeruM, uro B sKcrepuMmenTax Ha LHC B caMbIX HEHTPaIbHBIX CTOJKHOBEHHAX
siJlep CBUHIQ JIOCTUTArOTCs 3Hadenus 77 ~ 10 [55]. SHas pasmep sjapa u pajuyc

CTPYHBI (HpHBe,ZLeHHbIﬁ BI)IIHG), MO>KHO OLOCHUTDL YUCJIO Ad49€€K, HJId CJIydad TAXKeJIbIX

A7ep OHO OKa3blBaeTcs Beanko, M ~ 103
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I'maBa 2. BrprumciieHne acuMITOTUYECKOI'O
noBeeHns K03 pUuInueHToB JaJIbHUX KOppeJsainii
Ipu OO0JIBIOI IIJIOTHOCTH CTPYH C y4€TOM MX
HEeOJHOPOAHOI'0 pacHpeaesieHIsl B IIJIOCKOCTH

IIPUIlEeJIbHOTO IIapaMeTpa

B sToil rtaBe Mbl BBIYHUC/IAEM aCHMITOTUKNA KOI(MMUIINEHTOB TaJbHUX KOppe-
JIAIN TTpU OOJIBITION TIJIOTHOCTU CTPYH € YIETOM MX HEOHOPOJIHOTO pacIpe/ie/IeHnsT
B IJIOCKOCTH IPUIEJBHOrO napamerpa. B paziesne 2.1 kodduiuenT Koppeasimm
ME2KJy MHOZKECTBEHHOCTDBIO U IIOIIEPEUHBbIM UMILYJILCOM by, ), BBIYHUC/IAETCA KaK 1IPO-
u3BoJIHAs OT pyHKINU perpeccun. B pazjese 2.2 KoadpDUImeHT Koppessimm MexK Ty
OIIEPEYHBIMU UMITYIbCAMU by, BBIYHCIACTCSA JBYMS METOJAMU — 4YepPe3 BbIUUCJIe-
HUe CpeJINNX 3HAYEHU I 1 KaK ITPON3BOIHas OT (DYHKITMHN perpeccuu. [ 1aBa ocHoBaHa,

Ha pe3y/Ibrarax, omybJMKOBaHHBIX B paborax [56] u [57] (pasgern 5).

2.1. Koaddunuent Koppessaiun Me>KJ1y MHOXKEeCTBEHHOCTBIO

n 1olrepevYdbiM UMITYJIbCOM

B pabore [43] anamurudeckue pacderbl aCUMITOTHI KOI(DduIeHTa pt-n-kop-
PEJIAINN It O0LIEro cjydast MPOU3BOJILHOIO PACIPEIEJEHNs CTPYH B HOIEPEIHOIt
IJIOCKOCTH OBLIM TIPOU3BEJEHDI ¢ MOMOIIbIO onpejesienns (1.2), uepes BblUUCIeHNE

CPeJTHIX 3HAYCHUIT HaOJII0/IaeMbIX:

351/4 153/4
w _— e
77p0 (881/2 48%/2>
pwpwy M

average __
pen

(2.1)

rie

S5 = % > (2.2)
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B srom pasjeisie Mbl BbIMUCIUM KOI(DQUIUEHT Koppejadinuu by, ,, UCIOIb3y:d

onpegenerne (1.1):

bcorrf <pt >nF . <23)

ptn an < >
np=\nr

st 9TOTO CHAaYa A METO/IOM IIepeBaJsia BBIUYNCINM KOPPEJSIIIUOHHYIO (DYHKIIIO, 1a-
Jee koaddunuent by, ,, HailjileM Kak HIPOM3BOJHYIO OT 9TOH 3aBUCUMOCTH B TOYKE

ng = (ng). Sanumem (1.23) s sToro ciydasi:

M (0.9) 0.} o0
o), = s L1 [ o [ and [ nf (o), N(C, O €
0 0 0

]=1
2 2
f(;:d-ﬁf) ) nid_nf) g ()0 cr)
Xe nl’ e nP e 2y e 2dn . (Cn, CL) 7 (2.4)
M 00 00
P(np) = H/dnj/dnf/dan(Cn, crF, ch)x
=179 0 0
_F\2 2\ 2
( %:;nf) (ni;nf) g (o)
Xe nf e nf o7 2y, 2dnp(Cp. CF) : (2 5)
rie
M

np = an (2.6)

i=1
[Ipu orneHke MHTErpaOoB METOJOM IiepeBaJia, HOPMUPOBOUHBIE MHOXKHUTEIN U3 Tayc-
cobIx pacupeenennit N(Cy, CI CB) B nepesaibHoil TOUYKe BBLIHOCATCA KaK B

JuCaUTese, TaK U B 3HaMeHaTesie POPMYJIbl U COKPAIAIOTCA, MOITOMY MOXKHO HE

BBIIINCBIBAThL UX B ABHOM BUJIC.

[Tpu orenke nnrerpana 1o nP npoucxopur samena n? na nP,
M 00
F/ B F B
9:1 0 0
2
(nf*ﬁf) (n-m)?  _ (”F*(nﬂcan)

X e ni e_ 2d77i e 2d’ﬂF(C"]7 C’V};) <2.7)

Y
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M o0 ! -

2d @ _\"i™h ntn

= H/dnj/anN C CF CB) nf o7 2, o 2dnp(Cn, CF)
0

j=1

F F . —F
IIpu onenke nuTerpaja 1o n; MPOUCXOJIUT 3aMeHa N; Ha T

<pt >np

/dnl S an <ptB>Cnclﬁ9 N(Cm Oga Cg)e_(ba (29>
0

P(np) = /dm ..dnyN(C,, CE CB)e?, (2.10)
0

rie
M

M
— 1/2
(np)e,er = 3 1l =pr y 0%, (2.11)
i=1 =1
M

M
Aoy (Cpy CEY =3 "dl = wupp > 0/, (2.12)
=1

1=1

é = i (mi —7;)° i (nFp — <nF>Cn05)2 _ f: (m; _?i)Q n (nF —HE Zk 1771//:)

(2 13)
[Tonmoxkenme ToUKN TepeBaja n* onpeaeasaeTcs yCJI0BUEM:
d
i ni=n;

B
[Ipu onenke mHTErpaJsoB 1o dn; . ..dny MHOKUTEIbH <pt > c,cB B TUCIUTENE BBIHO-
CUTCY U3-110J] 3HaKa MHTerpaJa B TOYKE lepeBaJia, OCTABIINECd WHTErpaJibl COKpa-

IAIOTC:

x3/4
<pt >nF <pt >C cB = Po%- (2.15)

i=1"l

[lepermmrmem (2.14) B ssBHOM BujIE:

n;—=n;, (np—pr Zk 177*1/2)772k Y2

Wil 2WuftF Zk 1 77*1/2

— 2nppup Zk 177*1/2 + MF (Zk 1 77*1/2) 12
— n; =0, (2.16)

dwupp <Zk 1 "’7*1/2>
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B = “FZ"Z r -1 (2.17)
: W M
K g 1 (Zkzl 77k1/2>
Criestaem 3aMeHy HepeMEHHBIX:
; nr ng [FWy
z ;i <nF> s Zl 1 77@1/2 Z 4w,/;
TOIJIa
2 Zk S
2 f k 1 ik 12 L
zi —1=uaq :
Zi
M —1/2 2
3 2 (Z’ 11 )
z—zi=a; | f —-11. (2.19)

2
M
(Zz 1 zzml/2>
Ypapuerne (2.19) umeer pemienne f =1, z; = 1. YunrsiBas 91o, npojanddepeniiu-

pyem (2.19) u nosoxum f = 1

M

1
zi=a; [ 1— 1 Zzllﬁkl/z :
(Zk:1 Mk / ) k=1

_1/2
Zk: 1 2 1 (2.20)

a@' > iy 72

YpaBHEHIE UMEET BU/I
pizi+ Y ar, = c. (2.21)
Nmeem ceputo ypaBHenuii Bujia

piz;—Fquz,'f:c, i=1...M. (2.22)

Bribepem ojiHO U3 HuX, HaIpumep, ¢ = 1

P+ Y akz = c (2.23)
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u BeraTeM (2.23) u3 (2.22)

P12y =pizi, i=1... M. (2.24)
Taknm 06pa3oM Bce 3HAUECHHSI 2; MOTYT ObITh BBIDAXKECHBI 4epe3 21:

2z, = —2z. (2.25)
[ToscraBum Bepazkenne (2.25) B (2.22)

p12] + qu%zi = c. (2.26)

Orcrofia MOXKHO BBIPA3UTD 24:

’ C

T — (2.27)
1+ 0
dz*
Zz{’f:1 = % = ‘ (2.28)
Pl p, <1+Z§—ﬁ)
Z/‘ _ de —a 1 . HFEWnS1/2
ilf=1= 77 = a; = —
¥l ™ T Can ) (S 7))V Qs )
(2.29)
M i M
peorr f — Do 1 d ank3/4 . wal i i d ZU%I/Q
e 25\4177*1/2an . i (ZZM1 ;‘1/2)2an - i
nF—<nF>
(2.30)

C ydeToMm 3aMeHbl repeMeHHbIX (2.18)

M
bcorrf Do iz /2 3/4
ptn <nF> ZM —1/2 f —

217,

M o
DY Zz 12
M _ df lnz
f:1 (Zz 1 21/2)

M
corr Po 1 */ 3/4 83/4 */ 1 2
peorr = = / § / 2.31
ptn ( 7\151/2 Z 772 2 > ( )

MFMSl/z M(81/2 i=1
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Boraucsnm Beipazkenusi, Bxosiiue B (2.31):

Zz R b TR V) (2.32)
i=1 (4Wu31/2 + MFWTJ)
M [FWyS
Z A1) = TR My, (2.33)
! ! (4w S /
i=1 uS1/2 + “Fwn)
OxkoHuaTeJIbHO
Powy, <3 S1/4 53/ 2)
bcorrf 28172 (31/2)
(2.34)

pen 4w, Msy /o + M ppwy,

[lepeiiiem K oTHOcUTebHOMY KO3 dunmenty xoppessiuu. [Ipu mepecdere

83/4

6yﬂeM MCIIOJIb30BaThb 3Ha4YCHUA JJId CPEAHUX B I'NIaBHOM IIOPAJKE: <pt> = Do 51727

(nF> = ,UFMsl/Z

3 81/48
A (— AL 1) . (2.35)
dwys1y2 + pEpwy \2 S3/4

Obcyxkieane pe3yJIbTaToB

Breranciennasi acuMIToTHKa KoM MUITIEeHTa KOPPEIAINT MEXKTy TOIepEeTHbIM
MMITYJTbCOM U MHOYKECTBEHHOCTBIO JIJIsT HEOJIHOPOJIHOTO paciipeiesieHnst cTpyH (2.34)

COBIIAJIA€T ¢ ACUMIITOTUKON, BBIYUCIEHHON B pabore [43] ¢ MOMOIIBIO OlpeieeHust

(1.2)

corr f __ 1average
bptn bptn

CoBrnaJieHne 5THX BbIPazKeHN B paMKaX CJAeJaHHbIX IPUOJINKEeHNIT 3apaHee He sBJIs-
eTCsl OUEBU/IHBIM, TAK KAK JJIsi HeJMHENHHOH (hbyHKINI perpeccun jiBa pasHbix, (1.2)
u (1.1), onpenesternst KoauimenTa KOppeJIsiini He SIBJISTFOTCS TOYKIeCTBEHHO COB-
[aJIal0MMKU U B [IPUHIUIIE MOT'YT IIPUBOJIUTH K OTJIMYAIOIIUMCs pe3yJibTaTaM.

PaccmoTpum ojijHOpoiHOE pacupejesenue 7; = 1.

by = HEC . (2.36)

2 (MFWn + 4“?7\/5)
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[Tostyaennast popmyiia Jijist acuMiToTuky kKoddbdurmenta koppessiun (2.35) B cy-
“qae OJHOPOJIHOIO pacIpe/ie/ieHlsi CTPYH MepexouT B Beipaxkenue (2.36), moJrydeH-

HOEe paHee JPYruM criocobom B paborax [35; 38; 39| mpu 60BN [IOTHOCTH CTPYH.

I3 Beipazkenust (2.35) BUIHO, 9TO 9TOT KOIDMUIUEHT KOPPEIAIINI MOXKET [PH-
3 51/451/2
HUMATb OTPHLATE/IbHDIE SHAYEHHUS B CJly'ae, KOIJla PasHoCTb 5— == — 1 < 0. Ilo-
KaykKeM, 4TO JIeHCTBUTEIbHO CYIIECTBYIOT TaKle B CpeJiHeM HEeOIHOPOJHbIE paciipe-
JleJIeHNsl CTPYH B IJIOCKOCTHU HPUIIEIBHOIO apaMeTpa, Jjd KOTOPLIX by, < 0. g
9TOr0 BBEJIEM HEOJIHOPOJIHOE paclipejiesieHne CTPYH B MOIEPEYHON IIJIOCKOCTU CTPY-
Hbl: IycTh B M, = mM gdeiikax mMeeTcs MOBbIIIIEHHAS TIJIOTHOCTD CTPYH: 1)1 = a1,
T.e. 6€3 OrpaHUYeHusi OOIIHOCTH MOXKHO paccMaTpuBaTh TOJIBKO a > 1, a B ocTas-
muxcst (1 —m)M saeiikax n crpyn. Haiijgem mapamerpot ¢ > 1 u 0 < m < 1, npu
3 51/451/2

3 81/481/2 rel
KOTOPBIX 5=~ 1 < 0 u, cneposaresnbho, by, < 0.

1 M —y _ =\v
Jl71e1 TAKOTO pacIpeie/enus CyMMa 5, = 7 » ;¢ 1]y uMeeT Buj s, = m(an)” +
(1 —m)n”. Yenosue

3814512

1<0 (2.37)
2 83/4

9KBUBaAJICHTHO
m?(3a¥* — 3a"? — 301" + 3) + m(—2a** + 3a*? + 3V —4) +1 <0 (2.38)
Ob6o3HaIIM

F(a,m) = m*(3a®* —3a* = 3a"* +3) + m(—2a** +3a"* +-3a/* —4) +-1. (2.39)

[Tocrpoum kpusyto F'(a,m) = 0 — rpanuiy obsactu, B Koropoit F'(a,m) < 0
npua=>1unu0<m< 1.

l

re
Taxum obpaszom, koaddunuent koppessiun by,

MOZKET CTAHOBUTbHCS OTPHUIIA-
TeJTbHBIM B CJIyUae CIJILHO HEOJHOPOIHOTO pacipeneaens, npn a 2 42.86, T.e. ecymn

B HEKOTOPOIT Jlosie siveeK IIOTHOCTD CTPYH B £, 43 pasa Gosblie.
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Puc. 2.1. I'padux dbyukuuu F(a, m) = 0, nokaseiBaroImii 06/1acTh ITapaMeTpoB @ U 1M, IPU KOTO-

PBIX 3HavYeHne KoddduimenTa pt-n Koppeasdiuil CTAHOBUTCH OTPUIATETbHBIM.

2.2. KoaddunmueHT Koppesannum MexKJIy IIonepeIHbIMMI

nMIIyJIbCaMun

Panee koadurment pt-pt Koppessimu uccyeosascst B paborax [43; 44].
B pabore |44], npn Beruucsiennn koaddunuenta by, ,, 1mepsbim criocodom (1.1),
CHavaIa METOOM liepeBasia Bbranc/siach (yHKuus perpeccut (py >va Jajee Ko-
t
" Fo_
spduruent by, ,, HAXOAUICA KaK [IPOU3BOJHASL OT ITOI 3aBUCUMOCTH B TOUKE p; =
<pf > AcuMnroTuka ObLia paccuuTaHa TOJBKO JJIs CIydasi pABHOMEPHOI'O pacipe-
JIeJIEHUST CTPYH B IIONEPEYHOM TLJIOCKOCTH.
B pabote 43| xoaddurment by, , BBIUUCIAICS BTOPBIM CIIOCOOOM B IayCCOBOM
npubmmkennu (1.10), (1.8) mpu GOJBIINX CPeJHUX 3HAYEHUSAX IJIOTHOCTH CTPYH

7; > 1 u uncna saeex pemerkn M > 1: Bbraucasnch cpeuue suavenns (p; ),

<ptB >, <(p§7 )2> n <pf pP >, Bxozsmme B dpopmyny (1.2) mis kosdduiimenta KoppeJisi-
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nuu by, ,,. OHaAKO OKOHYATE/ILHOE BBIPazKCHUE JIJIS aCUMIITOTHI by, ,, B OoJiee 0b1IeM
caydae HepaBHOMEPHOIO PacIpejiesieHis CTPYH B IIOCKOCTH IPUIIEILHOTO [TapaMeT-
pa Tak 1 He ObLIO IOJIyueHO. B HacTosiIeM pasjese Mbl HAXOIUM BbIparKeHUe JI/Isi
ACUMIITOTHKHI KO3 HInenTa KOPPesIAun MezK/y HOIepeUHbIMI UMITYIbcaMu by, ,,
JIUIsl ODIIEero cjydasi ¢ HepaBHOMEDPHBIM paclipejle/IeHeM CTPYH, MMOCJIeI0BATEIHbHO

UCIOJIB3Ys 00a ITUX MOX0/1A.

Beraucnenne acumnroTuku Kodddunyenta Koppeadanuun by, ,, depes

HaXo2K/JeHne CpeaHnnx 3HaYEeHUI

Borancmm kKosppunmenT Koppersainnm

yoverage _ \PLPY) = (pt) (P) _ cov(pr.pp)

f = (2.40)
m ()2 = (of)” Dpe
JIJIs HEOJIHOPOJIHOTO PACIIPEIeIeHHsT CTPYH.
Cpeanee (pf’) ObuI0 BBIUMCICHO B pabore [43):
N M
>ty 7 (mi) D () [ S vt il v oyl
() = — o SR Wl (2.41)

Sia — FS_1)2

rjie
M
Sa = T (2.42)

Berancanm <p%>:

S
3
=y

[N}
~———
I
ﬁ?w‘ =
=

S|
I

Cy

<ni <Z ni P2 () + i (nf = 1) P° () + D _ninip <m>p<nk>)> > =

i=1 i=1 i#k
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| [ M 2 n
<@ (Z n; dy, (m) + (Z n;p (m)) ) > > . (2.43)

<pfg>=<§M:< ;f 2> ’Vp(nz>+§:< ]Zf2 >p2(m)+
= (Zﬂlnf> CF ! (Z]1”f> Cr

+Z< T]in‘f 2> z‘ﬁ(m)ﬁ(nk)> - (2.44)
(=)

Yepeaenue pobeit, Bxomasmmx B (2.44) nmposeieno B npuioxkennn A. Ilocre yepe-

HEHUA ITOJIyIUM

<pf2> S <Z%ﬁ(m)ﬁ2 (”§)> + < (walﬁ(m)z‘?(m))2> _

HFE

(2.45)

M — N2/ M W w
<Zi1n(7h)p (7722)> _ L ‘ ﬁ(ﬁi)]—ﬂ (7,) [1 _ \/ﬁ_ig’l/Q + % 57’7%]/\24] , (2.46)

<(waln(m)ﬁ(m)>2> E
~

(i)

72 ()72 (7 M 3 w 3w
ZHQ ) P (7;) (1+§ﬁ_ 52,\;77_—1- 87777) +

n

M’ w w
+Zﬁ(ﬁi)ﬁ(ﬁi)ﬁ(ﬁj)ﬁ(ﬁj){1+§ﬁ_§12/\%_i iz\m_ 3, GWA)H (2.47)

S w0 P ) oo w su
@@Xﬁmg> I (e

n
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3Mw, 9 w 9 w 3 1 1
n Z_ _ o 142 n_ < 77___ n — — (__+__) )
2 mpG n"’)p("’){ 25, SSvE SSeym 32 \5 T H
(2.48)
rie
M 1 w M L w w; 7

Tak kak Cb.HyKTyaU;I/H/I MHOKECTBEHHOCTEN 1 IIOIIEPEIHbIX UMITYJILCOB YaCTUII B

nepeaHeM 1M 3aJJHEM OKHaX HE3aBHUCHUMbI 1 <pt > = <pt > TO 11PN yCpE€AHCHUN <pfp§>

nMmeeM

<pfpf> _ <<<pt > > <<pt >CB>CB>O" _ (Zleﬁ (772')]3(77@')> (2.50)

T0 BbIpaykeHue ObLIO BLIYUCIEHO Bbime (2.47).

Tak Kax <pt > <ptB>

<pt > <Pt > = <pt > (2.51)

Boseegem (2.41) B xkBajipar. B riiaBHOM HOPSIIKE TTOJTY UM

A2 1 Mw, 3  wy 3 wy
= n? (M) 7 () |1+ ey .. 3y
<pt > (51/2 — S—1/2 [Z n ( 2 512/2 4 51/2\/7% 16 n;
1 Mw 3 w 3 w 3 w 3 w
+ m)p (7 @)1+ st — o T = o o
; " 77]) (77]) { 2 51/2 851/2\/7’]z 881/21 /77j 32 771 32 77]

(2.52)

Jlasiee Mbl BBIUHCIsSIEM YUCTATETH U 3HAMeHaTe b B (hopmyiie (2.40), bepem nx
OTHOILICHUE 1 HAXOJUM BbIpazKeHue Jis by,,, . OTH BblYKCIeHId BbiHeceHbl B [Ipuiio-
»kerne B. OxkonuarebHo, 17151 KO3MDUIIEHTa KOPPEISIIIINT MEXK/Iy CPEIHIMUI II0IIe-
PEUHBIMU UMITYJIbCAMU B OTHOCUTE/IbHBIX IIePEMEHHBIX JIJIsI CJIydasi HeOHOPOIHOIO

pacrpejie/ieHusi CTPyH B IIJIOCKOCTH IPUIIEILHOIO apaMeTpa Mbl 1Oy YaeM:

52
9 3/4
176WnS1/2 T 4“’773
baverage — /2
Dt Pt

53/451/4

_3
4 81/2

9 =, , (2.53)
16WnS1/2 T W??s/

53/451/4 + V—i—wusl . Wu3§/4

3
47N 519 Wr HFS1/2
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paverage _ Wnltr (95‘%/2 - 1251/483/481/2 + 453/4)
Dt Pt

(2.54)
16’}/818%/2 + Wyl p (93?/2 — 1281/483/481/2 + 453/4> + 16(,()“81/2 (8181/2 — S§/4>
BLI‘II/ICJIeHI/Ie ACUMIITOTUKU KOSde)I/IHI/IeHTa KOoppeJidionmmn bptpt MeTOoa0M

ImepesBaJia

O6001M BBIYHC/IEHNS, IPOBEJIeHHBIE B pabore [44| Ha cirydail HeOIHOPOHOTO
pacrpeieieHus CTPYH B TOMEPETHOMN TIJTIOCKOCTH.

Banurem dpopmyiy (1.23):

M o0
(PB),, H/d idnPdn N(C,, CF) (pB)c,cn € eV (2.55)
]:1 0
M (0.¢]
H/d jdnfdan(Cn, CEe ®e?, (2.56)
Jj=1 0
rie
M (n'—ﬁ)Q M (nF ﬁF)Q {pF_<pF>C CFr M (nB ﬁB)2
o =) 1 L i I R NN AL
Z 2d77' +Z 2d,r i 2dpF(OTI7 CT}L?) ’ Z 2d,,5
=1 v 1=1 i =1 i
(2.57)
n; n; d
(), p = e OB oy - L n) -y 5
" doni(n) (X nP(m))’
[Ipu onerke nnrerpajia 1o n? npoucxonut samena n? na P,
oM
sy, = o 1L [ Amdnf N(Cy O tpmeycpe . (259)
P(pr) =19 !
M (0]
Plor) =[] [ dnanN(C,, e (2.60)
J=1 0

[Ipu oleHKe MHTErPAIoOB 1O METO/LY IepeBajia HOPMUPOBOUHBIE MHOKHUTEIN
o * *F = * *
u3 rayccosbix pacupepenennit N(Cp, C3F) B nepesaibuoit Touke 17 (pr), n;(pr)

BBIHOCATCA KaK B YUCJ/IUTEJIE, TaK 1 B 3HaMeHaTeJIe (bOpMyJH)I 1 COKpalllatoTCd, TOT' da

M 2B (n*)p, (n?
(pB),, = <pB>cn*cﬁB = Zizlj\? (_TIB)pZ(m)' (2.61)

2 im 1y (%)

7
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CriestaeM 3aMeHy IePEeMEHHBIX:

F
4 _ N n; DF
Z. = —’ K 5 == —’ 262
T w T b i
HOJIY UM
2
S3/q PO 1pz77/ M =1/2
i=1 i=1 2w“2i2 27 Zizl piziM; o
[Ipomuddepeniupyem 1o z;:
00 _4zi(= =i _ 2pi = z)0VIiwr _ (pi = 2)*V ik
0z; Wy WyZi w2}
_3/4 S 1 plsz/ —1/2
(13- Tt (22 ) e
72i—1 piziTi
S N (M 1722
(- Sede) (Shom) we
= 2 Pizill;- (2.64)
Y <Zi:1 W?ﬁi)
[Iponuddepentupyem 1o p;:
2 2
SS/4 i= Pzzzm/ M —1/2 2=
0P _ (pi— 2 )Viimr <f51/2 Zzllmim ) (Zi—l Pill ) HFZTh
a . w 2;2 M — 2
8 h 2y (Zizl pizizni)
S 2N\ (M _1/2 1
(f i i 1ppfn’f;2) (ZZ Loy )u 7'
_|_ =1 7 = _|_
’Yzz' 1 PiziM;
Ssja Do 1’”2177?/4) ( 1/2) 3/4 3/4
n <f51/2 S 1Pzﬁ}/2 Zz 1 Pil; 2 _Zzﬁl/ N Zi\il pzzzﬁz/ ﬁ1/2
25 M _1/2 2l
v Zi:l Pizil; Zz‘:1 Pill; (Zf\g Pz’ﬁgﬂ)
(2.65)

B noBbix mepemensnix (2.62) mosmoxkenne Toukn nepesasa z; = z1(f), pi = pi(f)

onpeJiesgeTcs U3 yCa0BUil:

o 0 0P
0z o dpi
[Tpomuddepennupyem (2.66) mo f u mogoxkum f = 1. YauTeiBast, 9T0 Ipu

= 0. (2.66)

f =1 ypasuenus (2.66) umeror perrernst z; = 1 u p; = 1, mosmyanm
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2(pi = 22)VMikr

Wy

Wuzi

S3/4

_3/4 53/4 .
n; S1/2 S1/2

M / ’ 73/4
i—1(Pit2i)1;
2ic1 (Pitzm

M _1/2
5, Z¢:1 /0;771'/ ) Sl/2MF

S3/4

M
2z (P +Zz{)771

=0, (2.67)

vS1

=2y | (57

S1/2

S B B 2
3/4 Ez 1P mzm) (Zi\il 77;/2> %33

Wy

_3/4
77/

X

Y 22':1 i

M _3/4
Zz‘:ﬁ?/ —1/2

_|_
_1/2
Zz‘:1 n;

— 0. (2.68)

(Zf\il ﬁ;ﬂ) 21

[Ipeobpaszyem mosrydeHHbIe BhIPAZKCHUST:

=1/4 (53/4 S (=) Sapa M ,_1/2)
w - M ml/2) g
16%{_2%(,0; —2z)ur i\ S, S1/2 + 57, 2 im1 PiTly 1/210F 0
VIS V17751 .
2.69
Syya S (hra)m 53/4 _1/2) 2
(p; = 22)\/Mikr . (51/2 S1/2 ZZ 1Pl 1/21F /! n 53/4#/2 _9
Wy "}/Sl 51/2 512/2 i
(2.70)

[Tomyaum cucremy ypaBHEHUIA:

M

167w Sy 1 TR
i bt LV VO R I 9 —1/4 [ ©3/4 1 / —3/4 3/4
wn/I/F A ’y(pz ) w#nz Sl Sl ; (p +z nk: 51/25 kz
(2.71)
/ / Ss/4 22{1 (P + %) ﬁiM S3/4 - 1 —1/2 S3ja _1/4
— — = — -7 =0. (2.72
’y(pl Zl) e < S1 S1 51/251 1 PRl 51/2 " 0 ( )
Beipasmm pf:
M
53/4 Zk 1 (P + Zk:) 53/4 Z <S3/4 _ ﬁ1/4> —(p—22),
"\ S S 51/251 P Sipp '

S 16
<Si4 - ﬁ;/‘*) ( T/ — o
1/2 WnhF

2 <2ﬁ1/ 4

—ﬁ1/4> +ﬁ3/> =

(2.73)
290 — 22 >) (= 24) = 0,

(o ) (8210
WnF 51/2 ' ’



16w, T — 52
/ / Wy N Sij2 1—1/2
p; =2z 1/4 S, Cilli - (274)
w 7./t 908/
nlF 37, 251/2
[TogcraBum (2.74) B (2.71):
_1/4 M
16’}/(4)# , 1/2 16(4)# m; S1/2 ,._.1/2 _ ﬁ1/4w# [53 -
WyllF Zil; wnluFBﬁ;/zL_zgi_g (X ) S /
M _1/4 S3/4
16w, Mk Sie _1/2 ,_3/4
=3 [3+ —— 15/;4%/ 47+
k=1 nHE 3, — 251/2
_1/4 S3/4
S3/4 M 16w, "k Si2 _1/2 1/2
284 2 s Ve gl ) a2l =0 (2.75)
_ S kM :
31/2 ; Wy F 377]1/4 o 2%;;;
[Ipeobpaszyem Moy IeHHOE BbIparKeHUe:
—1/2 M =1/4 _ S3/a
16 ;”'71/ 1 IS _Z 34 16w, "k 5172 —1/2 1 =34
woptp 374 _ 9Sua S 3/4 Wi 34 _ 9 'k 47+
MRS T A, k=1 MO T 25,
_1/4 Sz
S3/4 M 16w, " S 1/2 1/2
= £ ] m/ ] =0 2.76
Si/2 = Z wnttr 3/t — 2?3/4 i | 270
1/2
1698 s, 160~ AT 16w, Sya g A
—S3/4+3 -2 —
nper sl — o Z W e 2R e S -
S3/4 il /—1/2 S§/4 16w, al 27,
—2— =0 2.77
S 2 o - 2 o
16v5 7 i/t 4 164 W
“ Wy F 3—1/4 _ 253/4 Z Zk Wy lbF 3_1/4 o 253/4
i 512 512
_ 2 _
o 10wy S 53/4771/2 S3/4 16w, "k = S34 (2.78)
B _1/4 Ssip k _1/4 IS — P3/4 .
e Sl 0% S B 25
Ypasuenne (2.78) umeer Buj (2.21). Ero pemienne (2.28):
dz? c
Gl =—r| = : (2.79)
M= p(1+52)
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_1/2

16’}/51 7,
rme p; = L
rﬂ; p’L w’I]MF 37]:/4 53/4
i 51/2
_ [ g/e o t6wn /2 16w, Saa " 53/4_1/2 534 16w, e
A Mg Wyl F 3,1/4 S3/4 ~ “wppr S1/2 3ﬁ1/4—253/4 S1y0 1k 81/2 Wy R 3,1/4 S3/4
51/2 k S1/2 g 51/2

[To ompenenennto (1.1)

) — 53/4.

dpB),, SN dn;
bpep: = d : - Z on* <pB>cn*c§ don . (2.80)
PE - pp=tpr) =1 9T PF | pr=(pr)
C yderom 3amensr (2.62)
dpr pr={pp) <pF> df f=1 (pr) df f=1 .
Ucnonb3yem SBHDIH BHJL 3aBUCUMOCTH: N = wal n:, (pp) = 5\41 nip;,
ni (m:) = /T, D (Ni) = Po/Ti,
0 Zk S N 3/4 =y
= Sppr—— — = 12 (282
677; <pB> anz Zk_ ¥1/2 pO Sik/2 9 0 . 277@ ( )
1/2
Tora
b _i 9 (p5) dny; _i'gl 2 <3ﬁ?/4 9 S3/4 1/2) dz;
PeDy * B C’,,*C%B o - o 27
= on; APF lpomipe) i S31 \ O12 (S1/2) df 151
(2.83)
dbopmyna (2.80) umeer Buj
M [/ _3/4 _1/2 .
7; m dz;
I 3l ol i (2.84)
e ; < 53/4 Sl/2> df f=1
YaursiBas (2.79), dopmymny (2.84) MOXKHO TepenucaTh B BUJIE:
M _3/4 M _1/2
c 3 n: 2 n.
by = i i, 2.85
D <S3/4zz1: pi 51/2; pi) (2:85)
Beraucsnm Beipazkenusi, Bxojsiiiue B (2.85):
Qe Wy p _—1/2 _3/4 (o 1/4 53/4 16w, ﬁi/Q B
Z Dk o Z 165, |:3 (3 Sl/g) + WpltF 3ﬁ]£/4 - 2?3/4
1/2
16wy, S3/4 ﬁ5/4 53/4 1/2 ( _1/4 S3/4) S§/4 16w M
—2—= . - 37, — 2 L 2.86
Wnlbr S1/2 3_1/4 253;2 51/2 S1/2 - 51/2 Wyl 3_1/4 2:232 o )
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S Laltr (g qpSaS PRy 2 I G (2.87)
pe 1675 V2 S1/2 St WS\ S ) '
S
¢ = 3/4 Y (288>
1+ Z g_;; 14 @nir (g 12 S1/453/4 4MS§/4 wu (g S§/4
T Tovor 2= S1/2 + 5%, T s " Si
3 ﬁ?ﬂl _ 3 Wyl EM: <3ﬁ«1/4 B 253/4> #/4 _ Wntr (951/2 B 651/4) (2.89)
53/4 im1 Pi 53/4 1675, i1 ’ 51/2 ’ 1675, 53/4 51/2 7 '
M _1/2 M
2 ; 2 S 6S 4M S
Z i Wy Z (3@;/4 _9 3/4) _ Wpllp /4 . 3/4 ' (2.90)
51/2 - Pi 51/2 16751 i—1 51/2 16v5: 51/2 51/2
OxoHvaTeIbHO
P10 (951/2 125y 433/4)
corrf __ 3/4167s, 53/4 S1/2 S%/2
bptpt a Wy bR 51/453/4 53/4 w 3%/4 ’ (291)
U] _ 192i/48/4 Z3/4 Y _ 34
L S (95, — 12242500 4 48%/2) 2 (s - 2)
WylhF <9si{’/2 — 1251458348172 + 433/4>
Dy = (2.92)

167315f/2 + Wy bF (93?/2 — 1251 /483/451/2 + 433/4> + 16w, 51/2 <5131/2 — s§/4>
OO6cyxieHne pe3yabTaTOB

Acumnrornku K03 UIMeHTa KOPPESIIIN MK/ HOIePETHBIMU UMITYIbCAMIE
(2.54) u (2.92), BeIYKCIEHHDBIE PA3TIMIHBIMEI METOJIAME, COBIAIAIOT. OTMETHM, 9TO,
KaK 1 B ciydae ¢ KOIDPUIMEHTOM KOPPEsIn by, ,,, COBIAJIEHNE STHX BhIParKeHM
11 KoabunnenTa Koppesadanun by, ,, B paMKax CAeJaHHbIX IPUbINzKeHnil 3apanee
HE SABJISIETCS OUEBUIHBIM, TAK KaK JIJIst HeJIMHEHHON KOppeasioHHoNl (hyHKIINK J1Ba,
pasubix, (1.2) u (1.1), onpeesienns kKoadbuimenTa KOpPeIAIinn He SBIISTFOTCST TOXK-
JIECTBEHHO COBIAAIONIIMI ¥ MOTI'YT IIPUBOUTH K OTJIMYAIOIINMCST PE3YIbTATAM.

PaccemoTpuM ofHOpO/IHOE paciipe/ieieHne CTPyH 7; = 1)

by = i (2.93)

firwy 4 167y/7

[Tostyaennast popmyiia Jijist acuMiToTukn kodddurmenta Koppessiyn (2.92) B ciy-

“qae OJIHOPOJIHOIO pACIpe/ie/ieHlsi CTPYH Mepexo T B Beipaxkerue (2.93), moJrydeH-
HOe paHee JpyruM crocoboMm B pabore [44| mpu Gosibinoil mioTHOCTH cTpyH. Baxk-
HBIM OTJINYNEM BBIPAYKEHUI JI/IsT aCHMIITOTHK B CJIyYae OTHOPOIHOIO U HEOTHOPOTHO-

ro pacupeie/ieHnil CTpyH dABJgeTCd TO, YTO B CJIydae OJHOPOJHOTO pacIpe/ieJIeHns
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(2.93) mpomnajiaeT 3aBUCHMOCTL KO hDUIIHEHTa Py — Py KOPPEJSIIUil OT mapaMeTrpa
MOJEJIN Wy, XaPaKTEPU3YIOMIEro IMUPUHY JUCIEPCUN YUC/a YaCTUL, [OIaJ arolux
B JIAHHBIII MHTEPBaJI OBICTPOTHI OT PacIajia CTPYHbBI, KOTOpasd UMeeTcs B opMyJie

(2.92) B ciy9ae HEOHOPOJHOTO PACIIPE/IEICHIsT CTPYH.

HNccnenosanue 3apucumMocTu Koadd@uiueHTa Koppeaauuu by, ,, oT

CpeJHero 4ucja CTPyH ! mapaMerpa w,

PaccMoTpuM HEOTHOPOJHOE paclipejiesieHie CTPYH B IIONEPEeYHOll ILJI0CKOCTH
CTPYHBI, oncanHoe B pazjese 2.1. [Toctponm rpadukn 3aBucuMocTn Koadgduinenra

KOppeJIsAlun by, p, OT YUCJIa CTPYH 1) IPU PA3INYHbIX 3HAUCHUAX TMN.

a” L
Q_"‘ -
fo) L
0.03—
0.028 _—
0.026 _— m=0
0.024 _—
B m=0.2
0.022 _—
L m=0.4
0.02+— m=0.6
B m=0.8
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
10 11 12 13 14 15 Tl

Puc. 2.2. AcmvmToTnka KosdduimenTa KOpperanyuy MeK Ly IONepedHbIMI UMITyJIbcaMu by, ,, B
3aBUCUMOCTH OT YHCJI& CTPYH 7) IPU PA3IUIHBIX 3HAYEHUSX HEOTHOPOIHOCTU PaCIIPeIe/IEHUsIM.

s ocTanbHBIX TapaMeTpoB ObLIK BHIOpaHE cierylonue snadenud: M = 450, a = 2, w, = w, = 1,

pr = pp =1,~7=0.61

3 rpaduka BugHO, 9TO IIPHU YBEJIUYEHUH CTEIIEHN HEOJHOPOIHOCTH 1M 3HaUe-

Hue Ko uinmeHTa KOppesiini YMEeHbIAeTCs.
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cniosib3yemM HEOTHOPOJIHOE pacipejie/ieHne U IOCTPOUM rpaduK 3aBUCUMOCTH

ko3 dunuenta Koppeaanun by, ,, 0T napaMerpa w, IpH Pa3JMYHbIX 3HAYCHUAX 110

(puc. 2.3).

Q" 0.029F m=0
o~ C
Q028 —
0.027 |—
0.026|—
0.025—  m=0.2
0.024 —
0.023— m=0.4
0.022 —  %0'6
0.021—  m=0.8
- m=1
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 1 2 3 4 5
®

Puc. 2.3. Acuvnroruka KoadduimenTa KOppeIdanui MezKIy MONePEeIHbIMA HMIYIbcaMi by, ,, B
3aBUCUMOCTH OT IPUBEJCHHOH JUCIEPCUN W, YUC/Ia 9acTull, o0pasyomuxca Ipu (pparMenTalum
CTPYHBI IIPU PA3JIMIHBIX 3HAUECHUSAX HEOIHOPOHOCTH pacipeieieHusdm. s ocTaJbHbIX TapaMeT-

poB ObLIH BRIOpansI ciefyiomue snadenud: M = 450, a = 2,7 =12, w, = 1, up = pp = 1,y = 0.61

3 puc. 2.3 Mbl BuuM, 4TO B cjaydae ojgaopojgtoro (m = 0, m = 1) pac-
npejesienns Koap@uipuenT Koppeadiul MezK 1y HolepedHbIMI UMILyIbcaMu by, ,, He
3aBUCHT OT MPUBEJIEHHON JUCIEPCUN YUC/Ia JaCTUIL, 00pa3yIomuxcs npu gpparmeH-
Tallil CTPYHbBI W, KaK Mbl yzKe OTMedaJy IIPU aHajuse oOmux ¢popMmysl B KOHIlE

PEJIbLIYIIErO MoApas3/iesa.
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Hucaennslii pacuer Koadpunuenra Kkoppejsanuu b, ,, 1Ipu

MPOU3BOJIBHON MJIOTHOCTU CTPYH IIYTEM MOHTE-KApPJIOBCKUX CUMYJIANNNA

Brllie MbI HAIILIN aHAJIUTHIECKOe BbIparkeHnue J1jisi Ko DUIMEHTOB KOppeJis-
uuu by, ,, 1pn GosbIION 10THOCTH cTpyH 1 >> 1. Ilpm maJsioil nmorHocTn crpyH
KO3 PUIMEHT KOPPEJANNE MOYKET ObITh HailJIeH TOJIBKO YMCJIEHHO.

Huzke MBI TPOBOINM pacdeT 3TOro Ko puiimenTa MeTOI0M MOHTE-KaPJIOBCKIX
CUMYJISIIIUI JIJIsT HECKOJIBKIX pacIIpe/ie/ieHnit CTPYH B TolnepevHoii miockoctu. Cpas-
HeHne Pe3y/IbTaTOB ITUX YUCJIEHHBIX PACUETOB ¢ AHAJIUTUYIECKON aCUMITOTHIECKOMN
dopmyioit (2.92) nosBosisier yOeAUTHCA B KOPPEKTHOCTH KaK AHATUTUIECKUX BbI-
YUCJIEHNI, TAK 1 MOHTE-KapJIOBCKOT'O KOJla, & TaKyKe yBUJIETh PN KaKoii TIJIOTHOCTN
CTPYH HPOUCXOJIUT BBIXOJ Ha 3Ty aCUMIITOTUKY.

Omnurem ajgropuT™M MOHTE-KapJIOBCKUX BbIYHC/ICHUIL:
1. Bajaercd cpejiHee 9MCI0 CTPYH B JAHHON s4eiike 7);;

2. Ilo cpeauM 3HaUeHnAM 7); FeHEPUPYETCs YUCJIO CTPYH B 9TOH d4elike B JIaHHOM

COOBITH 7);;

3. Tlo umcity cTpyH BBIYUCIISIETCS CpeJiHee YMCJIO YacTUIl, 00Pa30BaBIINXCs ITPU

aJIpPOHM3AlUN CTPYH B 2-0i1 siuefike, 1 X CpeJHUIl OoIepPEeU bl UMILYJIbC 71 (772)

ﬁiB(m), Z_ﬁ (7:), ]_9% (n;) o hopmytam
nr () = - ml(n) = - iy e SiB N
n; (0) = peN/mis T () = pe/mis By (i) = po/Mi, Py (i) = Do/

4. Tlo cpejnHeMy 4YHUCIy YaCTUI[ TEHEPUPYETCS UUCI0 YACTHUIl, 0Opa30BaBIIIXCS

IIPH aJIPOHM3AIE CTPYH B -0l aueiike, B qanHoM coobituu nt (n;), n2(n;);

5. Borumessitores uncsio 4acTull B epeHeM 1 33 HeM ObICTPOTHBIX OKHAX B JIaH-

ot cobbrmut np(n) = Y2, nf (), n(m) = S0, P (), 1x nonepesmuiti

UMITYJIbC ¥ KBaJIpaT IOIEePEIHOr0 UMIIYJIbCa 110 (bopMy/Iam

Z—Zn B (1), p Z—Z" B ().
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M 2 1 M F _F 2
=S (w"ow) + — > () (7" (m))
i=1 Fi=1

6. Ilyukrol 1-5 noBropsitorest N pa3. Eciin B coObITuM He 00pa30BaIoCh HI OJIHOI

YACTHUIBI B KAKOM-60 13 okoH ni (n;) = 0w nP(n;) = 0, s1u cobbiTus He

VUUTBIBAIOTCA P YCPETHEHNN;

_ Zpt Z(pf F. B
7. Borumcisiiorcs cpejiHue 3HaYEHU s <pt > <pt Dy > =

NC’U
Zpt Py , Tje Ng, — 4HUCJIO COObITHIL, B KOTOPBIX 7 ( 74 f (n;) # 0

8. Buramciserca kKoadpdunmenT Koppesinum

, _eiet) = o) o)
PR - oF)

_F _;B
m—n —m (), ne (i), By (i), By (mi) —
iF iB
ni (ni), nf (m), vy (mi), vy (mi) —

— o0, 00— (), (0)?) s (pipe) — byuw,

[Tpu BuIYMCIEHNAX NCTIOB30BAINCH CJIETYIONIE 3HAYEHNS TapaMeTpoB: 0bIIee
qucyio ayeexk M = 30, mapamerpnl w, = w, = 1, up = pup = 1. PesyabraTn
IpUBeJeHbl Ha puc. 2.4, 2.5, TOUKN — pe3yJibTaT YUCIeHHBIX BbIYUC/IEHU, JIMHUN —
acuMmIToTnKa (2.92).

3 rpadukoB BUHO, 9TO HpHU 7] 2 5 ACHMIITOTHKA XOPOIIO TPUOIMKAET 3Ha-
dyennd KoaddunuenTa Koppeadnun by, p, .

Kaxk BujHo u3 puc. 2.5, npu MaJjoii IJI0THOCTU CTPYH 3aBUCUMOCTH KOI(DPUIN-
eHTa Koppeduuu by, ,, OT HEOLHOPOIHOCTH MeHseTcd Ha 00PaTHYIO 110 CPaBHEHUIO
C TOI, KOTOpasi UMeeT MeCTO MpU OOJIBIION TJI0OTHOCTH CTPYH. IIpn MaJsioii miIoTHO-
CTU CTPYH HEOJTHOPOITHOCTH WX CPETHETO PACIpE/Ie/IeHNs TPUBOIUT K yBEJTMIEHUIO

ko3 duimenTa Koppeadanuu by, ,, .
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N=1 000 000, M=30, uF=uB=1, 0,=0,=1, y=0.61
a=2, m=0.4

0.05
0.04

0.03

*
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0.01

(=)
O K117

Puc. 2.4. PesynbraT 4ncieHHBIX BblYHcIeHnit KoaddunuenTta Koppeadanuu by, p, J1ad HEOTHOPOI-

HOTO pacrpejeseans cTpyH: a = 2, m = 0.4

2.3. Oob1ue cBoiicTBa KOppeadliiuii ¢ ydacTUeM CPeIHEro

MMOIIEPEYHOr0 UMILYJIbCA

B sT0ii rimaBa ObLIM N3ydYeHsl JajdbHIe KOPPeJISII MezKJly CPeJHNM Iolepeyd-
HBIM HMILYJIbCOM M MHOYKECTBEHHOCTBIO (Dt-n) M MeKjly CPeJIHUMU HOIePeIHbIMU
uMITysibcaMu (pt-pt) 3apsizKeHHbIX 9aCTHIl, OOPA3YIONUXCsI TIPH BBICOKOIHEPreTH e~
CKUX CTOJIKHOBEHUSIX aJPOHOB B JIBYX Pa3/eJEHHBIX 110 OblcTpoTe nHdepsaiax, B
MOJIEJIN ¢ KBAPK-TIIOOHHBIME CTpyHaMH (TpyOKaMu IIBETOKOTO MOTOKA) B KauecTBe
nctoaHnKoB |3; 4; 10]. DddexTr B3anMmomeiicTBust cTpyH u cansguus [21—24| yun-
TBIBAJIICH B YIIPOLICHHOI popMe IyTeM BBeJIeHHs PEIeTKH ¢ sgueiikaMiu KOHEUHOI'O

pasMepa B IIJIOCKOCTH TIPHUIEJILHOTO napamerpa [37—39).

B paMKax 9TOMI MOJeJIn OBLIN IIOJIYYE€HbI aHAJIMTUYECKUE BblpazKE€HUA AJ1gd aCUMII-

TOT KO3(DUINEHTOB KOPpEeJIAlUE IPU OOJIBIION HEOJIHOPOJIHON IJIOTHOCTH CTPYH
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N=1000 000, M=30, u_=p_=1, ©,=0,=1, y=0.61, a=2

0.05
0.04
0.03

0.02

0.01
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B

Puc. 2.5. PesynbraT uncjieHHBIX BbIYHCIeHnN Koadduimenta Koppeadanun by, p,

OBL/IN TIOJIYUYEHBI JIBYMsI OYeHb Pa3HbIMU METOJIAMU, OCHOBAHHBIMU Ha aJIbTePHATHIB-
HBIX OTpeie/IeHusaAX KOI(MPUITMEHTOB KOPPEIAI. BhIIo moka3aHo, 9To B IJIABHOM
HOPSIJIKE aCUMITTOTHI KOA(MMUIINEHTOB KOPPEIAINN, Oy YeHHbIE STUMU JIBYMST METO-
JaMi, coBIIaIaioT. [lorydeHHbIe pe3y/IbTaThl O3BOJIAIOT KAUeCTBEHHO TOHSTH OCHOB-
HbIe OCOOEHHOCTH MOBEJICHUST JAJIbHIX KOPPEJIAINN IIPH OOJIBIION IIJIOTHOCTH CTPYH.
Taxmm oOpa3oM, Obliia 0OHAPY2KeHa CUJIbHAas 3aBUCUMOCTH KOI(MDPUITMEHTa KOPpe/is-
U pt-n OT HEOJHOPOJHOCTU paclpejiesieHnsi CTPYH B OTJIMYKE OT N-N KOPPEJISIITHi.
B gacTHoCTH, OBLIO TIOKA3aHO, YTO CYIIECTBYIOT TaKHe paclpeeeHls CTPYH, JIJIsd

KOTOPBIX KO MUIIMEHT KOPPeJIsiliiny pt-n CTAHOBUTCSI OTPUIATETbHBIM.

st koadppurmenTta pt-pt Koppesdnun aHaIn3upoBaiach 3aBUCUMOCTb OT TIPHU-
BEJIEHHOI JIUCIEPCUU MHOXKECTBEHHOCTU YACTUIl, POKJEHHBIX IIPU pacliajie OJIHOI
CTPYHBI. BbLIO TOKA3aHO, UTO, KaK 1 OXKUJIAIOCH [44], 3aBUCHMOCTB OT 9TOrO Mapa-

MeTpa ucyes3aeT i OJHOPOJIHOIO paclpe/le/ieHnsl CTPYH.

AHauTnyecKne BbIpayKeHIs /IS aCHMITOT KO3(DMUITMEHTOB KOPPEIAINT, 10-
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JIyYeHHbIE [PU OOJIBINON ILJIOTHOCTH CTPYH, CPABHUBAJINACL C PE3yJbTaTaMy MOHTE-
KapJIOBCKUX YHCIEHHBIX PACUETOB 3TUX KO3(M(MDUIMEHTOB. DTO IIO3BOJIIIO OIEHUTD
IJIOTHOCTb CTPYH, HPH KOTOPOIl JTOCTUraeTcsl aCHMIITOTHYECKUI PErKUM, a TaKzKe
POBEPUTH KAK aHAJIUTHYECKNE acUMITOTHYecKre hopMyJIbl, Tak 1 dncjenabie MC
AJITOPUTMBI, KOTOPBIE 3aT€M MOI'YT ObITh NPUMEHEHbI JIJIsi BhIYUCAeHUsT KO3(DDUIII-
EHTOB KOPPEJIAINI B HEACKHMIITOTHYECKOI 00JIaCTH MTPU MAJIO IIJIOTHOCTH CTPYH.

HamoMuum, 4To npudnHoii BbIOOpa B KauecTBe HabJII04aeMbIX HHTEHCUBHDIX 116~
PEMEHHBIX ptf 1 pP BMECTO SKCTEHCHBHLIX Ny U Np ABJIIOCH ¥KeJaHne H30aBUThCs
OT BJIMAHUA Ha BEJIMUNHY KOPPEJIAIUN TPUBHATBHBIX “00beMHBIX (DJIYKTYaIuit, TO
ecThb (bIyKTyaluii Ha4aJIbHOTO YKC/Ia CTPYH, HO COXPAHUTH IIPH 3TOM CHIHAJI OT (PH-
3MYECKH MHTEPECHBIX MPOIECCOB 00pa30BaHis UCTOUYHIMKOB HOBOI'O THIIA, HAIIPUMED
CTPYHHBIX KJIACTEPOB.

N3 dopmyn (2.54) u (2.34) mis koadunmentos pt-pt- u pt-n-koppessimumii
BUJIHO, 9TO 9TOH IEJN YIAeTCsd JOCTUYL JIMIIbL YACTUYHO, TaK KaK 3aBUCUMOCTL OT
napaMerpa Wy, XapaKTepu3ylolero JIyKTyalun o0IIero Yucja CTPYH OT COObITUS
K COOBITHIO, COXPAHSETCs JIa’Ke B YIPOIIEHHBIX BbipaxkeHusix (2.93) u (2.36) syist
OJIHOPOJIHOTO pacIpejieieHnst CTPYH B rornepednoii miockoct. C Ipyroil ¢CTOPOHBI,
HaiiIeHHbIe [IJIs1 IPOM3BOJILHOIO PacpeieeHis: CTPYH B MONEPEIHOIl IJIOCKOCTH Bbi-
paxkenus (2.54) u (2.34) st KoahPUIUeHTOB pt-pt- U pt-n-KOppessiiuii o3BOJIAIOT
SIBHO y9€CTh UX 3aBUCUMOCTE OT JIeTaJjieil CTOJIKHOBEHMUsI [IPY CPABHEHWN C 3KCIIEePU-
MEHTAJILHBIMU JIAHHBIMEI. DTO CAYKUT OJHUM U3 0DOCHOBaHWI JIjId BBEJEHUS TaK
HA3BIBAEMbIX CIJILHO-UHTEHCUBHBIX II€PEMEHHBIX, M3YYeHUI0 KOTOPBLIX IIOCBAIIEHA

[nasa 4.
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I'maBa 3. Brprumciienne acuMITOTUYECKOI'O
noBeeHns K03 pUuInueHToB JaJIbHUX KOppeJsainii

AJId CJIy4dasd (bI/IKCI/IpOBaHHOI‘O YNncCJjla HAYaJIbHDBIX

CTPYH

DTa rjiaBa OCHOBaHA HA Pe3yJIbTaTax, MOJyIeHHbIX B paborax [58; H9).

Panee npu HaxOoXKJIeHUU ACUMIITOTHK KO(PMDUINEHTOB JAJbHUX KOPPEJIALil
JIUIsT HEOHOPOJIHOT'O paclipejie/ieHnsl CTPYH B IOIEPedHOil IIJIOCKOCTH YCpeJIHeHUe
IIPOU3BOIIIOCH 110 BCeM KOH(MUIYPAIIAM, 9TO COOTBETCTBYET aHAJIN3Y JJIsT min.bias
coObITnit. OIHAKO B COBPEMEHHBIX SKCIIEPUMEHTaX MaCCUB COOBITHI pa3dUBAIOT Ha
TaK Ha3bIBaeMble KJIACCHI 110 MHOXKECTBEHHOCTH M aHAJIN3 IIPOBOIUTCS OTIEIHLHO
JUIsT KazkJI0ro Kiacca. [Ipocteiiimm criocoboM MMUTHPOBATH (DUKCAINIO KJIAacca B
TEOPETUIECKOM aHajm3e KO3 PUIMeHTa KOPPEJIAI ABJISIeTCs yepeaHeHne 1o Ta-
KUM CTPYHHBIM KOH(MUI'YPALUAM, B KOTOPBIX (DUKCHPOBAHO 00IIee Y1CJI0 HadabHbIX
CTPYH.

Hasee Mbl HaiiIEM aCUMITOTHKE KOI(DDUITMEHTOB KOPPEISIIINil MK Iy MHOXKE-
CTBEHHOCTSIMHU ¥ MEXKJIY ITOIIePETIHBIM UMIIYIbCOM 1 MHOXKECTBEHHOCTBIO JIJIST CJIyYdast
PUKCUPOBAHHOIO OOIIEro UKc/ia HauaIbHBIX CTPYH U IIPOAHAJIN3UPYEM, KaK BIIISIET

HaJIOZKEHHNE 3TOI'0O JOIIOJIHUTE/ILHOI'O YCJIOBUAI.

3.1. KOppeJIHI_[I/II/I Me2K/1ly MHO2KE€CTBEHHOCTAMMU 3aPA2KEHHDBIX

JaCTHIL

Panee [43] 6bL1a mojyduena acuMITOTHKA KOI(DMOUITHEHTa KOPPETIAIINT MEZK Ly
MHOZKECTBEHHOCTSIMI 3aPAKEHHBIX YACTULL B JIBYX PA3HECEHHBIX 110 OBICTPOTE OKHAX

HJIdd CJIydad HECOAHOPOJHOI'O pacClipedc/ieHud CTPYH B HOHepe‘IHOﬁ ITJIOCKOCTU

,qunM
M — Wy '
4w, Y sy Vi (1 - 8_m) + prwy, M

rel __
bnn -

(3.1)
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Boraucmm ko3 @UImenT KOppesrainiml MeXK, Ty MHOYKECTBEHHOCTIMUI

(npnp) — (nr) (np)

(ng) — (nr)”

TaK>Ke OJId HEeOJHOPOAHOI'O paclipede/ieHud CTPYH B Honepequf/’I ITJIOCKOCTH, HO C

(3.2)

bnn -

HaJIOYKeHUEeM JOIIOJHUTEIbHOIO YCIOBHSI, (DUKCUPYIOIEro o0IIee YKiC/I0 HadaIbHbIX
CTPYH.

Jlist ero pacuaera 1o dopmyste (3.2) HEOOXOMMO HANTH CpeJHIe 3HAUCHUS Ha-
OJIFOTaEeMBIX, BXOJSIIUX B 9TO OIIPejeseHre ¢ yIeTOM HaJIOXKEHHOI'O YCJIOBHSA. JTO
MOZKHO CJIeJIaTh, €CJIN IIPU YCPEIHEHUH 110 CTPYHHBIM KOH(MUI'YPaIdsiM UCIIOJIb30BaTh

pacipejeseHe, B KOTOpoM (PUKCHPOBaHO 00IIee YUCI0 HAYaJIbHBIX CTPYH:

(g-my)®

P(ni...nu) = \/27w,N§ (N — N H \/m Qo (3.3)
n'lj

rjie

M
Z = const ~ 1. (3.4)

M
NEZ
j=1

CpejiHee 9UCI0 CTPYH B KayKJI0# sddelike <77j> PaBHO HapaMeTpy 7);. [TapameTp pac-

npeJie/ieHns wy, CBA3aH C MPUBE/IEHHON Jucnepcnei d(nj) 4q1cJIa CTPYH B OJTHOM d49eii-

d(nj) <77] ><77]>77]> _ Wnﬁj (1 . %) . <35)

OTMeTI/IM) qTO yCJIOBHE COXpaHEHUA O6Hl€FO dMcCJla CTpYH IIPpUBOJNT K BO3HHKHOBE-

Ke:

HUIO cJ1abbix (mopsigka 1/M) oTpHuIlaTe/IbHBIX KOPPEJISIIH MeZK/Iy IHCIOM CTPYH B

JIIOOBIX JIBYX siueiikax:

cov(ng, k) — (mj, me) — () () wy
) ) N o0

Cpenee 3HadeHue Jir0o00# (DYHKINN, 3aBUCAIICH OT YUCE] CTPYH B ddeiikax,

KOTOpbIe (BJIYKTYHPYIOT coryiacio (3.3),

(X, mu)) = /X(m,---ﬂ?M) Pl ...ny)dm - .. dny (3.7)
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yJI00HO IIPEJICTaBUTH B CJIEIYIOIIEM BHJIE:

O e omn) = [ (@) (X (o)) o (33)
rie
N o,
Cla) = || Dte 5, (3.9)
2
M )2 ( ) wnij a2
<X(771,---777M /X T Y, 2wn77 +ia(n;— ni)+—3 _
jl_[1 N/ 27Tw,777J
M ”2 wnmj 2
X 1+V17---777M+VM 2‘”7777 +ZO[VJ+ 5« (310>
/ Pl /27rw7777]
J1st masbHEHIIX BRIYUCCHUN YI00HO BBECTH BEJIUNUNHY

Borancsnm cpejiane 3nadenust (V)):

Da=1 i), = Wia (V) Wh)e = iowTly, (i), = wylly — oWy,

(v > —mekw — i’ nkw <V;€1> —nko/lwé 6o ngﬁz—l—?)wgﬁi. (3.12)

@a:jﬁwﬁy:?ﬂwyww:o (3.13)

[Toncrasus (3.13) B (3.12), nafigem ToUHbIE BBIpaXKeHus A (1))

<1> — 1’ <V]zn+1> — 07

2

_wyn WMk
(M) = o — L, (o) = — =,
ST

(VRV2) = W2 T, — L, (T, + 7;) + =

6w?ms  37tw? 3WAeT. M hw?
(U = B — ol Ty — i T

— , (Vv — 3.14
N NQ k¥ N NQ ( )
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3aMeruM, ITo

M M M M w72 W TiRTi;
Z Vij = Z j2> + Z <VkV] Z (wnnk ?Vk> _ Z - '
j=1 k=1 j=1 J#k j=1 J#k

(3.15)
(nF) = <<nF>05>C = <NF Zﬁ(m)> - <,UFZ\/77_]> =

—NFZ VT + ) _MFZ\/FJ<\/7J> (3.16)

Vj vj.
Paznoxxnm kopens , /1 + = B PfJl 10 MAJIOMy Hapamerpy =
J J

M yz ]/4
=pr Y /7 (1 —é _J2> — 128 <ﬁ{4>> : (3.17)

Ucnonbzyem coorrorennst (3.14)

M
W W
- Vi (1= 2y By 2 ) 3.18
) "FJZ_; ”J( S, SN 64N, 128ﬁ§> (3.18)

J

OxonyarejabHO JLJIA CpG,ZLHeﬁ MHOZKECTBEHHOCTHU B IIEpEJHEM OKHE

w 15w? 15w?
(np) ~ upM <S1/2 (1 + 8_N> — gns—u 128773—3/2 + 64]\7778 1/2> , (3.19)

rJIe UCIOJIH30BAHO 0OO3HAUEHME, BBEEHHOE B (2.2) .

Anasiornyno JJIA 3aJHETO OKHa ITOJIy9YUM

w W 1503 15w?2
(np) = pM (31/2 <1 + 8—%) — g gt - 1/2> . (3.20)

Borancimm cpefaee 3uadenne (npnp):

(npnp) = <<7’LF>05 <nB>o§>C <MF,MB Z Z \/E\/_>

7=1 k=1
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Bii<v%+%v k+Vk>- (3.21)

7j=1 k=1

Paszyioxkum kopum , /1 + B P&/l 110 MaJIOMY HapaMepr =L

11/j 1V2 1 Vj-)’ 5 V;-L
s umzzm« e IR

j=1 k=1

1y 102 1 v 5 v < >
x<1+—_—k——_—]§+1—6—k—1—28ﬁ—i>> MF,UBZZ\/nﬂ?k( _2

2m, 87

5 <V4> 1 (v Vk>+ (vme)  1(vp)
128 7! T3 e 47T 8 T

LR 1) 5 G >)

TR —
64 7M. 32 77,

—(, 1 2> 5 (v)
= Urlp Zn] + UWEIUB Z 77]77k 1 - g 128 —4 +

J#k
L1 (Vivk) L L) 1<v£> 1 (Vi) +L<Vjv£’> 5 ()
32y, 4T 8T "6 T 32 mm 128 7 )

OKoHYATeIbHO It CPEHEro 3HaueHust (npng), nenob3yd (3.14), mosydnm

(npnp) = pris Z M+ eps Y \/Tk%

J7#k

15w?2 15w2 1 w? 1 w? 1 w2
><<1“’” R R TR R I NN 75

L= ~ L — L —— =
87, Sm, 12872 1287 6477, SN, SNm,

Ucnonbzys (3.19), (3.20), (3.22), BeIaucanM KOBApHAIIIO COV(Np, ng):

(npnp) — (np) (np) = prps Z M+ wrps Y /X

J7k

2 2 2
U 1w, 1wy
8m;  8my, 12875 128m;  64m;m,  8N|, 8N,

(1 Wy W, 15w,2] 15w$ 1 w

Tw? Tw?

wn 7 U =
— I _ . X
UEUB g n; ( 1. 4N + 16_Nﬁj 32_2> HFEUB E YAl

J
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2 2 2 2 2
o [1- Wy Wy N wl— 15cu77 B 15w,7 N Wy N 7277 N 7277 _
8, 8m; 4N 1287 12877 6477, 32NW,  32N7;

Z (- Sw% Sw% N
— KRB T\ 32N, 32w,

J#k

n i_ Wy, Wy 7&)72] n 7&)% (3 23)
HERE < "\, T AN T 16Ny, 327)° |

OxoHYATETHHO JIJIsT KOBApHAIUK COV(np, np) MOy IIM

W W Tw? 3w?
(npnp) — (np) (np) = prusM <f 4377 Sijp + 32n5 1 - 16—7731/231/2)
(3.24)

Brorancanm <n%>
M —— -
<N%> = <<n%>05>0n = <Z an + nf nf> : (3.25)
— . .

Ncnonssyem (1.9): n2 = d,, + 12 = w,7; + 72

(n2) = <§:n52+2n >=< f3”_&3”_+Z_n_> :

i=1 i#j

= <WHNFZ\/E+MFZ772+NFZ 77177]>
i=1 #J

2 5 (1 M
wuuFZ\f( ——<_2> 128<ﬁi>>+uFZn]+uFZ\/”77k
] J j#k
JMr) 5 en) 1 b)) 1)
8 77 128 T e e A mm, 8 T

1 <y2V13> 4 1 (v1}) D <V13>) _

64 momr 32 ;128 7

+

M 2
w w 15w 15w
— Y [1- Sy By SO+ S
L 779( S, 8N | 6ANm, 128—2)+“F Titite 2 /T

J j#£k
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15w2 15w?2 1 w? 1 w? 1 w?
X 1 - Uﬁ7 - O‘ﬁ? - _772 - _772 + _% - _—Z - _—j (326)
877j 81, 1287)]- 1287, 64 s 8 Nnj 8 N7,

Ucnonsays (3.26), (3.19), Beraucanm pucrnepenio D(np):

(ni) = (nr)’ i\/f(1 o | | 10 15%%) 3
np) — (np)’ = wupir Tl =+ =" =
- 87, SN 64N, 1287

J

w w 15w?2 15w?2 1 w? 1 w? 1 w?
HEDY ATl - - - L L |
F; gk 8n;, 8m, 128m2 128m; 647, 8N, SN,
M 2 2
2 _ Wy | Wy Twy Twy 2 —
—pp > M 1- — [ > T
HE - I ( am, AN 16Ny, s ) T G
LWy Wy wy 15w$ B 15w3 w?] 7w$ 7w$ N
87, 8m; 4N 1287 12877 ' 6477,  32N7,  32N7;

2
W w 51/2
~ w,u,,uFM (81/2 — §n$_1/2> + M%Mzn (1 — S—i> (327)

Haxowner, ncrosssyst (3.24), (3.27) u coxpaHsist TJIABHBIN MOPSIIOK IO %, %,

IIOJIYYIUM BBbIDazKeHUe JJId Ko9cbcb1/ILu/IeHTa KOoppeJdannun
2
Wy (1 _ 512

w w 57 '
wu (510 = L5 1) + ey (1 22)

by = (3.28)

Moxkmo nokazaTh, 9To S§1 — s% i 0, 3HAYNT KOIDPUITMEHT KOPPEJISINN TTOJIOXKHU-

TesieH. B ciydae 0JIHOPOIHOTO pacipejesenust 7; = 7, ¢ = 1...M BbIpakeHnue B

JUC/IUTESE PABHO HYJIIO, HEOOXOUMO YUIECTh CJEIYIONN MOPSIOK:

w2

1
HUB 321

bum' form __
nn -

(3.29)

5 -

=1/2 _ Wyz=—1/2 w
wu (2 = 17%) + pp g
JIs1 OTHOPOHOTO pacipe/iesIeHIsT TaKyKe b%ﬁff orm > ().

Koadpdurment koppessiiun by, ,, yObIBacT ¢ POCTOM 7):

1 1
72’ 732

buni form
nn

bnn ~

npuydeM JIsl cJiydasl OJJHOPOJHOIO CPEJIHEro pachpee/ieHusl CTPYH B IONEPEedHOIt

IIJIOCKOCTU 9TO YObIBaHUE OKa3bIBAETCsA 00Jiee OBICTPBIM, YeM JJIsi HEOHOPOIHOTO.
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3.2. KOppeJIHL[I/II/I Mez2K/1ly MHO2KECTBEHHOCTDBIO 1 ITIOIIE€EPEIYHbIM
UMITYJIbCOM
Kax u 151 KoappurmenTa KOppessaimi MexK Ty MHOXKECTBEHHOCTIMHI, PACCMOT-
puM, KakK Ha Ko3pduimenT pt-n-koppeasimn

(pfnp) — (pP) (nr)

(2 — (np)’ (8.30)

bptn -

BJIXAECT yCJIOBHUE (bHKC&U;I/H/I O6HL€FO qMcCJla HadaJIbHBIX CTPYH.

Boraucum <pf5B nF>:

le]. = =1

(3.31)
B pabote [43| 6b110 110KAa3aHO, 9TO
B 7 (N
_ ) = ) (3.32)
Zk:l nf cB Zk n (Wk)

TOrJ1a

Zquozj:<n?/4> qu02<77]+% > quoZm << ;)3/4>-

1\ 3/4 ,
Pazmoxknm (1 + Z—J) B psJi 110 MaJIOMy TapaMeTpy %—J
J J

34 3. : . :
<pt TLF> HEPo Z < 77] - 32ﬁ_ + @— — mq

- anm( - <_2> 2328<;1>>- (3.34)
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Ucnonbzyem coornorennst (3.14):

M 9 9

B _3/4 Bwy 3w, 13PHw, 135 w,
= > 7 _ o 90 T ) (3.35
(pinr) = prpy - 1 ( 327, TN 20487 7 s+ 024 N, (3.35)

OKoHYAaTEIbHO JIJIsT CPEIHer0 3HAYeHUsI <ptB n F> [TOJTY YA M

3wy  Bwysys 135 wissu 135 %351/4)

B —_ ~
— M 1+
<pt nF> prpoVLSs )y ( 32N 32 $3/4 2048 s34 1024 Ns3/4

(3.36)

Borancmm < p§> ;

n(m)p(m)\ S (7 4 v)*
<pt > B < Y oe T (M) > - <Zk (7, + Vk)1/2> : (3.37)

Paznoxum BbIpazK€HUA B YUCJIUTEJIC U 3HaMEHaTeJIE B PAL 110 MaJIOMy IIapaMeTPy

<o

N——

_3/4 3V 3
<Zj77j (1+32-3

b [ SRS

N——

el

_ < " (Hw_?%_é) > (3.38)

S 1
1/2 1 + 251/2 k 1/2 851/2 Zk 73/2

Pazsoxxum 3namenaresis B P, COXpaHdd LJIaBHbIA IMOPAO0K:

M
1 1 v 1 V2
1 v 1 7= L= Z (25 _11;2 S _3];2> T
L+ 2510 L~k ﬁllc/2 ~ 85, Zk; 72/2 k=1 1/2m 1/2m

ViV
o ZZ_W 7 (3:39)

1/2 j=1 k=1 Mg ";
M 2
B Do _3/4 v, 3V
Py) = o i\ 1+ 5= =55z | X
P S <; : ( 47; 327

Xl—ﬁ/f: 1 uk_l I/]z _’_lii ViV B
2512 ﬁllg/Q 8512 ﬁ2/2 452 71/251/2 B

1/2 j=1 g=1 " Tj



2

_ b i_i’,m 1_3’/_]2 +§i_3/4 I vy 3 Vka N
- 51/2 p 1 3277 . J 3/2 1/2

53/4 M X ViV
+4S2 22_1/2_1/2 -

1/2 j=1 k=1 M 7;

‘ZZ (vivk)  S3ia (Vi) B
851/2—1/4 _1/2 452/ —1/2_1/2 -
J

k Uk
pO 3 3 Whp 53/4 53/4(,07]
= S, wpS_ -9 S g, — o
51/2 < SONED) 214t 3o 32 N 34+ 851/2w77 12 SN
Z 3 <Vk S3/4 <V]3> _Z 3 <Vj7/k;> 53/4 <V1Vk>
— \ 8512 —3/ 4512/2 i oy 851/ ﬁ}/zlﬁ]lg/z 452 _1/2nj1/2
pO 3 3 Wy 53/4 53/40.)17
= S, S_ =28 S L, T
Sl/2 ( 3/4 — 32(»‘-)17 1/4 + — 39 N 3/4 + 8S 2 (.4)77 1/2 SN
3 1 ( Wil ) S3/4 1 ( _ Wl )
zk: (851/2ﬁi/4 ! N 453 ! N
3 M, Ssia Tl
+wy ) ( — —— . (3.40)
Py 8512 Nn}/477}1€/2 457 2o N771/277;/2

OxoHyaTeg bHO HJIAd CpeHEro sHa4dYeHnd NMIIyJibCa <p > I[IOJIYy9I1M

< B> _ PoS53/4 1 _ 3%5—1/4 n WnS—-1/2 +i_77 _§ S1/4 e 1 .
t 31/2 3233/4 851/2 32 N 8M53/451/2 4M81/2
(3.41)

Ucnonssys (3.41), (3.19), (3.36), BoruncianmM Koapuaiuio cov(p?, ng):

Wn 3 3 wy

B
== M - 7 —
<pt > (nr) = prpo S3/4 ( SN 32551 1S5-1/4 + 55 39 N
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3 s 1

_§M33/481/2 4MS%/2

18 s
SN 8M83/481/2 4MS%

(p'ne) — (p7) (ne) = —prpoM sy, (3.42)

/2

Ucnonb3yst (3.42), (3.27), Bbrancanm Ko3MOUIHEHT KOPPESIIT MEXKIY MoIe-

pP€9HbIM MMITYJILCOM U MHO2KECTBEHHOCTbBIO!

» 3514 534 B34
; _ 0Wn 8 51/2 851 45%2 (3 43)
ptn T 52 :
wu (s1y2 = Fs-1/2) + prMg (1 - —)
B ciyuyae onHOpojiHOrO pacupejieienus 7; = 17, ¢ = 1... M BblpakeHue B
qUcJauTee PaBHO HYJIIO,
purterm =, (3.44)

HEOOXO/IMMO yUIECTh CJIeIYIONIHl MOPsIoK 110 1 /ﬁ.

Yder cieayoiero mopsijika TpedyeT 3HauuTe/IbHbIX yeuinii. st sToro B pabo-
TE [59] HaMmu Obliia paspaboTaHa clielajibHasl ajbTepHATHBHAs METOJMKa pacyera
CPeJIHUX BEJUYUH JIJId paclpeaesieHud (3.3), He TpedyIoNas BBEJIEHII ITPOMEXKYTOU-
HOI'O MHTErpUupPOBaAHULA (3.8) o «, nsyoxkennas B Ilpunoxkenun I'. Mcnonb3ysa sty
aJIBTEpHATUBHYIO MeToauKy, B IIpmioxkennu I' MBI erie pa3 BOCIPOM3BOAUM BCE T10-
JIydeHHbIe B 9TOil 1iaBe (POPMYJIbI, & TaKzKe HaXOJIMM CJIeJIYIOINe BhIpaykKeHue JIjisi
Pt — N KOPPEIATOPa ¢ TOTHOCTHIO 0 BTOPOIO MOPSAIKa 110 1 /ﬁ Ipu PUKCHPOBAHHOM

o0IIeM Yucje CTPyH:

cov(pp,nr) _ (ppnr) — (P (n) _ wy (3814 Sya 834

Pofir Pofir 4\ 2510 87y 281

W_% (575—3/4 - 21 S—1/4 i 38—1/4 - 783/4!54 381/45—1/2 i M53/45—1/2 - 53/43—1/2>

8 \ 32510 32 54 16 sf/Q 45‘%/2 85@2 3“;’/2 $151/2
(3.45)
J11s1 OJIHOPOJIHOTO CPeJIHEro paclipejiesIeHnsl CTPYH 3TO JaeT
cov(pg,nr) w%
_— = (3.46)

popr 12854



63

To ectb KO3 buIIeHT pt-Nn KOppessiiuii B 9TOM CJiydae OKa3bIBACTCsl PaBeH

w
bumform _ Do n (347)

ptn 128quﬁ5/4 (ﬁl/? . %ﬁ—l/Q) )

MpbI BUIIM, 9TO B 9TOM BBIPOXKJIEHHOM OJTHOPOJIHOM CJIydae 3TOT KO3(PDUINEHT,

/4 1 koacburment pt-n

pu GpUKCUPOBAHHOM O0IIEM YHUC/Ie CTPYH YObIBaeT Kak 1/7
KOPPEeJIATII OKa3bIBAETCST OTPUIATETHHBIM.

Ucnonbsys onpenesenne (1.3), mepeiiiemM K K03hDMUIUEHTY KOPPEJISIIT bz’;fln
B OTHOCHUTEJILHBIX MepeMeHubIX. [Ipn mepecuere OyieM MCIOTB30BATH 3HAYCHUS JIIsT

CPEeJHNX B TJIABHOM ITOPSIIKE: <pt > Do z‘ji;‘ (np) = prMsy .

w 381/481/2 S%i 1
MF n 283/4 251

52 ’
4wy, (51/2 - %3—1/2) + prWy < - ;_12)

brel o

pen T

(3.48)

Ouennm 3HaK KOI(MDQUITHEHTa KOPPEJISIIIN brel IIPU MaJIbIX HEOTHOPOHOCTAX

5ﬁj Ha POHE MOCTOSHHON MJIOTHOCTH CTPYH 7:

M

M M
SO SIS DRURLNS Dt LR

J=1

:ﬁ7—|— 7l 22577], (3.49)

rJie Mbl YUJIA, 9YTO NP (PUKCUPOBAHHOM YHUCJIE CTPYH

M
> om;=0. (3.50)
j=1
Bnak Ko3hUIeHTa KOPPEIIui OIPEIe/IIeTCs 3HAKOM
D = 351481251 — 32/253/4 — 25183/4. (3.51)

[Toxcrasiss (3.49) B (3.51), mosyanm

d = 8Mn1/4 Z o7 (3.52)
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[Ipr MasIbIX HEOJIHOPOJIHOCTIX B PACIIPEJICICHIN CTPYH KOI(PMUITMEHT KOPPEIATIHT
brel OyJjleT OTPUIATEIbHBIM, 9TO coracyeTcs ¢ hopMysioit (3.2) Jisi 0JHOPOIHOTO
pacripejiesiecHust CTpyH, nosydennoit B Ilpunoxkenue [ ipu yduere BTOPOM MOPsIIKa,
o 1/n. Dro ormyaercst OT ciydas 6e3 cOXpaHeHusi OOIIEero Yucjia CTPYH, TJe OT-
puIaTebHble 3HAUEHU 9TOT0 KO3 DUImeHTa MO OBITH TOJTYyIEHBI TOJTBKO JIIs

cJiydas CUJIbHO HEOJHOPOJIHBIX paclpe/ie/IeHil CTPYH B IONEPEYHOIT TIJIOCKOCTH, KaK

OBLIO IIOKA3aHO PaHee.

3.3. Koppeadaiuu B cirydyae PUKCHPOBAHHOTO OOINEro 4ucJia
Ha4daJbHBIX CTPYH B MoJieJin 0e3 CIIMSHMIS
3aBUCUMOCTD CpeaHero ducja 49acCTHUil, O6pa30BaBH_[I/IXCH OT pacCllaJa CTPYH B

1-0i1 d4elike, 1 UX IOIEPEYHOIO0 UMIIYJIbCA OT YHUCJa CTPYH B JQHHOI d4eiike 7); B

MOIeJIN HEe3aBUCHUMDBIX NCTOYHUKOB NMeEeT CJIerZLYIOHlI/II;)I BUJI:

n(ni) = mi, D (i) = pomi- (3.53)

Borancsny cpegpne suatennst (np), (npng), (pPng), (pf), B Mogen 6e3 cin-

AHMA OJIA CIIyvdasd CbI/IKCI/IpOBaHHOFO O6H.[€FO quncJia Ha4daJIbHBIX CTPVH.

M M M
(np)" 7" = (g Z n(n;) ) = ( ur Z Nj ) = KF Z m;=prN.  (3.54)
j=1 j=1 j=1

no fusion __ L& ) e —
(nFpnp) = { WFrpB Z Z MMk ) = UFUB Z Z M+ vj) (M +w)) =

j=1 k=1 j=1 k=1

M M M M
= lpip Z Z 77377k 4 V]Vk>) <nF>n0 fusion <nB>n0 fusion + puppp Z Z <Vij:> .
=1 k=1 j=1 k=1

(3.55)

YaursiBas (3.15), moxyanm

<nFnB>n0 fusion _ <nF>n0 fusion <nB>nofusion . (356)
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j 1 F M
<ptBnF>nofuszon _ < pz Z nkF
1=

1 j=

= <Z <n3—z> ﬁ i Z >C’5> . (357)
i=1 Zf 1 n] B k=1

<ptBnF>n0fusion _ <Zg (n Zﬁ 77k > = /LFZ 77] ]_9 77]
k k

\/
I

PolF Z <7732> = PopF Z <(ﬁj + Vj)2> = Popr i (ﬁ? + <VJ2>) : (3.58)

Ucnonp3ays cootrorenns (3.14), mosyanm

M —
no fusion _ 1, - S.
<ptBnF> = pOMFSQ—"pO/JF E 1 Wy (1 - ﬁ) = po,uFSQero,qun (N — ﬁ) .
J=1
(3.59)

<ptB>nofusion _ <Zzﬁ(nz)]_7(nz)> _ /dnl o an J2 (771 N 77M) Zzﬁ(nz)p(nz) _
k

dny ...dnyo (N — N) 2“’"”] Z 771 =

B H;‘il \/ 2wy Zk Nk
Por/ 27rw77N
_ S (N = N)e Zm

no fuston 1 no fusion
=2 Z <77¢ = ,UF—N <pan> ! = W <Pf”F> ! . (3.60)

Toraa xkosapuaruu cov(nr, ng) u cov(p?, nr):

> no fusion

<nFnB . <nF>nofusi0n <nB>n0fusi0n —0 (361)

<ptB nF>n0 fusion _ <ptB>no fusion <nF>”OfUSiO" —0 (362)
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Taxum obpazom, mojesn 0e3 CausiHisI CTPYH Hpu (PUKCcAIUU ODIIEro 4uciia
HaYaJbHBIX CTPYH, KaK U OXKHUJIAJI0Ch, KO3 (UIUEHTs Koppeasuuu by, u by, , pas-
HbI HYJIIO TOXKJIeCTBEHHO. PU3NIECKN 9TO COBEPIIEHHO IOHATHO, TaK KaK PaCIIa/ibl
KayKJI0i1 CTPYHBI JAl0T HEKOPPEJINPOBAHHBIE BKJAJbI B JaJIeKne 10 ObICTPOTE OKHA,
HaO o ieHns. [loydeHHble pe3ysabTaThl st KOIMOUIMEHTOB N-n 1 pt-n KoppeJisi-
mun (3.28), (3.48) npu pUKCHPOBAHHOM dncse CTPYH (/711 GUKCHPOBAHHOTO KJIACCA

10 MHOYKECTBEHHOCTH ) BO3HUKAIOT Oj1aroapsi hdekram OT CIUsHEsT CTPYH.

3.4. O61mme cBoiicTBa KOpPpeJadInii ¢ ydacTueM CpPeaHero
IIOIIePEevYHOro NMILYJIbca IIPU PUKCAITUU ODIIEero 4uc/ia

CTPYH

B sToil riaBe MbI IIpeJICTaBUIN pa3padOTaHHbI METOJ] aHAJTUTUYECKOTO pacyie-
Ta Pa3/IMYHbIX CPEJIHUX 3HAUEHUIl SKCTEHCUBHBLIX U MHTEHCUBHBIX II€PEMEHHbBIX 1IPU
BBICOKUX IJIOTHOCTSAX CTPYH Ha MOTEPETHOll pereTke ¢ y9eToM 3(PPeKTOB CANTHUA
CTPYH, NPUBOJAIINX K 00PA30BAHUIO CTPYHHBIX KJIAaCTepoB. VCmoib3yst 3TOT METOI,
MBI BBIUNC/ISIEM ACUMIITOTHI KOMDPUITMEHTOB TATbHIX KOPPEJANNil MeXK Ty MHOXKe-
CTBEHHOCTSAMH, by, T MEXKJTY MHOYKECTBEHHOCTBIO U CPEJIHUM MTOTIEPETHBIM UMITYTh-
coM, by, B JIBYX pasjieJeHHbIX ObICTPOTHBIX MHTEPBaJsaX IIPU BBICOKOI IJIOTHOCTU
CTPYH U ¢ pUKcaImeii o0IIero 4ncia HadaJlbHbIX CTPYH. DTO MOC/IE/IHee YCJIOBUE MO-
JIeJINpYeT B HAIEM I10J1X0jle (PUKCAIUIO KJIacca MEeHTPAJLHOCTH CTOJTKHOBEHUS, UTO
SIBJISETCA OOBITHOM MPaKTUKON aHaM3a SKCIEPUMEHTAJILHBIX JTAHHBIX B COBPEMEH-

HBIX 9KCIIepUMeHTax Ha KoJutaiijaepax, Takux kak RHIC, LHC.

B pesysibraTe Mbl 00HAPY2KUJIN, YTO (PUKCAIMs OOIIEro KOJIMIECTBa CTPYH OKa-
3bIBaCT 3HAUYUTEIbHOE BJIMSHUE Ha IIOBEJICHUE O IOBeJAcHUM KOI(MMUINEHTOB KaK
n—n, Tak 1 pt-—n Koppesstiuu. Mbl 00HAPYKUJIN, 9TO yrKe HIPU MaJIbIX HEOIHOPO/I-
HOCTSIX B paclpejie/IeHnn CTPYH KO3 PUIMEHT pt—n KOppeJsiii CTaHOBUTCS OTPU-

MaTeJbHBIM, TOrJla KakK 0e3 (bukcarun obIero 4ucia CTPYH, Kak MOKa3aHo B |H6;
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57|, oH OOBIYHO TIOJIOXKUTE/ILHBII, CTAHOBSICH OTPHUIATE/ILHBIM TOJILKO JIJIs KpaiiHe
HEOJIHOPOJIHBIX PaCIpeiesieHnii CTPYH B IJIOCKOCTH IIPUIIEJILHOTO mapamerpa. st
OJTHOPOJTHOI'O paclpejiesieHnusl CTPYH Mbl ITOKa3aJiid, 9TO (bUKCAIUs OOIINEro 9uc/ia,
HavaJIbHBIX CTPYH IPUBOJIUT K O0JIee ObICTPOMY YObIBaHIIO KOI(MDQUIIIEHTOB KOppe-
JAnun by, 1 bp,, 11pH GOJIBIION IJIOTHOCTH CTPYH, YeM B ciIydae 0e3 duxcannn [38;
39; 44; 45]. Ilpu sToM KoabduIenT Koppessiui by,,, OKa3bIBAETCs OTPUIATE/IBHBIM,
TOT 18 KaK 0e3 HAJIOXKEHHUsT STOr0 JIOIOJHUTEILHOIO YCJIOBUS OH BCEJIA HOJIOKUTEIeH

AJIg OAHOPOJHOI'O pacClpede/JICHUA CTPYH.
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I'maBa 4. VcnoJsib30BaHue CUJIHBHO MHTCHCUBHOI
HaOJII01aeMOii X JIJIst N3ydeHusd o0pa30BaHUdd
KJIACTEPOB KBapK-IJIIOOHHBLIX CTPYH B PP

cToJIKHOBeHusX npu 3uepruax bAK.

DTa ry1aBa OCHOBaHA Ha pe3yJbTaTax, MoJydeHHbIX B pabore [57| (pasmesnbr 2,

3, 4) u paborax [60; 61].

4.1. SKCTGHCI/IBHBIG, naoTedcnBHObie 1 CNJIBHO MHTEHCUBHDLIE

nepeMeHHbIe

B cratnctmdeckoil husnke UCob3yeMble BETNINHBI OOBIYHO JIeISIT Ha UHTEH-
CUBHBIE U SKCTEHCUBHBIE. K 1MepBbIM OTHOCATCH JlaBjeHne, TeMIepaTypa u TOMY T0-
JIOOHBIE BeJIMIMHBI, 3HAUEHNE KOTOPBIX OCTACTCSA HEU3MEHHBIM IIPH BBIJICJIEHUN U3
paccMaTpuBaeMoil CUCTEMBI KaKoil-To ee dacTw. Ko BTOpPBIM OTHOCAT 00beM, SH-
TPOIHUIO W JAPYyTrue BEJIUYNHBI, 3HAYCHNUE KOTOPBIX PaBHO CyMMe HNX 3HAYEHUl 11
OTJICJIbHBIX YacTeil CUCTEMBI.

[Tpu nepenecennn 3Tux MOHATHI Ha (DUBNKY BBHICOKUX SHEPIUil, HATIPUMEp, Ha,
caydail spo-siJIepHbIX CTOJKHOBEHUII, 00beM 0Opasylonieiics CuCcTeMbl CUUTACTCS
[IPOINTOPIIMOHAJIBHBIM CYMMAapPHOMY YHCIY HYKJIOHOB B CTAJIKNBAIOIINXC s1/Ipax, IIpu-
HSABINUX yIaCTHE B IIpoIecce B3amMOJIeiicTBIA. flcHO, UTO B 9TOM ciIydae 00beM 3a-
BUCHUT OT IPUIEILHOIO IIapaMeTpa, IIPU KOTOPOM IPOUCXOJUT CTOJKHOBEHUE s1Iep.
B 6os1ee obmiem cirydae B3auMoefiCTBUS aJPOHOB BHICOKUX SHEPIUil CIMTAETCs, ITO
00beM 0OpasyloNeiicss CUCTEMBI TPOMOPITMOHAJIEH YNCTYy KBaAPK-TJIIOOHHBIX CTPYH V|
dopMupyommxcd Ha HaUYaILHOM dTalle B3auMOJIeHCTBUS.

C 9T0it TOUKHM 3peHnst YUCJ0 YACTHIL, 1, ¢ IMITYJIbCOM TPUHAIEIKAIIM HEKO-

TOpOIl 3a/laHHOI 00/1aCTU (B 3a/ITaHHOM aKCGHTaHCG), IIpEeJICTaB/IsIeT COOOI IIpuMep
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9KCTEHCUBHOI BEJIMUNHBI, TAK KaK ee 3HaUeHne OyJIeT IPOIOPIUOHAILHO 00beMy 00-
pasylolneiicst cucTeMbl. B KaKJI0M CTOJIKHOBEHUN aJIPOHOB 3HaUYeHue n OyneT paBHO
CyMMe BKJIQJIOB, N = N1 + ...+ ny, oT Kaxkjaoit uz N obpazyrormuxcst crpyH. Oue-
BIJIHO, YTO BeJU4nHa 1, OyneT QIyKTYyHUpoBaTh OT COOBITHS K COOBITHIO BMECTe C
BeJINYNHON 00beMa obpasytolleiicss ciucTeMbl (YUCIOM 00Pa3yIOMINXCs MePBUTHBIX

CTPYH), B TOM YHCJIe, U3-3a Hen30eKHbIX (hJIYKTYaIlUii IIPUIETHHOIO MapamMerpa.

O 1HaKo, JIJIst HAXOXKJICHUST BKJIa/1a (PU3MIECKN NHTEPECHBIX (PJIYKTYAI U KOp-
peJsisiiuii, Hecymunx nHdopMaImo o pyHIaMeHTaJIbHbIX CBOMicTBaxX obpasyroleiics B
pesysbTaTe B3aUMOAEHCTBIsT aJPOHOB MATEPHH, HEOOXOIMMO YMETh BBIJIEJIATH HX
BKJIaJl Ha (DOHE TPUBUAJIBLHOIO BKJIAJa, BO3SHUKAIONIEr0 W3-3a (PJIYKTyallnii oobeMma
obpagzyrolieiicst cucreMbl. B 4acTHOCTH, 9TO 03HAYAET, YTO JJIsI Oy YeHIsT THMOpMa-
IUU O HPOIECCaxX CJAUSTHUS CTPYH U 00pPa30BaHUK CTPYHHBIX KJIACTEPOB U3 aHAJI3a,
duryKTyanuit 1 KOppesstimil Mexk/ 1y pas/JndHbIX HAOII0JaeMbIMU HEOOXOINMO YMETh
OTJEJUTh B AKCIEPUMEHTAJbHBIX JAaHHBIX TPUBUAJIBHBIN 3aTEHSIONINN BKJIAJl STUX
00BbEMHBIX (DIIYKTYyaInil, BOSHUKAIOMNX W3-3a (PJIyKTyallnii oobeMa 00J1acTH B3au-
MOJICHCTBUST (HAIPUMED, Yuc/aa 006pasyouXcs CTPYH) OT COObITHSI K COOBITHIO, B
TOM YHCJIEe, 110 TPUINHE IPUHINIINAIBHO HEYCTPAHUMBIX (DJIYKTYaAILNil IPHUIETHHOTO

IapamMeTpa B peailbHOM 3KCIepUMEHTE.

C 970i1 11eJ1bI0 B (DU3MKE BHICOKUX SHEPTUIl, HAPSTY ¢ SKCTEHCUBHBIMU 1 WHTEH-
CUBHBIMU BeJIMIMHAMI, BBOJUTCSI IOHSITHE O CUJTHHO MHTEHCHBHBIX (strongly intensive)
nepeMeHHbIX. [[o] HUMI MOHNMAIOTCSA TaKne HAOIogaeMble BeJIMINHbI, 3HaUeHne KO-
TOPBIX HE 3aBUCUT HE TOJHKO OT 00beMa 00pas3yIoleiicss CUCTEMbI, HO U OT (DJIyKTY-

aInii 3TOro 00beMa 0T COOBITU K COOBLITHIO.

Ob6r1ue MeToJIbI ITOCTPOEHUSI TAKUX HAOJII0IaeMbIX MCCJIEIOBAINCH B padoTe
|62|. B meii, B wacTHOCTH, OBLIO MMOKA3AHO, 9TO B PaMKaX OIPEIEIEHHOTO KJIAcca

CTaTUCTNYCCKUX MO,ZI;G.HGIL/’I7 pPaCCMOTPEHHLIX B pa60Te, BeJIM4YNHaA

S(A.B) = (A) wp + (<BA>> ci4<;>2 cov(A, B) | (4.1)
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COCTABJICHHAST U3 JIOOBIX JBYX 9KCTEHCHBHBIX BesimdnH A u B sBJIsieTcsi CHIIBHO
MHTEHCHBHOIT iepemenoit. B sroit popmyse (A) u (B) — cpejine 3HAUCHUS BEJTNINH

Au B, awy n wp - UX IPUBEJIEHHDBIE TUCIEPCUN:

Dy (4) (A _Ds _(B")-(B) (42
(A) 4y T (B) B) |

B dopmysy (4.1) BXoauT TakKe KOPPEISITOP ITUX [IEPEMEHHBIX:
cov(A, B) = (AB) — (A) (B). (4.3)

[Tozanee B padore [63] OBLIO MPEIIOKEHO MTPU TTOCTPOCHUHN MIEPEMEHHOT Y 110
dhopmyiie (4.1) ucrnosb30BaTh B KA4eCTBE ITUX IKCTEHCUBHBIX MepeMeHHbXx A u B
3HAYEHNSA MHOYKECTBEHHOCTHU YaCTHUIL, Mg U N, PETUCTPUPYEMBIX B JJAHHOM COOBITUN
B JIByX OBICTPOTHBIX UHTEpBaJax, 0yYp U 0Yp, TaK HA3bIBAEMbIX OKHAX HAOJIIOJICHUST:

S(np. np) = (np) wp, + (np) wy, — 2cov(np, nB)’ (1.4)

(nr) + (np)

(n?)—(n)”
riew, = D,/ (n) = S UPHUBEJEHHAs JIICIEPCHS MHOKECTBEHHOCTH HACTHIL,

cov(np, ng) = (npng) — (np) (np).

4.2. CWILbHOMHTEHCUBHAS NlepeMeHHas X (np, np) B MOJAEIN CO

ciimdanemM CTPYH Ha peméTKe

B sToMm maparpade Mbl IOJYIUM BbIpazKeHHe Jijisl CUJIbHO MHTEHCUBHOI Iepe-
MeHHOI X (ng, mp) Yepe3 aHaJOrMYHbIe EePEMEHHBIE OIPEeJIEeHHbIE IS OT/Ie/Ib-
HBIX CTPYHHBIX KJIACTEPOB B PaMKaxX MOJICJIM CO CJAUAHUEM CTPYH Ha PEIICTKe I
caydasl PaBHBIX 110 IMUPUHE CUMMETPHUYHO PACIIOJIOXKEHHBIX ObICTPOTHBIX OKOH Ha-

OJIFOJICHIST I CUMMETPUIHON PeaKIuu:
dyr = dyp = 0y,

(np) = (npg) = (n), Dy, =Dy, = Dy, wp, = wy, =w, = <D—n7; (4.5)
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Torma (4.4) MmoxkeT ObITH Hepenucana B 60/1ee MpoCTOM BH/IE:

<n > (np npg)

(n)

Brejsiem ciestytonne 0b603HaUEHNs I YCPETHEHUS 110 BCEBO3ZMOXKHBIM CTPYHHBIM

YX(np, np) = (4.6)

kondurypanuam C:

P(X) =) P(C)Pc,(X), (X) =) P(C)(X) (4.7)
C'77 C77
riae (X >C77 00O3HaYaeT cpejiHee 3HAUEHNEe BeJIMUMHbBI X I JAHHONW KOH(MUIY P

C,,. Torga njst cpenux, sxoasmux B Gopmyiy (4.6), Mbl nMeeM

(nrnp) < >_ni] an > =2 PG (ninl), + 3 (nl), (nE),,];
1=1 cy, {

itk

2 (4.8)

(nf) = <<an) > -~ ZP(OU)[Z< nf > £y, (4.9)
i=1 C, i i#k

Ecyin BBecTH KOBapuallllo MeKJy UUCJIOM YacTHUIl n; U 1, , POKIAIOIINXCH
B IIepeJIHEM U 3aJiHeM OBICTPOTHBLIX HMHTepBaJjax OT pacliaja CTPYHHOIO KJjacTepa
u3 7); CTPYH B 2-TOil s4elike, U JINCIEPCUIO YUCJIa YACTUIL, POXKJIAIOIINXCS B JIAHHOM

OBICTPOTHOM HHTEPBAJIC OT paciajia CTPYHHOTO KJacTepa 13 1); CTPYH B i-Toii siuefike:
covy,(ni ny) = (nf'n > —(n F>m (ny > (4.10)

(@h)*) =l (a.11)

TO BbIpayKeHUst jijist (npnpg) u <n F2> MOTYT OBITh IIEPEIUCaHbl B CJIEJIYIONIEM BHJIC:

(npnp) Z P(C Z covy, (nj n}’) + (nr)c, (nB)c, | (4.12)

(ni) =Y PCHD_ dy(nf) + (ne), | (4.13)
Cy i
rie

<”F>C,, = Z <”f>n , (np) = Z P(Cy) <”F>C,, , (4.14)
i C
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J1Jist CUMMETPUYHOIO CJIydast Mbl HMEEM T€ 7K€ CaMble BhIPAXKEHUsT 1 JIJIs JIPYTO-
ro nabmojaresnbioro okna, dp, (ni)=d, (n?)=d, (n;) u (nr)c,=(nB)c,=(n)¢, . To-

n

TJ1a, MOJICTABIsAS BCE MOy IeHHbIC BhIpazkeHus B popmyity (4.6), MbI mosrydaeM:
1
X(np,np) = n) Z P(Cy) Z[dm(ni) — covy, (ni n)]. (4.15)
c, i

Hasiee BBeIEM 1epeMeHHYI0 Xy (fip, p) Uil CTPYHHOI'O KJIaCTepa U3 1) CTPYH B

1-TOII sTUeiike, KoTopast Oy/IeT MOJTHOCTBIO OIPEIC/IATCS CBOMICTBAME 9TOIO KjlacTepa:

dy(p) — covy(pr, pp)
. . (4.16)

EU(I’LF7 /’LB) =

3J1eCh 4F W [4p 9TO TUCJIO JACTUIL, POYKIAIOMINXCS B TIEPEIHEM U 38 JHEM OBICTPOTHBIX

NHTEpBaJIax OT paclajia CTPYHHOTO KJjacTepa U3 7) CTPYH, a

(ur), = (wB), = (1), »dy(pr) = dy(up) = dy(p) (4.17)

— COOTBETCTBYIOIIHE cpejiHne 3Hadenns u puctepcnt. C nomorpbio (4.16) Mbl MozKeM

3anucarh Bbipazkerue (4.15) ciemyonim 0OpasoM:

TLF,TLB ZP

C dusmueckoit TOUYKN 3peHnst, JJIsT KJIACCOB COOBITUIT 6e3 0TOOPa 110 IEeHTPaJIb-

M
E nby . (4.18)

70 1

2:1

HOCTH CTOJIKHOBeHHs (Tak Has3blBaeMbIX, minimum bias events), Koryia obiree dmc-
JIO CTPYH He (PUKCUPYETCs, B IEPBOM NPHUOJIMKEHUN PA3YMHO MPEIIOJI0KITH, 9TO

QuIyKTyanun 9ucsia CTPyH, MOIaIalolnX B KayK/1yI0 d9eiiKy peleTKn, He3aBUCUMbI,

M

P(Cy) = [ Peln), (4.19)

k=1
1 CyMMUPOBAHUE 110 CTPYHHBIM KOH(MUT'YPaIUsIM IIpejicTaBigeTcd B Buje M-KpaTHoil

CYMMBI

k=11x=0

S P =11 Prelnw)-.. . (4.20)
Cy
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[Tociie nomcranosku (4.20) B dopmysy (4.18) pesysbrar CBOAUTCSA K JBYKPATHOI

cyMMe

¥, (ni,nP), (4.21)

]

nF,nB ZZPZ m

=1 n;=1

Tak Kak B (4.18) Kak0e ciaraeMoe 3aBUCHT TOJLKO OT OJHOTO 7); M NMEET MeCTO

HOPMHUPOBOYHOE YCJIOBHE

S Pl = 1 (122

k=0
B (4.21) MbI TakyKe y9In, 9TO BKJIAJ] CJIaraeMbIX ¢ 1; = 0, COOTBETCTBYIOIIIX OTCYT-

CTBUIO CTPYH B 2-TOIi siueiike ceTKHU, 3aHYJISI€TCS.
F B
[lepemennbie (n;), n ¥, (n;",n;’) B (4.21) saBucar jnub or 4ucIa CTPYH 7;
B i-T0ii stueiike cerku. [losTomy, mepecTaBiisisi OPSAJIOK CyMMUPOBAHNUS, POPMYITY

(4.21) MOXKHO 3amucaTh B CJIEIYIOMEM BHUJIE:

X(np,np) = Z%EW(MRMB)ZB’(U)' (4.23)

n
n=1 > 1=1
PaCCMOTpI/IM cpeaHee 41CJI0 YaCTHII, 06pa3yronmxca OT pacIiiaja BCeX KJiacTe-

POB, COCTOAIIUX U3 7) CTPYH KaKJblii

(n),, = (m), (), (4.24)

rje <m>77 cpejiHee 9HUCJIO KJIACTEPOB, COCTABJIEHHBIX POBHO U3 1) cTpyH. s caydas

C HepABHOMEPHBIM PACIIPEJIeJIEHHeM CTPYH B MOMEPEeYHOI 11ockocT, Korga P;(n) #

Py(n) um; # 7, y N
- Z P(Cy) Z Oy = Z Pi(n). (4.25)
Cy =1 i=1

YanrsiBas (4.24), (4.25), Boipazkerne (4.23) MOYKHO MEPENNCATD B BUJIE
— (1),
X(np,np) = ; Wzn(ﬂF, 1B). (4.26)

3amerumM, ITO B CUJTy HOPMHUPOBOUIHOTO ycaoBust (4.22)

> (m), =M (4.27)

n=0
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o0 o0

Y (), =D (m), (w), = Z > By =) () = (n). (4.28)

n=1 n=1 =1 n=1 1=1

910 O3Ha4da€eT, 9TO MO2KHO BBECTHU BE€COBbLIC MHOXKUTECJIN

a(n) = (n), /(n) (4.29)

Y (), /) =) alm) =1, (4.30)

u nepernucath (opmyy (4.26) ciemayronmM 06pasom

o

S(np,np) =Y aln) Sy(ur, 1s) - (4.31)

DusnaecKuii CMBICJI 9TUX BECOBBIX KOMMUINEHTOB /(7)) OU€HDb HATVISAICH, 9TO CPE/I-
Hsisl JIOJI JacTUll, 00pas3yIoIUXcs OT paclaja BcexX KJacTepoB, 00pa30BaHHbBIX CJIU-
sSTHIEM POBHO 1) CTPYH KaxKJIbIil, 10 OTHOIIEHNIO K ODIIEMY CPeIHEMY YHC/IY YaCTHII,

00pa3yIoMuUXcsd B COOBITUN.

4.3. CBsi3b 1epeMeHHoil Y. ¢ ABYyXYaCTUYIHOM (TTapHOi)

KoppeJsainoaHoii pyukimeii A

B pamkax Mojie/iu co cusiHIeM CTPYH Ha ToliepedHoii pererke [38; 39| mpeo-
JlaraeTcs, 9YTO BCe 1) CTPYH, KOTOPbIE OKA3aJINCh B JJAHHO d19eiiKe CeTKH, CMBAIOTCS,
obpasysl eIuHbIIl KJIacTep — HOBBIl 00bEKT — CJIMBIIYIOCA CTPYHY C U3MEHEHHBIMU
dusnmgeckuMu xapakrepuctTukamu. [10106HO ToMy, Kak 9T0 JiejaeTcs Jijid 0ObIYHOI
CTPYHBI [64], MBI OyJIeM XapaKTepu30BaTh CBOIICTBA 9TOI HOBOI CTPYHBI Yepe3 OJIHO-
TACTUIHYIO U JIByXIACTUIHYIO QYHKIUN PACIPeIeIeHs YacTull (aJpoHoB), 00pasy-

IOIMNUXCS TpU PParMeHTalnl TaKO CTPYHBI:

dN d’N
— M = . 4.32

)‘n(y) =
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[IpounrerpupoBaHHbie IO COOTBETCTBYIOIIMM OBICTPOTHBIM WHTEpBAJJIaM 3TH (DyHK-

nun jaor [64):
[ ) = e, [ dy ) = G, (4.33)
oYF 0yB
/dy1/dy2 As(yr,y2) = (urs), ,/dw/dyz As(y1,y2) = (pr(pr — 1)), .
onr onB o g

rJie (ip U fig YUCJO0 YACTHI] OT paciaja TaKoil CTPYHBI B IepeIHeM, 0Yp, 1 3aJHEM,
0yp, OBICTPOTHBIX OKHAX HAOJIFO/ICHNSI.
Yepes amu (byHKIUN paciipe/ie/ieHust CTaH apTHBIM 00pas3oM [64] orpejtesisiercst

JByXdacTu9Hast (IapHasi) KOppeJsiionHas QyHKINs

)\727(3/1, y2)
An(y1) Ay (y2)

XapaKTepu3yroliad KOppeJdlnun MeExKAY YaCTUIlaMHt, O6p&3yIOHH/IMI/ICEI OT pacCllalda

An(yh yQ) —1 s (434)

JTaHHoi cTpyHbL. lJ1g paccMaTpuBaeMoro CHMMETPUIHOTO ciaydast (4.17), ncrosb3yst
BoIpazkenns (4.33) u onpesnesenue (4.16), MOXKHO MOJTYIUTD CJIEIYIONIEE BbIPaZKEeHNe
nepeMeHHoit Xy ((p, (tp) Uil CTPYHHOIO KJlacTepa U3 1) CTPYH, depe3 KOPPeJIAIHOH-

ayto byHskumio (4.34):

Solprs pp) =1+ (), [Jpr — Jppl (4.35)
rie

1

/P — / dy, / dys My ()N (v ), (4.36)
(e}, i),
dyr 0yp

1

T = [ v [ s 20 01 02) (437)
HE 7753/1? oYF

MbI BuinM, 4TO 3HaUEHUe HepeMeHHON Xy ([, [4p) MOIHOCTBIO OIIPEIEIISIOTC CBOi-
CTBAaMIL JIAHHOT'O KJIACTEPa U3 1) CTPYH — €r0 OJHOYACTUYHO ) () 1 JIByX4ACTHIHO
A
dbyHKIIAME pactpesesenus Ay (Y1, ya).
Ecin oxkna HabI0AeHNA 0Yp U 0y BHIOpAHBI B IEHTPAIBHOI 001aCTH OBICTPOT

TakK, 9TO BCe 0Opas3yloluecsd CTPYHBI Jal0T BKJIAJ cpa3y B 00a 9THX OBICTPOTHBIX
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HHTepBaJja, TO, B CIJIY JOKAJBHOCTH CHUJIBHOIO B3aUMOIEHCTBHUSI B IIPOCTPAHCTBE
OBICTPOT U BBLITEKAIOIIeil 13 Hee OIHOPOIHOCTH paclpejeseHusl JacTuil oT dpar-
MEHTAaIUN CTPYHBI 110 OBICTPOTE, UMeeT MECTO TPAHC/IAIMOHHAST NHBAPHAHTHOCTD 110
obIicTpoTe. DTO Npub/INKeHne xXopomro paboraer npn sHepruax BAK, korma dop-
MUPYIOIINECs: CTPYHBI Jal0T BKJIAJ B JOCTATOYHO IMUPOKUIT HHTEPBaJ ObICTPOTHL. B
9TOM HPUOIMKEHNN OJHOYACTUIHBIE PACIpeIeIeHIs IIOCTOIHHDI, & JIBYXIaCTUIHbIE

3aBUCAT TOJIHKO OT Pa3HOCTH OBICTPOT, 0Opa3yIONIUXCS YaCTHIL:

Miy) = (), [0y = 1", Ny(yr,y) = Ny —12) (4.38)

rie ,u(()n) — cpeJiHee YUCJI0 YacTUIl POXKIAIONINXCS Ha €IMHUITY OBICTPOTHI OT paciia-

Jla 9TOr0 CTPYHHOI'O KJIacTepa, U ompejie/ieHne MapHoil KOPpPeJAIMoHHON (hyHKITNN

(4.34) npuHUMaeT Bu/

Aylyr —y2) = Ny —12)/ (u")2 = 1. (4.39)

B srom ciydae Boipazkenus juist Jjp u Jlh, Bxoggume B Beipazkenue (4.35) st

Y (fp, ) YIPOIIAIOTCS:

1
Jrp = Syroun / dy1 / dys Ay (y1—12) = Ay(Ay) , (4.40)
oyr oys
1
Jpp = 5 / dy, / dy2 Ny(y1 — y2) = Ay(0) . (4.41)
oy oyr

[Tocsieinne 1epexobl BEPHBI JIJIsi MAJIbIX OBICTPOTHBIX OKOH HabJIIOJIEHNUsI, KOT/Ia
oyr = 0y = 0y < Yeorr, TIE Yeorr =~ 1-+-2 - XapaKTepHasl IIMHA KOPPEJISIUU B
npocrpancTse ObIcTPOT. Ay B dopmyie (4.40) — paccrosiHue o OBICTPOTE MEXKLY
IEHTPAMHI 3TUX MaJIbIX OKOH HAOJIOICHUS 0Yp 1 0Yp.

Bripazkenue (4.35) juist Xy (f4p, (tp) B 9TOM IIPOCTOM CJIydae IPUHIMAET BH

Syt 1s) = 1+ 5" 5y [Ay(0) — Ay (Ay)]. (4.42)

OTa yupolneHHas (OopMyJia MO3BOJISIET MOHSITh OCHOBHBIE Ye€pPThl 3aBUCHUMOCTHU CH-

JIbHOMHTEHCHUBHOII 1lepeMeHHOi Xy (fip, /i) JUls JJAHHOIO KJjlacTepa U3 7) CTPYH OT
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IIUPUHBI 0y OKOH HaOJIIO/IEHNsT U paccTostHus Ay 110 ObicTpoTe MexK 1y Humu. [Ipn
MaJIOM DACCTOSHUN MeKIy OoKHamu Habmogenus Ay <K Yeorr, Sy(pr, p) — 1. C
pocrom Ay 3nadenue X, (i, fip) BO3pacTaeT, BbIX0OAA Ha ypoBeHb 1 + pdyA,(0),
1.K. Ap(Ay) = 0 upu Ay > yeopr. IIpu 5TOM CKOPOCTD BBIXO/A HA 9TOT YPOBEHDb 1

€0 BeJIMYINHA IPOIOPIMOHAILHDI IINPUHE OKOH HAOJIIOICHUST 0.

4.4. Pacuer nmepeMeHHOIi > (np, np) HA pemnieTke MeToa0M

Monte-KapJio

Pacuerst Besimannbt X (np, ng) 1jist pp croJaKHOBeHuil pu sneprusx BAK mpo-
Bojimynch Ha ocHoBe opmyiibl (4.31). CHIbHOMHTEHCUBHBIE EPEMEHHbIE JIJI OT-
JETIBHBIX TUIIOB KJIACTEPOB 2, BBIMHUC/IAINCH aHAJIUTUICCKH B PAMKaX IPeJII0JI07Ke-
Huil Teopun ciustaug ctpyH (cM. opmysint (4.56)- (4.63)).

Pacuer BecoBbix koabdumnmentos a(n) (4.29), Bxogsumwx B 9Ty HoOpMysny u
OIIPEIEISIIOIIIX COOTHOIIEHNE BKJIAI0B KJIACTEPOB C PA3JIMIHBIM YUCJIOM CJIMBITIXCS
CTPYH, KOTOPOE 3aBHUCUT, OT KOHKPETHBIX jieTajieil pp CTOJKHOBEHUSI, K COKAJIEHUIO,
BBIIIOJTHUTH aHAJTUTUYECKH 110Ka, He yjaeTcs. [foaTomy B 9TOi 9acTu Mbl OCYIIIECTBU-
. MoaTe-kapiosckoe (MK) momennposatue pacipejesierns CTpyH B OIEPETHOI
ILJIOCKOCTH € YIeTOM HaYaJIbHON SHEPIUU U CTEIeHH MEeHTPAILHOCTH CTOJKHOBEHIUS.
MpI TakzKe ICIIOIB30BAJIN IPUBEIEHHBIE HIKE aHAJTUTHIECKIE Pe3YIbTATHI JIJIsT [T0JI-
HOro HeAn(PAKIINMOHHOIO CEIEHNIO PP PACCESTHIS, IOy IeHHbIE B PAMKaX JaHHOI MO-
nen, Jiist KoHTposist pazpaboranabix MK komos (cm.Puc.4.1). Ormerum, ato mpu
9ToM cpaBHeHuu Ha Puc.4.1 HeoOXo/iMMO MMeTh BBHJLY, 9TO JIOBOJBHO TPYJHO Olle-
HUTBH MOTperHocTh Hejpndpakinuonnoro (ND) cedenust, T.K. s 9TOro U3 XOpPOIIO
m3BeCcTHOrO, Tak HasbiBaemoro, NSD (Non Single Diffractive) cedenust Hasio ere Bbi-
gectp 110x0 m3sectroe DD (Double Diffractive) ceuenme [65—69).

Pacuer BecoBbix k03 burmenTos «(n) B HacTosIIEl paboTe MPOBOUIICS B J[BA
stara. CHadaja HaMHU IIPOBOIIIOCH MOJEJNPOBAHIE paCIIPeIe/IeHNsT MePBUIHBIX

CTPYH B TOIEPEYHON IJIOCKOCTU C YYETOM peaJIbHbIX YCJOBUII PP CTOJKHOBEHWUSI,
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COMJIACHO METOJIMKe TpeJiozKeHHoi B pabore [36]. Ha Bropom srtame mbl Mojesin-
POBAJIN MPOIECC CJUSIHUSI IEPBUYHBIX CTPYH 1 00PA30BaHUs CTPYHHBIX KJIACTEPOB,
BBO/Isl KOHEUHYIO perierky (Ipuji) B IJIOCKOCTH TPUIIEIBLHOIO TTapaMeTpa.

BazkHo, 9T0 ji/1s1 yuera IpoIeccoB HAJIOXKEHUsT CTPYH U 00pa30BaHust CTPYHHBIX
KJIACTEPOB Mbl JIOJKHBI YMEeTb Ha IIEPBOM STalle MOJEINPOBATH HE TOJBKO 00Iee
KOJIMYECTBO MEPBUYHBIX CTPYH, 0OPA3yIONUXCs IPH JaHHON HAYAJBHON SHEPTUN 1
38/JAHHOM TIPUIIEJLHOM [apaMeTpe PP CTOJKHOBEHUs, HO U MX DACIpE/IeJIeHne B
[IOIIEePEYHON IIJIOCKOCTU.

B namem 10/ixojie KaxK/iplii pa3pesaHHblii MOMEPOH COOTBETCTBYET 0OPa30Ba-
HUIO JIBYX KBapK-IIEOOHHBIX crTpyH [10]. st yuera ciusiHust cTpyH HEOOXOIMMO
3HATH HE TOJBKO CpEJHEee UKCJIO MOMEPOHOB B PP-CTOJKHOBEHHSAX TPH 3aJaHHOM
MPUIETLHOM TIapaMerpe b, HO U paclpejieieHie 4HC/a TOMEPOHOB BOKPYT 3TOIO
CPEJIHEro 3HAUEHHsI. DTO PACIpE/Ie/IeHIe TIPH JTAHHOM 3HAYEHIH PHUIETBHOTO apa-

Merpa b 1 N > 1 ObL710 BIOpAHO B CJIEJIYIONIEM BHJIC:

~

P(N,b) = P(N,b)/[1 — P(0,b)], (4.43)

ruae P(N , b) ABJISIETCS IIyaCCOHOBCKUM paclipe/ieJIeHIeM ¢ HEKOTOPBLIM IlapaMeTpoM
N(b):
P(N,b) = e NON®BN /NI (4.44)

Ornnane pacupesenenus: (4.43) or myacconoBckoro (4.44) 3akiiodaercst JHIb B
ncKJoueHnn u3 mero ciaydas N = 0: ﬁ(O, b) = 0, 9TO COOTBETCTBYET OTCYTCTBUIO
HEYIIPYTOro PACCesHIUS.

CortacHo [36], MBI mpejioaraeM, 9To B CJIydae IPOTOH-IIPOTOHBIX CTOJKHOBE-
HU{ IpU IPUIEJIHHOM napaMeTpe b IJIOTHOCT paclpe/leieHnsl CTPYH B HOIMEPedHOii

IIJIOCKOCTH B TOYKe § IPOIOPIHOHAIBLHA

- 1
war(8,5) ~ Upp(b)

riae T(8) — npoduibhas dbyskius npotora. Mbr 6yeM HCIONb30BaThH TpocTeiiiiee

T(3—b/2)T(5+b/2) | (4.45)
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rayccoBoO paclupeae/JieHmne:

T(s) = (4.46)
mrd
[Toncrasiss (4.46) B (4.45), nomydaem
= ]_ 2 /.2 2 2
Wty (8, b) ~ e 25/t /2, (4.47)
(D)

—-— 127/0,.2 .
Opnospemento N(b) = Nye™ /275 pre mapamerp Ny 3aBHCHT OT HAYAILHON SHEp-
U,

Kak 6b1710 mokaszano B [36|, B paMKax 9THX MPEIIIOIOKEHHN CpejiHee YhC/Io
11oMepoHOB (Npom (E)), IpuBeennas JUCIepehs ucia TOMepoHos wy, (&), morme-
pedHoe cedeHne HeUMPAKIIOHHOIO PP-B3aANMOJIEHCTBHS 0y, 1 BeposTHOCTE P(N)

nMerb N paspe3aHHBbIX [TIOMEPOHOB B HEIU(PAKIIMOHHOM PP-CTOJKHOBEHUH UMEIOT

cJIeJ Iy IOy 10 (bopMy:

NQ G_t
Nypor(E)) = L Bi(z) = | —dt, 4.48
Nl BY) = o B = 5 (4.48)
N,

N () = 1 7 = (N () (4.49)
Opp = 2775 [E1(No) + 7 + In Ny, (4.50)

2mr? —
P(N) =~ ]3 B Né/l!] : (4.51)

pp 1=0

Dopmyina (4.51), mosydeHHas B paMKax H3JI02KEHHOTO B 9TOM pas/iesie MOIX0/1a,
COBIIQJIACT C XOPOIIO U3BECTHBIME pe3yibraTamu jijist P(N'), oy 9eHHbIMI B paMKax

KBa3H-3KOHATIBLHOIO peJlzKeBCKoro nojxoza [70; 71

PNy = —2TA_ |y _ e—zNi % /k!] , (4.52)
oppC N —
e
z = HC exp(A€), A= R? + /¢, € =1n(s/sg). (4.53)

A
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Bnech sp ~ 1 GeV?, a A n o 3T0 HHTEpCeNT N HAKJIOH TIOMEPOHHOII TPaeKTOPHUH.
[Tapamerpnl v 1 R ONUCHIBAIOT BEPIIMHY IPHCOEIMHEHUsI IIOMEPOHa K PaCCenBaio-
muMces agpornaM. Keasu-sitkonaibublil mapamerp C' 9h@eKTUBHO yIUThIBAET BKJIa]]
B 3Ty BepUIUHYy JAu(PaKINOHHLIX IIPOLECCOB.

Cosnazienne dhopmyit (4.51) u (4.52) nosBosister bukcnupoBaTh mapamerpsl Vg
1 7o, UCHOJIL3YEMbIe B HAIIEM II0JIXO0JIE, [OCKOJILKY OHHM OJHO3HAYHO BLIPAXKAIOTCS

qYepe3 N3BECTHLIE PEIZKEBCKUE ITapaMETPhbI:

2 2
Ny=2z= VTCeXp(Aé), ro = E)\, A= R*+d¢ (4.54)

B nammx pacderax mpu MOJEJTUPOBAHUEI PacCIpe/ie/ieHusl CTPYH B ILJIOCKOCTH
IPUIEJILHOIO TTapaMeTpa Mbl UCIOJIB30BAJIM CJIEYIONINEe 3HAUECHUS ITUX IapaMeT-
POB:

A=02, o =0.05GeV?, (4.55)
Yop =1.035GeV™> | R =33GeV >, C=15,

KOTOPBIE [O3BOJISIOT OIUCATH MOBEeHIE HeU(PAKINOHHOIO CEUCHUsI PP PACCESHUST
npu sueprusix BAK [69; 72| (em. puc.4.1). Paborsr mapyrux asropos [69; 72| Takxke
HOATBEPZKIAIOT HEOOXOAMMOCTD YBEJIMUEHUs apaMerpa A Jijis OIMCAHUSA JIAHHBIX
pu sHeprusix BAK.

Ha BTOpOM 3Talie Mbl MOJETUPOBAJIN POLECC CJAUSHUS HEPBUIHBIX CTPYH U
oOpa30BaHNsl CTPYHHBIX KJIACTEPOB, BBOJIsI KOHEUHYTO PereTKy (Ipuj) B MJIOCKOCTH
IPUIEJBLHOrO MapaMeTpa. B 9THX pacderax Mbl IPEAIIONArai, 9TO, CONJIACHO MO-
JIeJIN CJIMSIHUSI CTPYH, 3aBUCUMOCTDL CPEIHErO HYHC/a YaCTUll, 00pasyronmxcs IIpu
AJAPOHU3AIMN CAUBIIUXCA CTPYH B ddeiike, OT Yucja CTPYH B OLICTPOTHOM OKHE Ha-

OJITOJIeHIST IUPUHONE 0y UMeeT CJIedyOIil BuI:

(), = 18”8y = 1oy/ndy (4.56)

rie ,u(()n) n ,uél) = [ty — CpeJiHee YNCI0 YACTHIL, POKIAIOTINXCA Ha eIMHUILY OBICTPOTHI,

OT paciiajia CTPYHHOI'O KJacTepa U3 7) CTPYH U OJMHOYHON CTPYHBI.
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I1s1 pajuyca cTpyHbI ObLIO BRIOpAHO CJIejylollee YNC/JIeHHOE 3HaYeHue:
Tstr = 0.2 fm. (4.57)

Kak B pabote |73] mpemosaraem, 9To 9uCI0 GACTHIl, POKJICHHBIX MPU aJipO-
HU3AINN CTPYH B ¢-1i sideiike B OBICTPOTHOM OKHe HAOJIFO/IEHNsT ITUPUHOI 0y, Pacipe-
JIEJICHO TI0 OTpHIATeIbHOMY OmHOMHIasbHOMY pactpejenennto (NBD) co cpemmim

snavenueM (4.56) u MpUBEICHHOIT AUCTIEPCHEt:

wu(8y, 1) = 1+ dyu" T (4.58)

rje

1
oyr oyr

un A, (Ay) — aByxuacruuHast (IapHast) KOppeJsiuonHas GYHKIMsS, KOTopas ObLIa

BbIOpaHa B MPOCTEMIIEM BHJIE

[Ay|

Ay(Ay) = Ale v (4.60)

(n)

Yeorr — XapaKTepHasl JJINHA KOPPEJISIUN B IPOCTPAHCTBE ObICTPOT.

[TockosbKy, cormacHo (4.56), 9nMc/I0 3apsiyKeHHBIX YACTUI] POZKIAIONINXCS Ha,
eJIMHUILY OBICTPOTHI OT Pacliajia CTPYHHOI'O KJacTepa IPeJIIoaracTcsd MpPOIopPIo-
HAJILHBIM /1), 1 KOPPEJISAIUI UMEIOT MECTO TOJBKO MEZKJYy COCEJIHUMHU CErMEHTaMU
CTPYHHOI'O KJIacTepa, pa3yMHO IPEeAIIoJI0KUTh, ITO XapaKTepHas JJINHA KOppess-

(n) 1 H
I Yeorr YMEHBIIACTCS C yBesImdeHueM 1) Kak 1/,/1. Hekoropele jlononnuTesbuble
apryMeHTBI B T10JIb3Y 9TOrO MPEJNoJIozKeHust ObLn Tipejicrasienbl B |74]. [losromy

MBI IIPEJIIOJIOKUM CJISYIONLYI0 3aBUCUMOCTD IIapaMeTPOB KOPPEISIIMOHHON (DyHK-

M1 CTPYHHOT'O KJlaCcT€pa OT 7):

(1)
(m _— y_ A(n) — const. (461)

Yeorr \/ﬁ ) 0

OrmernM, 9T0 BapuaHTy 0e3 ydera CJIUAHHUS CTPYH OTBEYAET COBCEM JIPYIoif

BUJI 3TUX 3aBUCUMOCTEIL:

il = qu, g, = const, K" = A% /. (4.62)
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Koppesnstimonnas dbyHKIws Oblia BEIOpaHa caMbIM MPOCThIM criocobom (4.60),

U B 93TOM CJIyda€ MHTETrpaJl Jg‘F MOKET OBITH BBIUNCJIEH SIBHO:

2\ o0 (5 — 0 o (4.63)
oyt T e | |

KpaTko omnuiieM ajropuTMm reHepalmi COOBITHI PP-CTOJKHOBEHUII B paMKax

OITCaHHDbIX BbIIIE Hpe,ZLHOJIO}KeHI/IfIZ

1. remepupyerca 3HadeHue IPUIEILHOTO napaMmeTpa b: b, u b, are renepupyor-

Csl HE3aBHCHMO C PaBHOMEDHBIM paclipejiesieneM B unrepsasie (—3R,, 3R,),
R, =0.7 dm, b= /b2 + b

2. JUIs 3aJ1aHHOl SHeprun /s = E paccunThiBaloTCst lTapaMeTphbl oMepona (4.54);

3. JUIs 3aJaHHON SHEPIHU PACCUUTLIBAIOTCA [IAPAMETPBI PEHIETKH: HOCTOSHHAST
pemieTkn a = Rg,+/m, pasmep pemterku L = 100, uncio sueex M = m?, m =
[L/a] + 1, rie rgy — paguyc crpysbt (4.57), 0 = a/2 — napamerp rayccosa
pacrpejiesiennst WIOTHOCTH cTpyH (4.47), KBajipaTHble CKOOKH [x] O3HAYAIOT

eJIyro 9acCTb I;

4. 151 38JIAHHOf SHEPINH PACCUNTBIBACTCS CPejiiee THCI0 HOMEPOHOB (Npom (D))

(4.48) ;

5. Npom TEHEPHPYETCsI € HOMOIIBIO [IyaCCOHOBCKOTO pactpe/ieierns (4.44). Ecin
oKasblBaeTcd, UTO Ny, = 0, TO MBI BO3BpalllaeMcsd K IIyHKTY 1. 3aMeTHM, 4To

MBI COXPaHSeM HUHCJI0 CHMYIAuitNY,

sims AW KOTOPBIX Npo, = 0, uTO HEobxo-

ND _ Nsim_Ngim 2 .
JUMO JUIA BBIMUCIICHUS Ogopicrical = — N 36Rp, rine Ng;y,, TOJHOE YUCJIO0

cumystsinuit (puc.4.1) ;

6. uncsao crpyH = 2 * 4ucsI0 HOMEPOHOB;

7. reHepupyeTcsd TOJOXKEHNe KarKJIoW CTPYHBI ?, 3aT€M BBIYUCJIFETCS HOMED

d4efiKi, B KOTOPYIO MOoNaJlaeT KaxKaas CTPYHA;
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8. BBIYMC/IFETCS YUCJ0 CTPYH B KaxKJol siuelike;

9. YmcsI0 9acTuil 7 B OBICTPOTHOM HAOJIIOJATEILHOM OKHE 0y POXKJIEHHBIX I[IPH
aJIPOHU3AINI CTPYH B KaXKJI0i1 sTueiike, FeHepUPYeTCs ¢ IIOMOIIBIO OTPHUIIATE b
HOro OMHOMMAJILHOrO pacipenenenust: N B ( =, P = ) JUIA 00ecIieueHns

HYZKHOTO 3HadeHusi cpejnero (4.56) u npusegensoit mqucnepcnn (4.58).

71 O <dN,/dy>

o} FT o MS ati %, A MC simulation
F simulation H
E.. 55; . f\?bm“'a 2 6l 4 <dNCh/dy>exp R 5
© 50i A m)grlment ® © E o
F Oexperiment a 5
45;* E
3 af-
40: 0] I Q
F A r
35; 3?
30k B
2k
2 r
T S U SR S R B .. )
0 2000 4000 6000 8000 10000 12000 14000 10 2000 4000 6000 8000 10000 12000 14000
s, GeV /s, GeV

Puc. 4.1. Ceuenne neaudpakInOHHOIO PP B3aUMOJEHCTBUS 0y, U MHOXKeCTBeHHOCTL (AN /dy)

Kak (DYHKIMH SHEPIUU +/S. astmsmal 1 (ANch/AY) oy otistioas BPITACIEIACH O JAHHBIM, [10JTy Y€HHBIM

ND

B COOTBETCTBUM C OIMCAHHBIM paHee aJrOPUTMOM; aﬁfmula BBIYHUC/IAIOCH 110 hopmyste (4.50); Oerp

u (dNep/dy).,, dKcepuvenTaibuble Tannbie u3 [65—68] .

3HavyeHre mapamMerpa (i (CpejHee UHUCJIO 3apsKeHHbIX YaCTHUIl HA eJIMHUILY
OBICTPOTHI OT pacHajia OJUHOYHON CTPYHBI) HEOOXOJNMO OBLIO BBIODATH DABHBIM
0.7 g NpaBUILHOIO OMMCAHUS IKCIEPUMEHTAJIHLHON MHOXKECTBEHHOCTH 3apPsizKeH-
HBIX YaCTHIl B IeHTpasbHOil obmactu O6bicTpor (em.Puc.4.1). Jlnsa dbuxcanum nByx
OCTaBINIXCS CBOOOJIHBIX TTAPAMETPOB MOJIEN A(()l) u yg?«r, XapaKTepU3yIONnX Kop-
PEIAIMOHHY0 (DYHKIHIO OJUHOUHOM cTPYHBI (4.60), MBI BBITHCTIIN 3aBHCHMOCTD
nepeMeHHoit X (np, np) or pasmepa 3azopa Ay MexKy OKHAMN HAOJIIOJCHUS Ma-
Jofi mpuHel 110 ObicTpoTe (dy = 0.2) Jyist Pp-CTOJKHOBeHU 6e3 0TOopa 110 1eH-
TPaJIbHOCTH CTOJKHOBeHHUs (min.bias) npu 1ByX HadaJbHbIX sHeprusx, 0,9 u 7 THB,

1 CpaBHMJIM pe3yJIbTaTbl pacd€Ta C IIpedBapUuTC/JIbHbIMHI SKCIIEpDUMEHTaJIbHbIMHI JdaH-

ubivu Kosuabopaiiiu ALICE s X (np, ng) |75], noaydeHHbMu myTeM aHasmsa
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1.12

1.1
1.08
1.06
1.04
1.02

ot

P
02 04 06 08 1 12 14
Ay

Puc. 4.2. CuibHOMHTEHCUBHAs TIepeMeHHast % (np, np) Kak MYHKIWs PACCTOSHUS 110 ObICTPOTE
MezKJIy TeHTpaMu oKoH Ay, st OKOH mmpuHOil 0y = 0,2, m1g minimum bias pp-CTOJKHOBEHUI
JUIs IBYX 3HadeHuil HadasbHol sHeprun 0,9 ToB (aumxkusas kpusasi) u 7 T5B (Bepxusst Kpusas).
Toukn — 9KcHepUMeHTa/IbHbIe 3HavYeHus, moyydennble Koytaboparueit ALICE [75] myrem ana-
JIN3a, JIAHHBIX O BBIXOJIAX 3apPAKEHHBIX YACTHUIL C MOIEPEYHBIMU UMITYJILCAME, TTPUHA/IJIEZKAIIIMA

unarepsaiy 0,3-1,5 ['sB /¢ npu pp-cronkHOBeHUsIX IpH Tex ke sueprusx - 0,9 ToB (M) u 7 T>B(A).

obpa30BaHusl 3apsizKEHHBIX YaCTUIl B MSATKON 00JIACTU CIIEKTPa ¢ IOIEePEUYHBIMU M-

mybcamu B auarnasone 0,3 - 1,5 ['sB /¢ (puc. 4.2).

DT0 cpaBHEHHE II03BOJIIIO U3BJIEUYb 3HAYEHUS STUX JIBYX OCTABIINXCS CBOOO/I-
HBIX IIapaMeTPOB, XapaKTePU3YIOIINX KOPPeIsaInOHHY0 (DYHKIINIO OJUHOYHON CTPY-
ubl (4.60). B pesybrare, [71s1 TpeX mapaMeTpoB JJist OJJHON CTPYHBI B 3aBUCHMOCTSIX
(4.56) u (4.61), XapakTepu3yONIX KJIACTEPbl ¢ PA3HBIM KOJUIECTBOM CJIMBIITIXCST

CTPpYyH, Mbl HalllJIN:

o =07, y) =27 AV =028 (4.64)

corr
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4.5. CpaBHeHnue c pe3yabratamMu 3kcnepumenTta ALICE na

Boapmom AapornomMm KoJsutaiigepe

> B minbias pp CTOJIKHOBEHUSIX

Ucnonb3zyss MC-MoiesinpoBanie pp-CTOJIKHOBEHU, KaK OIMUCAHO B IIPEJIbILYy-
meM pasjiesie, Mbl T0C/Ie/I0BaTeIbHO TeHEPUPYEM PACIIpeJIesIeHs CTPYH B TOoleped-
HOIl IIJIOCKOCTHU, YUUTBIBAEM 00pa30BaHUE CTPYHHBIX KJIACTEPOB U BBIYUC/ISIEM BECO-
Bble KOI(DMUIEHTHI (¢(7)) KaK CPEJIHIO JIOJTI0 JaCTHIl, 00PA30BABIIIXCA B PE3Y/IbTa-
Te PacIajioB KJIaCTepOB, COCTOAIINX U3 1) CTPYH. 3aTeM Mbl BeIaucysieM X (ng, ng),
ucnosb3yst popmyay (4.31).

C mapamerpaMy KJIacTePOB CTPYH, 3a(UKCHPOBAHHBIMU KaK OIMCAHO BBIIIIE,
MBI BBIUUC/IIIN IepeMeHHyto Y (np, ng) Jjisi pp-CTOJKHOBeHHiT min.bias mpu Ha-
yasibHOI sHeprun 13 THB u cpaBHWIN pe3y/IbTaThl MOJEIN ¢ SKCIIePUMEHTaIbHBIMI
nanabivn ALICE [75]. Anasms stux pananix mpn 13 T5B B skcnepumente ALICE
ObLI IIPOBEJIEH JIJIsi OoJjiee IMIMPOKOI'O JIMAla30Ha IOIepPedHbIX UMITYJIbcoB 0,2 - 2
['B/¢, xoropeiit B HacTosiiiee Bpemsi ucrosib3yercs B kojtaboparn ALICE mpn
aHaJm3e oOpa30BaHUS 3aPsPKEHHBIX YACTUIL B MATKON 00JIaCTH CIIEKTPa, MO3TOMY,
YTOOBI YUECTh yBeIndeHne o0Ieit MHOYKECTBEHHOCTH YACTUIL, KOI(DDUIINEHT [ OBLT
yBesimdeH B coorsercTBun ¢ [76] B 1,28 pasza 110 po = 0, 9. [Ipu 910M ObLIH COXpAHEHBI

SHa4Y€HNs BCEX OCTaJIbHBIX IIapaMETPOB MOEJIN.

Ha puc.4.3 MbI BUJIIM, 9TO 3TOT HAOOP MapaMeTpPOB TaKzKe YCIEINTHO OIUCHIBAET
3aBUCUMOCTD HabJII0aeMoil Y (np, np) OT paccTOsHUS [0 OBICTPOTE MEXKLY TIeHTPA~
mu okoH, Ay, npu HadasibHOi s1Heprun 13 T9B. Hebosbiioe 3aBbimenne X (np, ng)
Ha puc.4.2 u 4.3 pu MaJIbIX 3Ha9eHuAX Ay MOKET ObIThH 0ObACHEHO HCIIOIL30BAHIEM
VIIPOIIEHHOIO 3KCIOHEHINAILHOIO HPUOINKEHH IS JIBYXYACTUIHON KOppe/Isiiiy-
oHHOIT yHKIMK cTpyHHOrO Kiaactepa (4.60). B [73] 6b110 mOKa3aHo, 9TO 9KCIIOHEH-
muasibHas popMa AlIPOKCUMAINN JIJIs OBICTPOTHON 3aBUCUMOCTH JBYXYACTHYHOI

KOPPEJIAIMOHHON (DYHKIINN CTPYHBI IIPUBOJUT K HEOOJIBIIIOMY 3aBbIIIEHNI0 KO-
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Puc. 4.3. CunbHOMHTEHCHBHAS TIepeMeHHast Y (np, np)— 1 Kak GyHKIMs pacCTOsTHESI IO ObICTPOTE
MeKIy TeHTpaMu okoH Ay, /st okoH mupuHoit oy = 0,2, /i minimum bias pp CTOJKHOBEHUI
npu HadasbHOH sHeprun 13 ToB (kpusas). Touku — skcnepuMeHTaIbHbIE 3HAYEHUSI, T0JIy 9€HHbIE
B koJutaboparnun ALICE [75] myrem anasmsa JTaHHBIX O BBIXOJAX 3apsi?KEHHBIX YACTHIL C [TOIIEPed-
HBIMU UMITyJIbCAMU, TpuHayiexkamumu uarepsany 0,2-2 5B/, B pp-crojikHOBEHUSAX 1IPU TOI Ke

sueprun — 13 T5B.

IIEHTa, KOPPEJISINU BIIepeI-Ha3a i B 00JIACTH IIHKA IPAMON KOPPEJIALMN IPU MAJIbIX
3HavdeHusIx Ay.

3 puc.4.2 u 4.3 Mbl BUJIIM, 9TO XapakTep 3aBUCUMOCTH [IepeMeHHol X (np, ng)
OT PACCTOSIHUS 110 OBICTPOTE MEXKJy OKHaMK HabJoxeHus, Ay, B IeJ0M, COOTBET-
CTBYET MPEJICKA3bIBAEMOMY HAIIeH MOJEBIo (eM. 0bcy K aenne mocie popmyasr (4.42)).
Habutomaercs poct X (np, mp) or 3HaUeHuit mopsjika 1 mpu MaJjblX 3HAYEHUAX Oy
C HEKOTOPOIl TeHJIeH el K HACHIIEHNIO TIPH OOJIbINX 3HadeHusIX Ay (CM. TakkKe
puc.4.4 Huxke).

Yro Kacaercsd 3aBUCKMOCTH OT HAYaJbLHON SHEPruu, TO CpaBHUBAS 3aBUCHMO-
ctu npu sHeprugax 0.9, 7 m 13 TB, npencrasiennbie na puc.4d.2 m 4.3, Mbl BH-

JINM, 9TO B PP-CTOJIKHOBeHUSIX Ipu 3Heprusix BAK nabsogaercs: poct Hab1i01aeMoi
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Puc. 4.4. Pesynbrarsl /i CHJIBHO WHTEHCHBHON TepeMeHHON Y(npg,np), pacCIuTaHHBIE C TOMO-
mpio (4.31) Kak QyHKIUA paccTosiHust M0 OBICTPOTE MeXKJly OKHaMU HaOJojIeHus Ay Jis pp
CTOJIKHOBeHM# 6e3 oTbopa 110 1eHTpaibHocTu 1mpu sHeprusax 60-13000 ['sB g okna nabrogeHust

mmpunoit 0y = 0.2 u dy = 0.4 1o OGwicTpOTE.

Y. (np, mp) ¢ yBeJIMYEeHUEM HAYATBHON SHeprun. B Halmeii Mojiesn 9T0T pocT 00bsic-
HSIETCsI BO3PACTAIONINM C SHEPrueil BKJIaJIoM 0T 00pa30BaHus CTPYHHBIX KJIACTEPOB
C HOBBIME CBOMCTBAME, COCTOAIINX U3 BCE OOJIBINEro YuC/a CAUBIINXCs cTpyH. OT-
MEeTHM, 9TO B MOJEJU C OJJHUM THIIOM CTPYH, O€3 ydeTa MPOIEeccOB UX CAUAHUS 1
oOpa3oBaHns CTPYHHBIX KJIACTEPOB, BCe Tpu KpuBble Ha puc.4.2 u 4.3 mjId pasubix

HAYAJBHBIX SHEPTHI 0Ka3aIuch OBl COBIAIONIUMEI JIPYT C JIPYTOM.

C JJaHHBIMU CTPYHHBIMHU MTapaMeTpaMi ObLITH TaKzKe MPOBEICHbI pacdeThl CHIhb-
HOMHTEHCHUBHOI IIepeMeHHOil Y B OoJiee MIMPOKOH 00JIaCTH IapaMeTpoB, SKCIEPHU-
MeHTaIbHbIE JaHHble B KOTOpOil Toka HemocTynHbl. Cneanbl peacKa3aHus ee 1Mo-
BeJleHns JIJIsi min.bias pp CTOJMKHOBEHUIT BILIOTH JO PACCTOSTHUS MEXKJIy OKHAMMU
HaOsoneHnsa Ay = 4 e uHHUIB OBICTPOTHI IPU PA3INIHBIX SHEPIUAX U JIJI OKOH
HabsoieHns paziandnoit mupuabl 0y=0.2 u 0.4. Pe3yabraThl 5TUX pacdeToB Hpe/-
craByenbl Ha Puc.4.4. Ha sToMm pucynke Mbl Takke BUJIIM XapaKTepHbIE CBOICTBA
epeMeHHo Y, oTMedeHHble Hamu mocie dhopmyibt (4.42). Bosee 1eTko BuHA TeH-
JICHITSA K HACBIIIEHUIO C YBEJNYEHHEM PACCTOSTHUS MKy OKHaMmu Ay , a TakxKe

60J1ee OBICTPBIN POCT X W BBIXOJL Ha O0JIee BBICOKUIT YPOBEHb HACHIIIEHUS JIjIsT D0J1ee
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ITPOKOro oKHa Habsonennst 0y=0.4, gem 0.2.

3aBUCHUMOCTDH HepeMeHHOﬁ >, OT KJiacca OEHTPAJbHOCTHN

PP-CTOJIKHOBCHMA

[TockobKy B cilydae peasibHBIX CTOJKHOBEHHII pp IpUIEJIbHBIIH mapamerp b
HENU3BECTEH, SKCIIEPUMEHTAILHOE OIIPeJIe/IeHIe CTeIIeHN IEHTPAJIbLHOCTH JaHHOTO PP-
CTOJIKHOBEHUsI MOYKET OBbITh BBIIIOJIHEHO TOJIBKO 110 KOCBEHHBIM Ipu3Hakam. Ciiemo-
BaTeJIbHO, pa3Jjie/ieHne MacCBa Bcex min.bias pp-CTOJIKHOBEHMIT Ha TaK Ha3bIBaEMbIE
KJIACCHI TIEHTPAJIbHOCTH 3aBUCUT OT IIPUMEHSIEMOI SKCIIEPUMEHTAJIBHOI MTPOIE/Ly PhI.

CrauaJsia JijIsI pasjeseHns cCOObITHI Ha KJIACCHI IeHTPAJIbHOCTH, Mbl B HAIIIX
MK cumysisiiiusix nCIoJsib30BaJjId IPOoIEeypy 0TOOpa COOLITUI ¢ OIPeIe/IeHHBIM YKC-
JIOM YaCTUI[ B KAKOM-TO (PUKCUPOBAHHOM HMHTEPBaJIe OBICTPOTHI. JTO IO3BOJIIIO HAM
HCCJIE/IOBATh, KaK U3MEHSICTCS 3aBUCUMOCTD IEPEMEHHON Y OT pacCTOSHUS MEXKITY
OKHaMU HabsrofeHnss Ay JJist pp CTOJKHOBEHMI pas/IMIHON IeHTpaj bHOCTH. Pac-
YeThl TaKzKe OBbLIM IPOBEJIEHbI NP PA3/JINIYHBIX SHEPIUAX U JIJIsI OKOH HAOJIIOJICHUsT
pazinunoii mupunbl 0y=0.2 u 0.4. Pesynbrarsl 9THX pacuyeroB NpeJCTAaBICHBI Ha,
Puc.4.5 u 4.6.

I3 9Tux pucyHKOB BUJIHO, UTO JIjIsI OOJiee IEHTPAIbHBIX COOBITHI 3HAUCHUS Y.
OKa3bIBAIOTCs BO BCeX ciaydadx Bbie. Ousnmdeckn 3T0 00bsICHAECTCS YBEIUYEHUEM
JIOJIA CJIMBIINXCA CTPYH I OoJiee MEeHTPaAJIbLHBIX CTOJKHOBEHMIT.

Ha cieyromem sTarie jijisi 0oJjiee aKKypaTHOI'O CpaBHEHUsI pacueTHON TeopeTu-
YeCKOI 3aBUCHUMOCTH IEPEMEHHOI Y OT IEeHTPaJbHOCTH PP CTOJKHOBEHUS C MMEIO-
mmucs sKerepuMenTaabubiMi JanabiME ALICE na BAK MmbI nmoctapasncs makcu-
MaJIbHO TOYHO BocipomsBecTu B Hamux MK pacuerax mporeaypy, pasOueHns: Mac-
cUBa, COOBITUI Ha KJIACCHI EHTPAJILHOCTH, UcHojb3yemyto B skciepumente ALICE.

B skcniepumente ALICE na BAK juist onpejiesiennsi creneny 1MeHTPaIbHOCTH
JIAHHOT'O PP-CTOJIKHOBEHHUSI ICIIOJIb3YeTCsl CUTHAJ OT JieTeKTopa V0 B IPOM3BOILHBIX
eJIMHUTIAX U3MepeHusi [77; 78|. DTOT AeTeKTOp COCTOUT M3 Mapbl CIMHTHJLIAIIOH-

ueix cayerdnkoB, VOA n VOC, pacrmosioxkeHHBIX 110 00€ CTOPOHBI OT TOYKH B3au-
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Puc. 4.5. Pesysbrarsl Jjisi CHJILHO HHTEHCUBHON IIepeMeHHo#t (N g, np), BBIYUCIEHHOl ¢ TOMOIIBIO
(4.31) kaK GyHKIMH PACCTOSHUS MO OBICTPOTE MEXKJy OKHaMU HaOofeHus Ay Jijis pa3InIHbI
KJIACCOB IEHTPAJIbHOCTU PP CTOJKHOBeHuit 1pu sHeprusax 60 — 13000 I'sB jur okoH mupuHOit

0y = 0.2 1o 6sICcTpOTE.
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Puc. 4.6. To xe, uro na puc.4.5, o jiyist okon rmmpunoit 0y = 0.4 1o OpicTpoTe.
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mojieiicTBust. CoObITHST KJIACCUPUIUPYIOTCST TI0 CYMMApPHO#T HAKOILJICHHON SHEPTHN
B serekTope V0, Tak HaswpBaemoil “ammaunryae VOM”, Koropasi mponoprnuoHabHa
00IIIeMy YHCIIY 3apsizKeHHBIX YacTUll, npoxondmunx depes jgerekropbl VOA u VOC.
To ectb K1acCH MEHTPAJIBLHOCTH B PP-CTOJKHOBEHUSX ONPEACTISIIOTCS MHOZKECTCHHO-
ctpio B gerekTopax VOA n VOC 1 9acTo Ha3bIBAIOTCs KIaccaMi MHOYKECTBEHHOCTH.
Kiracebl MHOYKECTBEHHOCTH OIPEIEISIOTC KaK MPONEHTH/ILHbIE NHTEPBAJIBI SKCITe-
PUMEHTAJILHOTO pacipe/jiesienus aMinTy bl VOM.

Hrobbl mMUTHPOBATH 3Ty Ipoleaypy B Hammx MC pacderax, Mbl cHadaJ & Bbl-
nostamn npenpapurenbaoe MC mogenuposanne 1 000 000 min.bias pp-cTo/ikHOBe-
HUI, OIIpeesNB MHOXKECTBEHHOCTb [N B HMHTepBajie OBICTPOTEL 0Yyy, = 1, COOTBET-
cTBytomeM obmemy npueMy jgerekTopoB VOA n VOC. 3arem, 9T00BI cCreHEpUpOBAThH
HeNpepbIBHBIH curnas aMitaTyabl VOM, cooTBeTCTBYIONHIT 9TOIT MHOXKECTBEHHOCTH

N, MBI ucToyib3yeM (PYHKIINIO OTKJIMKA, JIeTEKTOPA:

Py(V) = CO(V) exp —% (4.65)

9TO XapaKTepHO JIJIA JIeTeKTopoB Takoro Tuia [79]. Py (V) maer mioTHOCTH BeposiT-
HOCTH perucrpanun curnaja V ot gerexkropa VO npm nonajanun B Hero N 3aps-
JKEHHBIX YaCTUIl. f-PyHKIMS yKAa3bIBAET, 9TO cUrHaJj V' Bcerya nojoureabubrii. C

- KOHCTaHTa HOpMaJsm3alun. ObpaTute BHUMaHKe, 9TO B upejese N > 1 Mbl nMeeM

(N) — 7N, (,UNE% — 0. (4.66)

N3 dopmyn (4.66) BumHO, 9TO CcpeHee 3HaUeHHe cUrHAAA (V) MPOMOPIHOHATLHO
KOJIMUeCTBY 4acTull, [V, IOIaBIINX B JETEKTOP, & IHapaMeTp [3 XapaKTepu3yeT BeJ-
YUHY Pa3MBITUSI CUTHAJIA BOKPYT 3TOIO CPEJIHEro 3HAYCHUS.

Ucnonbsyst pacrpesenenne (4.65), Mbl reHepupyeM V' — OTKJINK JIeTEKTOPA
VOM = VOA + VOC s gucia 3apsizKeHHbIX dacTuil [V, OIa alomnX B HEro, JIjst
KazKJIOrO COOLITUSI. 3aTeM, UCIOJIb3yd 9TO 3HAdYeHHe CUTrHaja V|, IPUINCLIBACMOE
KazKJIOMY COOBLITHIO, Mbl MOYKEM Pa3]eIUTh BCE COOLITUSI HA KJACCHI IEHTPAJILHO-

ctu. Tak Kak abCOJIIOTHOE 3HaUYEHUE CUI'HAJIa HE UIPAeT POJIH, & BarKHO TOJIBKO OT-
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HOCUTEeJIbHOE 3HadeHne V' sl pa3HbixX cOOBITHil, O3 ToTepu OOIMTHOCTH MBI MOYKEM

YCTAHOBUTH IapameTp v = 1.
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Puc. 4.7. CusbHOouHTEeHCHBHAST TIepeMeHHass X (np, ng) — 1 s pa3/InYHbIX KJIaCCOB MEHTPAJIb-
HOCTU PP-CTOJIKHOBEHUil mpu HadabHON sHepruu 13 TH5B kak yHKIWMS paccTosiHUs O ObICT-
poTe MexKJly IeHTpaMu OKOH HabJojieHus Ay, paccauTaHHas ¢ OKHaAMU HaOJIIOJeHUs MTUPUHON
dy = 0,2. Toukn — sKcrnepuMeHTaIbHbIe 3HaUeHust Komaboparmu ALICE [75] myrem anasmsa
JIAHHBIX O BBIXOJIAX 3aPsI?KEHHBIX YaCTHI C TIOMEPeTHBIMI UMITyJIbcaMu B quanaszone 0,2 - 2 [5B/.
Kpusbie — pesysibraThl HAIMX PACIeTOB B MOJIE/IN ¢ 0OPA30BAHUEM CTPYHHBIX KJIACTEPOB, CO 3HA~
JeHreM napamerpa 5 = 1, xapaktepusymomero To9HocTh jerekropa V0. Kiacesr nenrpaibHOCTH
ompeJiesieHbl caeyionmmM obpasom (csepxy Buu3): 0-1%, 1-5%, 5-10%, 10-15%, 15-20%, 20-30%,
30-40%, 40-50%, 50-70%, 70-100%.

Cpasrenue jjist Y (ngp, npg) Kak (QYHKIHH PACCTOAHUS 110 OBICTPOTE MEKJLy
[eHTPaMi OKOH HabJtoieHns Ay JJist Pa3InIHbIX KJIACCOB IEeHTPAIbHOCTH PP-CTOJIK-
HOBeHNIT Tpn HavdabHOM ueprun 13 T9B npencrasieno na puc.4.7, 4.8, 4.9 njig Tpex
3HAYCHUIT TapamMeTpa [3, XapaKTepu3yIolero TouHocTh jgerekropa V0. 13 rpacdukos

BIJIHO, YTO HAIlla MOJIE/Ib ¢ (POPMHUPOBAHIEM KJIACTEPOB CTPYH TaKKe M03BOJISET OIlU-
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Puc. 4.8. To xe, aro u wa puc.4.7, vHo aua = 0,5

caTh 9KCIEPUMEHTAJILHOE TIOBE/IeHNe CHJILHOMHTEHCUBHOf mepeMentoit X (ng, ng)
JUUIsT PA3JIMUHBIX KJIACCOB HEHTPAJbLHOCTU PP-CTOJKHOBEHMI IIPU OJHUX U TeX »Ke
3HAUYEHUAX [IapaMeTpPOB, XapaKTepU3YIOINX KJacTepbl CTPyH. Takum oOpa3oMm, Mbl
BrIIM, 9TO sKcrnepuMmenTaababie ganable ALICE moarsepzkiaior 0ojiee BBICOKIE
sHadeHus X (np, ng) g 6osee MEeHTPaJbHBIX COOBITHIT, YTO B HAIIEH MOJENn 00b-
sicHsieTCs1 60J1ee MHTEHCUBHBIM CJIUSTHUEM CTPYH U yBEJIMYEHUEM JIOJIH CTPYHHBIX KJla-
CTEPOB ¢ OOJILIINM YUCJIOM CJMBIINXCA cTpyH. HamomumMm, 9To corsiacHo dpopmyiie
(4.31) tpu OTCYTCTBUE TPOIECCOB CJUSHUST ¥ HAJTUYUU TOJBKO OJMHOYHBIX CTPYH
BeJIMINHA X (g, Mp) MepecTaer 3aBUCeTb OT MEeHTPAJIbHOCTU PP CTOJKHOBEHUs U
Ha Beex Puc.4.7-4.9 Mbl unvesin 6bI TOJIBKO OJIHY KPUBYIO (pacIierieHie KPUBbIX 10

IEHTPAJBLHOCTH OTCYTCTBOBAJIO OBI).

B T0 ke Bpemsi cpaBHeHune rpaduka Ha puc.4.7 ¢ BepXHuM rpadukom Ha puc.4.8

IIOKa3bIBAET, YTO pasjie/ieHrne COOBbITUI Ha KJIACChI IEHTPAJIbHOCTH, UCIOIb3Ys 3HAa-
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Puc. 4.9. To ke, aro u na puc.4.7, Ho 11 § = 3

yeHne napamerpa 0 = 1 u § = 0,5, ocraerca npakTuiecKu Hem3MeHHbIM. Paccun-
TaHHBIC KPUBBIE JIs1 X (Mg, Mp) JJisl STUX 3HAYCHUSIX TApAMETPOB MPAKTHIECKH
COBIAIAIOT. B TO ke BpeMs UCIOIb30BaHIe 3HAYCHUST apaMerpa 3 = 3 JJIsh Xapak-
TepucTuKu Jerekropa V0 mpu pasjeseHnu MacCuBa, COOBITHI Ha KJIACChl IIEHTPAJIb-
HOCTHU IPUBOJUT K JIYUIIIEMY COIJIACHIO C dKCIEPUMEHTAIbHBIMUI JTaHHBIMHA.

Taxkum obpaszoMm, Mbl BHJIUM, YTO COOTBETCTBHE MEXKJy TeOpHeil U SKCIEPU-
MEHTOM MOYKET OBITH YJIYUIIEHO, €CJM Mbl IPUMEM BO BHUMaHUE HECOBEPIIEHCTBO
jerekTopa V0, HCIIOJIB3YeMOro Jijisi pa3je/leHisI MacchuBa COOBITHI Ha KJIaCChl 11eH-

TPaJIbHOCTH.
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SaKJII0OUeHne

B pabote mipejicTaB/ieno TeoOpeTUUecKoe UCCae0BaHNe KOPPETAIUil Me¥K, 1y Be-
JMIHAME (MHOYKECTBEHHOCTBIO U CPEJHUM TOMEePEYHbIM MMITYJILCOM YACTHUIL), Ha-
OJII0/TAEMBIMEI B PA3HECEHHBIX OBLICTPOTHLIX MHTEpBaJaX B MPOIEccax MHOKECTBEH-
HOT'O POXKJICHWs YACTUI] TIPU B3AUMOJEHCTBUN aIPOHOB BBLICOKNUX SHEPTUIl, a TaKKe
TEOPETUYIECKOe UCCIIEI0BAHIE CUIBHOMHTEHCUBHOI TepeMeHHoit Y (n g, ng), KoTopas
XapaKTepU3yeT KOPPEJAIIH MEXKTY KOJTMIECTBOM YACTHUIL B JIBYX Pa3HECEHHbBIX ObICT-
POTHBLIX MHTEpBaJIax.

[Tockonbky Teopus Bosmymennit KX/I s onmmcannsg MATKUX ITPOIECCOB He
IpUMEHNMa, TO UCCIe0BAHNE MPOBOJIMJIOCH B paMKax CTPYHHOI MOJIe/N, IMEIOITeit
KadecTBeHHOe obocHoBaHue B paMkax KX/I, u mnpemnosaratomieii (hopmupoBaHue Ha
caMOM HAJYaJILHOM 3dTale B3auMOJeHCTBUs aJIpOHOB, HEKOTOPOI'O KOJIMYECTBA, TaK
HA3bIBAEMBIX, KBAPK-TJIFOOHHBIX (IIBETHBIX) CTPYH, MOHUMAEMbIX KAK TPYOKH IBETO-
Boro moroka (color flux tubes). Dddexrol cusiaust cTpyH 1 06pa3OBaHUST CTPYHHBIX
KJIACTEPOB YUUTBIBAJICE IIyTEM BBEJICHUsI KOHETHON PENIeTKN (CeTKH) B IJIOCKOCTH
[IOIIePEYHON K OCU CTOJIKHOBEHU.

Bbumi mostydeHsl ceayonne pe3yIbTaThl:

1. IlonydueHo aHaIUTUYIECKOE BbIPazKeHHE JIJIsl aCUMIITOTHKN KO3 DUImeHTa Kop-
PeJIAIIN MEXKIY IOIePEYHbIM UMITYJIbCOM U MHOYKECTBEHHOCTBHIO IIPU OOJIBIIOII
IJIOTHOCTU CTPYH JI/Is PEAJIUCTIUIHOTO CIydasl HEOJHOPOTHOTO PACIIPe e IeHus
CTPYH B IIJIOCKOCTH IIPUIIEIBHOIO TapaMeTpa, IIyTeM BhIYUCICHUS TPON3BOIHOM
oT ¢yuKIMN perpeccun. [lokazaHo, 4To HailjleHHOEe BbIparKeHHe IePeXO/UT B
BbIparkKeHue, MoJIy9IeHHOe paHee JIPYIUM METOJOM C UCIOJIb30BAHUEM aJjbTep-

HATUBHOIO OmpejiesieHnsT KodpDUIneHTa KOppeIsaIini.

2. Ilpu GOJIBIION JIOTHOCTU CTPYH, JBYMsl HE3aBUCUMbBIMU QHAJTUTUICCKUMU Me-
TOJIaMU, HaMIeH ABHBIN BUJ ACUMIITOTHKI KOI(DMUITIMEHTa KOPPEIIIUT MeK-

Ay CpedHUMHI IIOIIEPEYHbIMU MMITYJIbCaMM 9aCTUIl B IBYX OKHaX H&6JIIO,Z[€HI/IH
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JIJIsT HEOJIHOPOJTHOTO PacCIpe/ie/ieHs CTPYH B TOIlepevdHoil 11ockocTu. Paspa-
ooran MK ayiroputwm, 1mo3Bo/IAIONIUi MPOBECTH PAcUeT TOro KO3 puImenTa
KOPPEJIAINN PN ITPOU3BOJILHOM TI0THOCTH cTpyH. [loKazano, 4to pesynabra-
Tel MK pacderoB nipu 60JbI10# IJIOTHOCTH CTPYH BBIXOJAT HA aCHMITOTHUKY,
PACCUNTAHHYIO aHAJUTUYIECKN, YTO TOJITBEPK/IaeT HAJIEXKHOCTD, IOy IeHHBIX
pe3ynbTaroB. [lokazano, 4To /it cjiydasi OJHOPOIHOTO pacipejie/iennsl CTPYH
B IIOTIEPEYHOIl IIJIOCKOCTH HailJIeHHOe JIjIsT aCUMIITOTUKU BbIpayKEeHUE IIePexo-
JINT B IMOJIyYeHHOE paHee, IPU 3TOM 3aBUCUMOCTH OT OJIHOTO U3 TapaMeTpPOB

MOJeJIN nCcUYe3acT.

[Ipoanamm3npoBano BiMdAHNE YCIOBUS (DUKCAIUN OOIIEro Uncaa HadabHbIX
CTPYH, COOTBETCTBYIONIETO OTOOPY IO KJiaccaM IMEHTPAJbHOCTU ITPHU aHaIN3e
9KCIIEPUMEHTAJbHBIX JIAHHBIX, Ha BEJNINHY KOI(MMUINEHTOB JTaJbHIX KOpP-
PEJISAIII MEXK/Ty MHOXKECTBEHHOCTSIMU U MEKJLy IOIEPEUHbIM UMITYJILCOM 1
MHOKECTBEHHOCTBIO. [o/1yueHbl aHAJIUTUYCCKIE BhIPAYKEHU JIJIsT ACUMITTOTHK
TUX KOIPDUITUEHTOB TTPU OOJIBIION MIJIOTHOCTH CTPYH JIJIA PEATHCTUICCKOTO
cydast ¢ HEOJHOPOIHBIM pacipejieieHeM CTPYH B IIOCKOCTH ITPHUIETHLHOTO
nmapaMeTpa u ¢ ydeToM pukcanmuum nx odmiero umciaa. [lokazano, uro c yue-
TOM 3TOI'0 yCJIOBHUSI yObIBaHe 000MX KOI(MDPUITUEHTOB KOPPEJIAINI ¢ POCTOM
ILJIOTHOCTU CTPYH IIPOUCXOINT ObICTPEE IIPU UX B CPEJIHEM OJHOPOTHOM Paciipe-
JIeJIEHUU B TMOIEPEYHO IJIOCKOCTH, YeM Ipu HeoHopoHoM. [IpoBepeHo, uTo
KOpPeJIsiiny pu (PpUKCHPOBAHHOM YHC/Ie CTPYH (J1/1s1 (DUKCHPOBAHHOTO KJIACCa,

10 MHOYKECTBEHHOCTHU ) BOSHUKAIOT TOJBKO IpHU ydere 3((HEKTOB 0T CIUSHIS

CTPYH.

[Tokazano, 9To KO3 DUIMEHT KOPPETAIUN MEXKTY TOIMEPETHBIM UMITYJIHCOM 1
MHOKECTBEHHOCTBIO IIPU OIPEJIEJICHHBIX YCJIOBUAX MOXKET CTAHOBUTLCS OTPU-
nareJbHbIM. B citydae 6e3 coxpaneHus o0Iero Ynucaa CTpyH JJist 9Toro Tpedy-
eTcd CUIbHAA HEOJHOPOJHOCTh PACIpPE/IeJICHAA CTPYH B IIONEPEYHON ILJIOCKO-

cru. s ciydast ¢ pukcarumeit o0Iero 9ucja CTpPyH 5TOT KOIMPUIUEHT KOP-
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peNAUN SABJIACTCA OTPUIATEIbHBIM JIazKe JIJId OJHOPOJHOTO PacIIpe/le/IeHusd,
coXpaHdd OTPUIATEbHOE 3HAYCHNUE U IIPU MaJIbIX HEOJHOPOHOCTAX B pacipe-
neseHun cTpyH. KoadbdunuenT Koppeadinu MexK Ty MHOXKECTBEHHOCTSIMU TTPU

9TOM BcCerJa OoCTaeTCd IT0JIOZ?KUTEJ/IbHBIM.

B pamkax 3Toif yKe MOJIe/IN CO CJAUSTHUEM CTPYH Ha PENIéTKe M3ydeHa CUIbHO-
MHTEHCHUBHAS [IepeMeHHast X (np, np), XapaKTepu3yoIas KOPPEAUN MeXK Ty
ICJIOM YaCTUIl, 00pPa3yoInXcs B JIBYX PA3HECEHHBIX 110 ObICTPOTE MHTEPBa-
Jnax HabsojieHus. [leabio ncnoap30BaHus 9TOM ITepeMeHHONl ABJIAeTCs 0Caa0-
JICHUE BJIMSIHUST HA PE3YJIbTAaT, TaK Ha3bIBAEMbIX, 00beMHBIX (DJIYKTyalIuil, CBsi-
3aHHBIX, HAlpuMep, ¢ QPIYKTyalneil OT COOBITHS K COOBITUIO OOIIETO UNC/Ia
obpazytoruxcs crpyH. [lokazano, yro npu ydere 3hdeKTOB CAUSHUS CTPYH,
IPUBO/ISIINX K 00Pa30BAHNIO0 CTPYHHBIX KJIACTEPOB, 9Ta IIepeMeHHAast OKa3bIBa-
eTCsl paBHA B3BEHICHHOMY CPEHEMY ee 3HAYeHU JIJIsi PAa3/JIUIHBIX CTPYHHBIX
KJIACTEPOB, 3aBUCAIINX TOJHKO OT ITapaMeTPOB 3TUX KJacTepoB. B To Bpewms
KaK BecoBble KO DUIMEHTDI, IIpejicTaBIsdioniue codoil 01 JacTull POk, 1eH-
HBIX OT KJACTEPOB C Pa3HbIM YHCJIOM CTPYH, OKA3bIBAIOTCS 3aBUCAIIUMU OT

YCJIOBI/Iﬁ CTOJIKHOBEHHSA - €10 9HEPIru 1 CTEIICHU HNEeHTPaJJIbHOCTH.

st ciaydasi pp paccesiHusl IIPH BBICOKUX SHEPrusix paspaboTaH MOHTe-Kap-
JIOBCKMIT aJITOPUTM TO3BOJISIONINI, IIyTEeM MOJEJIUPOBAHUS PEATUCTUIECKOTO
pacrpeziesieHns CTPYH B IJIOCKOCTH MPUIEJBHOTO ITapaMeTpa, PacCUYUThIBATH
9TH BECOBbIe KOI(PMUIMEHTHI JIJIsT PA3JIMIHBIX SHEPIUl ¥ NEHTPAJJHLHOCTH PP
crosikHoBeHus. C UX HMCIOJIb30BAHUEM PAaCCUNTaHA 3aBUCUMOCTD I1€PEMEHHOI
Y(np,mp) OT paccTosiHusl MO OBICTPOTE MEXKJIy OKHAMU HAOJIOJIEHUs, WX IIH-

PUHBI, SHEPTUN U IEHTPAJbHOCTU PP CTOJKHOBEHUSI.

[IpoBejiero cpaBHEHNE PE3YIBTATOB PACIETOB (N g, Np) ¢ IKCIEPUMEHTAbHBI-
mu ganasiMi Kostabopamn ALICE na BAK. Yeranosieno, aro nabsiogaeMoe

B akcrepumente ALICE noseenme 91oit nepeMeHHo yaaeTcst 00bICHUTD TOJIh-



97

KO IIpU HAJUYUU UCTOUYHUKOB PA3HOTO THUIIA, POJb KOTOPLIX B Hallleil MOJIe/IN
UrPaloT OAUHOYHBIE CTPYHBI M KJIACTEPbI, 00pa30BaHHbIE CIUSHUEM HECKOJIb-
Kux cTpyH. IlokazaHno, 4To cpaBHEeHHNE PE3Y/ILTATOB HAIICH MOJEIN ¢ IPEIBaAPH-
TeJIbHbIMI dKcriepuMeHTabHbIME JaHHbIMU ALICE, nmojyuennbiMu B min.bias
(6e3 oTbopa 10 MEHTPAJIBLHOCTH ) PP-CTOJKHOBeHUSAX 1pH Heprusix 0.9-13 TsB
1 I Ppa3nIHbIX KJIACCOB MeHTpaJibHocTh npn sueprun 13 THB, nmo3sosser
n3BJIeYb NH(MOPMAIIMIO O MOJIE/IbHBIX TTapaMeTpax, XapaKTepu3yoInX KIacTe-
PBI C Pa3JINIHBIM YHCJIOM CJUBIINXCA CTPYH. B 1esoM, MOXKHO ¢jies1aTh BBIBO/IL,
4TO FKCIHEPUMEHTAIbHO HABTI0aeMblil POCT repeMeHHoil Y(np, ng) ¢ yBeaude-
HIIEM HavaJIbHOI SHEPruu U MeHTPAJbHOCTH PP CTOJKHOBEHUS IIPU SHEPTHUIX
BAK MOXKHO 00BbSICHUTEH TOJIBKO POCTOM BKJIaJa OT 0Opa30BaHUsSI CTPYHHBIX

KJIaCTEPOB, COCTOAIINX M3 BO3paCTaOIICro 4YMucJja CJIMBIINXCA CTPYH.
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IIpnnoxkenune I MeToauka pacdera cpeaHNX
3HavYeHnii HabJIIoJaeMbIX IIPU O0JIbINOI IIJIOTHOCTHI
CTPYH C TOYHOCTBIO JI0 BTOPOI'O MOPsiJikKa 1o 1/7 npu

bUKCHPOBAHHOM OOIIEM YICJEe CTPYH

Mo2KHO JIErKO ITPOBEPUTH, UTO JIJIsi CTPYHHOTO paciipe/iesieHnst (3.3) Mbl nMeeM

ciaeayrmomuye mo4Hvie COOTHOIIICHUMAI:

(1= 1,0} = 0.2 = (1= 2 ) (o) = 1 - %) IR

N
2 92 2 w,
(ViVin) = Ty, (Vit/jVikVm) = Smﬁjmﬁmf"-
Ecin o = Y71 | oy HeuérHOE, TOrjIA
n
<Vf1yjq2v;j3...> =0, upu a = Zozi =20+1. (I'.2)

i=1
Ormernm, aro coornorenus (I.1) crpaBeiuBbI TOJBLKO 1pw @ # j # k # m. [eii-
CTBUTEJILHO, MBI BUJIUM, UTO (VgVp, )| k:m#<”l%>» <ka§1>|k:m7é<yl§> U Tak jaJjiee. 9To
SIBJISIETCS CJIEJICTBIEM KOPPeJsinii Mexky (JIyKTyallusaMu 7; B Pas3HbIX stueiikax,
BOBHUKAIOIIUX M3-3a COXPAHEHUst 00Iero dncia crpyH [58].

Ucnosbzosanne coornorennii (I.1) u (I'.2) mo3sossier 3HaMUTEILHO YIPOCTUTD
BBIUHIC/IEHIE Pa3/JIMIHBIX CPEIHUX B 9TOM MOJIE/IN, MOCKOJIBKY BCE MHTErPUPOBAHISA
10 7); CBOJATCS K MUCIIOJB30BAHIIO 9TUX MPOCTHIX TPABHUII.

MbI BBIMHCTIM acCUMITOTHI KO3(hUIUeHToB gaibanx Koppessmuit (I.3) mpu
BBICOKOH IIJIOTHOCTH CTPYH, TIpejrosaras, 9ro Bee 7; > 1. Mbl TakKe mpenoio-

x®um, 9o M > 1, moromy 4T0, KakK 9T0 006CyKIa710Ch B [43; 52| ¢ peanncTuaHbiM
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PaIIyCcoOM CTPYHBI 7'y = 0.2 =0.3 fm HaM HY>KHBI peIeTKN ¢ OOJIBIITNM KOJITIECTBOM

gaqeek M~ 10% u 10* 11s ommcanns croixuoBennii pp 1 AA COOTBETCTBEHHO.

(n) cov(pp, nr)
(pr) wy (n) + cov(ng,np)’

cov(npg, ng)

wy (n) + cov(np,np

b = (I.3)

) 7bpn:

I'.1. Ycpennenue 1o cTpyHHBIM KOH(UT'ypanusiM

MbI TPOJIEMOHCTPUPYEM METOJT AHAJIUTHICCKOTO BEIYUCICHIS PA3JITIHBIX CPE/I-
HUX 3HAYEHUI Ha peléTKe ¢ pacupejesenneM (3.3), UCHOJIb3Ys B Ka4ecTBe pUMepa
HauboJiee CJI0KHOE BBIUUC/IEHHE CPEJHEro 3HaYeHUs] MHTEHCUBHON IepeMeHHONH —
CPEJIHEro TOMEePeYHOr0 UMITY/IhCA POXKIEHHBIX YacTHIl, (Pg).

J11st TOTHOCTH BBITHCICHNTT HaM HEOOXO MO yUINTBIBATH BKJIAIbI TOPsIKa 1 /7],
1/n2,1/(Mn)u1/(Mn?). 11 M

/n, 1/(M™m) u1/(M%”). Iloromy aro, KaK Mbl yBHJIIM TT032Ke, BKJIAbI OPSIJIKA
(1/7 u 1/7? B ciyuae Borunciennst (py)) B3aUMHO YHUYTOMKAIOTCS IPU BBHIYUC/ICHIN
KOBapHalliii, BXOJSIIUX B BbIPpAXKeHUs Jijist KOIMMUIMEHTOB JIAIbHIX KOPPeJIsiiuii
bun, 1 byy,. Boistee Toro, B ciyyae 0JHOPOIHOIO pacupe/eseHls CTPYH B HOHIePeYHOil
IJIOCKOCTHU, KOTJIa BCE 7]; = 7], MbI HMeeM JIONOJIHUTEIbHOe B3aNMHOe YHUITOKEHIe
BKJIJI0B Topsiika 1/(M7) B k09hDdUIUEHT TATBHUX KOPPEJIsIinii, pACCINTAHHBIX
C UCIIOJIb30BaHUEM paciipeieerust (3.3), COOTBETCTBYOIMIEro (hUKCUPOBAHHOMY 00~
IMeMy 9HCTy Hada bHBIX CTPYH. B mocsenneM ciydae enHCTBEHHBI BKIa B KOI]-
i 1/(M7?

buImenT KOppessiin NCXOUT OT yeaoBuit mopsaka 1/(Mm°).

Kak 6buto mokazano B [43] ¢ momorpio (1.13) MBI MOYXKeM BBIYHCIUTD (D),

BBIIIOJIHUB YCPeJIHEHNE 110 CTPYHHON KOH(MUTYPAIIIH:

M =
Po Zk:1 U

3Jiech MbI BBEJIH CJiejlylolnee 0003HaYeHHe

(pB) _ >t 77{1 =(YZ) . (I".4)

-1

M 1
Y ol (T5)
=1

M
3
4
§ 77@ 9
=1
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Vunursisas onpejesenne (3.11) Mbl MOxKeM IpejcTaBuTh Y ¢ TOYHOCTBIO JIO Vi B

BUJIE
M

1 3 3y, 32 1503 A5y}
Y =M Sy, |1+ n L4 - ! , .6
34 Afsgﬁiziznl (4ﬁi 3277 3847 2048ﬁ§>] (1:6)

=1

rJie Mbl BBEJIN CJIe/IyIoNIne ya00HbIe 0003HAUEHUST

1 M
i=1

YT100BbI BLIYUCJIUTL Z C TOH »Ke TOYHOCTbLIO, MBI CHa4daJla AOJI2KHBI MCIIOJIb30BaTb

Pa3JIozKEHIE
M M
1 1 1/ v V2 U3 5v
2= MS; |1+ 7 = — 5 4+ — — — = MS, 5[1+a],
;”Z V2T MS g 2” (m 82 ' 167 128%‘) ol
('8)
e
M
1 a7 v? U3 5vt
a4 — 72 — ) I'9
MS 5 2 K (m s 167 128ﬁ;*> (r9)
Torma MoxKHO HAIIICATD
Z = L _ ! (1 —a+a®—a®+a' (I".10)
M51/2[1—|—a] MSl/Q
Yunozkas Y Ha Z 1 IPUHUMAs BO BHUMAHHE TOJILKO BKJIaJIbl HOpsjKa V; Vi v v,

YJIOBJIETBODAIONIHE YCJIOBIAM v = » .oy = 2 w4 (em. dopmysst (IN1) u (I.2)),

MbI HaXOJIUM

S
Yzzéﬁu+&+Afui+&+oy (T.11)
1/2
Buech A 1 Ay BKIIIOUAIOT YeThIpE WieHa ¢ o = 2
M M
1 V2 3 V2
A = i a (T.12)
8M 51 )5 ; 7,2 32M Sy ; 7
1 M ViV 3 M ViV
Ay = 2Q2 21;]12_ 2 Z ;]14 (13)
AMEST), 7! ﬁj/ 8M®51/2551 7! ﬁj/
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u By, By u C BKJIIOYAIOT JABEHA/IIATH Y4JIEHOB ¢ v = 4:

M

5 S 45 A
b= 128M Sy /5 ; ﬁ272/2 20480 Sy & Z _1§/4Jr (I.14)
N 1 i vivy 3 i V2
64M2S%/2 v ﬁ?/2ﬁi;/2 256M231/253/4 _3/2ﬁ?/4' )

M 3 M 3 M 3

1 1212 5 1214 3 V;
By = L~ [ ! .15
© T I6M2S2, z]: AR 256M2512 85 z]: Pt 64M2 5,25y z; R (I'15)

3 ViV 3 Vil Vk 3 ViV
320383 Z 1/2771/2ﬁ3/2 128M3Sl/253/4 Z 1/2ﬁ1/2ﬁ5/4 32M351/253/4 Z _1/2_ 1/4ﬁ3/27

1/2 45k T 7,k 15 i,J,k 1; k

V;V; VLV 3 M V;V; VRV,
C = M WVilkEVm M iViVkVm .
167* 511/22 G e 32M45§’/253/4g; 7

(I'.16)
Huzke MbI yBUINM, 9TO BeyIIHe BKIAIBI B (Py), MPOUCXOJAIINE OT BhIpazkeHuil Aj,
Ay, By, By nu C, uMeror ceayromuii mopsiIoK:

1 1 1 1 1
Al ~ —, AQN__7 7B1 ~ =, 7B2N—_7 7CN——' (F]‘7)
7 M Uk Mn? M7

Takum 06pazom, MpuHUMas BO BHUMAHIE 3aMedaHne B HadaJje JaHHOIO pas3jiesa, B
IePBOM IPHUOJIIZKEHNI MbI MOYKEM He MPUHIMATh BO BHUMaHue BKJaj C.
Ternepb, 9T00BI BEIMUCAUTH (py) ¢ oMomibio (I.4), HaM Hy>KHO YCPETHUTH BbI-

pazkenue (I.11) mo KosebanusM CTPYH, 3aJaHHBIM pacipejesierneM (3.3):

2 tvz) - %‘*u F A + (o) + (By) + (B + (O] (r.18)

Mpr MozkeM ciiesiathb 970, nenosbdys npasuia (I.1) u (I1.2), nomyuenusie Boie. [pn
9TOM MBI JIOJIZKHBI YUUTBIBATD, YTO 3TU IIPaBUIa JefiCTBUTEILHBI TOJLKO JJIs HE COB-
aJIAIOTIIX apryMeHTOB (CM. ipuMedante mnocie hopmyibt (I.2)). Urak, cuagaia Mol
JIOJIZKHBI BBIPA3UTh BCe CyMMbl, Bxojsmue B (popmysibl (1.12)-(I.16) depe3 cymmbl
C HE COBNAJIAIONIMMU apryMerTaMu. Mbl MOXKEM JIErKO CIeJIaTh 9TO, UCIIOJIb3Ysl Cie-

JIYIOIIE OYEeBUJIHBIE COOTHOIICHUSI:

D D B I D T D

0] i#Fj =) gk iEjFR i=jFk iFj=k i=k#j  i=j=k
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u Tak jaJjee. Tormaa jjsi BKJIaJI0B B o01Ieii ¢hopme Mbl UMEeM

o a2

Z<VV Z<V

Qi Oéz a1+aso Qi Oéz a3>

L) S L

] 77@ ,,7] 1#£] 77@ 77] 7 1,5,k T]z 77] T]k
Z < 0411/]0!2%(:3 Z< a1+012 a3 Z< e a2+a3 Z< a1+013 az Z< a1+a2+a3>
T BiP2Ps —B1+52—53 —51—52+53 —51+53—52 —61+52+53
ik i 5 Tk izk i i# i T i# i i

[Tocste sToro, nucnosb3ys npasmia (I1) u (I.2), npunnmas Takxke BO BHUMAaHNE,
aro N = M 51, Mbl HaxojuM OTBET Jjisd (p;) Kak JIMHEHHONH KOMOMHAIUE CYMM

cJIeTYIONIero THuIa;

DT = MSB, D W, Y L (I'21)

i#] i#j7#k

n Tak jajee. Terepb, 4TOObI BHIPA3UThL BCE 9TH CYMMBI depes3 Sg, OIpejieleHHbIe B

([.7), MBI TOJIKHBI UCIIOJIB30BATH COOTHOMIEHMsI, obpaTHbie (I.19):

donlw) = me Zn%}—<2ﬁf) (Zﬁ]) ZUB+V_M255‘S”Y_MSB+77(F'22>
i J

1#]
Swmm=Y W m - WY W - > W A2 Y W =
i#jF#k 1,5,k =3,k i,j=Fk i=k,j i=j=k

= M3555y55 — M2SBS,Y+5 — M2575g+5 — MQS(;SM_W +2M Sgiqy4s.

Mcnosb3yst 9TOT METO/I, Mbl MOYKEM JIETKO NPOBEPUTH, YTO I'JIaBHBIE BKJIaJIbI B Aq,
Ay, By, By u C umeror niopsiok (I.17). 3arem, npuMeHsist 3TOT MOAXO/ 1 yIUTHIBAST
TOJILKO coiaraemble nopsaka 1/7, 1/5%, 1/(Mm) u 1/(M7?) so Briaagax Ay, Ay, By,

By (cM. 3amMedaHue B Hadase HACTOSIIETO PA3JIesia), Mbl HAXOAUM

S S_ 35 s? 35 155
{pe) _vz) - S3/4 1+w< 12 1/4>+w2 Z1)2 1725174

Do 51/2 85512 32 53/4 64 51/2 256 31/253/4
([.23)

L1584 135S 5u) 1 3, 1 3S51 o[ 7S 35

1285512 204855, )~ M |“\325, ' 482, 855125, ) © \3257, 3250,

95 38uSap BISau 354 575
256 515512 3287,S34  10245:S5 12857 ,85u 256 51283
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I'.2. Pacyer ko3 punmeHToB JadbHIX KOPPeJIsaIaii

Ucnonb3ys MeTosbl, pazpaboTannble B IpeaplayiieM paszere 1.1 ma npumMepe
BBIUUC/ICHUST (P;), TEePh Mbl MOYKEM JIETKO HAfTH BCe OCTAJbHBIE CPEJIHUE 3HAUe-
HISI, BXOJAIE B KO3 MUIMEHTh! KOppeaanun by, 1 by,, onpegerennsie by (I'3) ¢

HEOOXOIMMOM TOTHOCTBIO.
B coorercrun ¢ (1.13), npunnmas o Banmanue (I'.8) n nmpumenss paspabo-

TaHHYIO METO/IMKY, Mbl HaXOJAWNM

1 571/2 9 15 573/2 1 1 2 15 371/2
) = MSS1241 — - — -
<Z” > 55 { “§ss12 Y 1288512 T M |85, ¥ 645,5512

([.24)

=

Ucnosb3yst obitiee Bbipaykerue st (ppnp):
anF

), ['25
o <§ :Z > (1.25)

nostyaernoe B 43| mist koadduimeHToB JaapHnx Koppessimii, u mo dgopmyie (I.6)

MBI TaKz>K€ HaXOoAuM, 9TO B paMKaXx pa3pa6OTaHHOFO 110 IX0/Ja:

35_1/4 w2135 5_5/4 1 [ 3 9 135 S—1/4 ]}

(ppnr) _ T+ w
32 534 2048 534

bop

=MS 1—w w —_—
3/4{ 329, 1024 5,534
(I.26)
HaxkoHerr, ¢ moMoImpio 3Toro MeToa, npuanMasi Bo BHEMaHue (opmyty (I.8),
MBI HAXOJIUM JIJIsT BKJIQJA B (Npnp) CIEYIONee BbiparKeHue:

(npnr) 9 w 5—1/2 w? 521/2
112 = M*Si)p 11 T 15512 615512 \ 5512 o)+ (120)

+ 1 w w2 75_1 +S_1/2
453/2 45812 \8S512 " 5, |

Temepb MbI MOXKEM BBIUHCIUTH KOBapUAINH (KOPPEJISTOPBI), BXOJSIIIE B KO-

spdbunnentsr Koppessiun by, un by, (cM. dopmyist (I.3)):

COU(TLB,TLF) _ anF <n > Y [ﬂ (1 S1/2> 2 (78 51/251/2>]

e 112 4 Sy 32 Sy
(I".28)
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Dot Dot 4

cov(pp,nr) (pnr) — (pr) (n)  wy <SSS14 Ss4 Sau

_ [
25512 52, 251>+ (129)

+CU_% 57 5_3/4 _ 21 5_1/4 35_1/4 _ 753/4571 355145_1/2 33/43_1/2 _ 53/45_1/2
8 \ 325512 32 .57 16 5?2 515512

2 2 3
1/2 481/2 851/2 Sl/?
MBI JefiCTBUTENLHO BUAMM, UTO BCE WIEHBI, IPOHOpImoHaibhble M2 B dopmyte
(T.27) pnst (npnp), B3aUMHO yHHUTOKAIOTCS B (n?). aHAJIOIMYHO, BCE BKJIABL, IIPO-
~ BNF), y ‘ , JIBL, 11D
nopinonasibibie M B dhopmyiie (I1.26) ayst (ppnp), B3AUMHO yHIITOKAIOTCS CO BKJIA-
JgaMu 13 npousseenust (py) (n), onpenesiemoro dopmytamu (IM.23) u (I.24).
Bosiee Toro, eciim Mbl mepeiijieMm K cjydaio ¢ OIHOPOIHBIM DPACHpeeIeHrneM
CTPYH B IOIEPEYHOli TJIOCKOCTH ¢ HEKOTOPOH CpejHell IIJIOTHOCTBIO CTPYH, COOTBET-

CTBYIOIIEli OJTHOMY 1 TOMY 2Ke CpeJTHeMY YHCIy, 7], CTPYH B sideiike pemierku (grid),

KOI'JIa BCe 7)1 = 7], TOrJia y Hac Oyaer
1 _3  _
Sp=—> m =n". (T".30)

B srom ciaydae Bce BRJajbI, mporoprnonaibibie w B dopmynax ([.27) u (1.26)
JJIst KOPPeJIATOpoB (KoBapuarmit) cov(ng, ng) u cov(pp, np), TakKyKe B3AUMHO YHU-
9TOXKAIOTCA M COXPAHAIOTCH TOJIBKO BKJIAJIBI TIOPSAIKA w?. B 9TOM IpocToM ciydae
hOpMYyJIBI JIJIST KOPPEISTOPOB (KOBapUAIHil) CBOISITCS K

2

cov(npg, ng) _ Mﬁ r31)
I 327 '
cov(pg,nr) w% (I32)

pop 12872
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Introduction

It is known that the study of fluctuations and correlations of various observed
in the processes of multiple particle production at high energies provides information
about the very initial stage of the interaction of hadrons corresponding to the highest
density of the formed quark-gluon matter [1]. This allows us to obtain unique data on
new objects formed at this stage, including quark-gluon strings and string clusters.

Unfortunately, at present, quantum chromodynamics (QCD), which is very suc-
cessfully used to describe hard (with large momentum transfers) processes of strong
interaction [2], does not allow us to obtain the quantitative description of the pro-
cesses of multiple particle production in the soft region, since perturbation theory is
not applicable in this area. For the quantitative description of soft processes, whose
contribution to the total scattering cross-section of high-energy hadrons is dominant,
the model of quark-gluon (colored) strings, which has a qualitative justification in
the framework of QCD, is widely used (including in all existing Montecarlo event
generators, such as PYTHIA, VENUS, HIJNG, AMPT, EPOS, etc.). [3-5]

This model assumes that the strong interaction occurs in two stages:in the ini-
tial stage between partons of colliding hadrons, extended objects — tubes filled with
a color gluon field (color flux tubes) are formed as a result of processes of reconnec-
tion of color currents, wich we can regard as one-dimensional strings if we neglect
their transverse dimensions compared with the longitudinal dimensions. At the sec-
ond stage, the string disintegrates with the formation of hadrons (hadronization).

This picture is justified by results obtained using the Monte Carlo method via
the standard lattice QCD simulations [6; 7|, which confirm weakened background
fluctuations of the gluon field responsible for the arising confinement phenomenon
in the region along the line connecting the quark and antiquark (diquark).

Another confirmation of the string model of strong interactions comes from the
interpretation of a pomeron-like cylindrical structure in the framework of topological

expansions of QCD in the limit of a large number of colors proposed in [8; 9]. In this



Figure 1. Quark-diquark string in lattice QCD |[6]

approach, a cut pomeron corresponds to the production of two strings connecting
quarks and diquarks of the target and impactor (a process of color reconnection),

which after fragmentation give two sequences of observable hadrons [10; 11].

ap
p p

Figure 2. A pomeron as cylindrical structure in the framework of the limit of a large number of

colors [10]

=
-]
=

A
et

Figure 3. A cut pomeron as two strings [10]
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To describe the process of string fragmentation in observable hadrons, either
the mechanism generalized to the QCD case [12-15] proposed by Schwinger for
particle creation from the vacuum in quantum electrodynamics [16-18| or the purely
geometric approach proposed in [19] for a mathematical model of the Nambu string
in 341 dimensions [11; 20] is used. Both approaches lead to the same important
result: a uniform particle distribution produced from the decay of a single string
with respect to a variable called rapidity:

potp. 1 VPP P )

= —In i
po—Dp. 2 P2+ p? — p,

Therefore, the particle rapidity y in a pair with its transverse momentum p, is
generally used for analysis instead of the longitudinal component p. of the particle
momentum directed along the collision axis.

[t turns out in this case [11; 19; 20| that there is a statistical correspondence
between the spatial coordinate z of the string segment and the particle rapidity y
originating from its decay: particles obtained from the fragmentation of adjacent
string segments on the average also have close rapidity values. In view of inves-
tigations of correlations between yields of particles with rapidities in adjacent or
separated rapidit intervals (observation windows), the noted correspondence allows
studying correlations between particles produced from the decay of adjacent or spa-
tially distant string segments.

At a high density of strings in the transverse plane, for example, in case of
nucleus-nucleus collisions and /or ultrahigh energies of the LHC, it is necessary to
take into account the interaction between strings [21; 22|. For the case of the
interaction of heavy nuclei, M.A. Braun and K.Paxares in the works [23; 24| proposed
a model of fusion (percolation) of primary strings before their fragmentation begins
as a way to take into account the processes of interaction between them. Important
consequences of this approach are a decrease in the multiplicity of produced particles
and an increase in the average transverse momentum in comparison with the model

of independent strings [25]. Another consequence of the string fusion model is an
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increase in the yield of strange particles at high string density in nucleus-nucleus
collisions [26; 27].

Accounting for string fusion processes was also included in the DIPSY event
generator in the form of the formation of so-called “color ropes”, leading to an in-
creased yield of strange particles [28]. In the paper [29], devoted to experimental
studies of the yield of multistrange hadrons in pp interactions as a function of col-
lision centrality, when comparing these results with the predictions of various theo-
retical models, the ALICE collaboration concludes that the DIPSY model, taking
into account the processes of formation of “colored ropes” describes data better than
other event generators. Similar results [30] were also obtained within the framework
of the multipomeron model, which effectively takes into account the contribution of
string fusion processes [31; 32].

Two variants of string merging are considered: local and global. In the local
variant of string fusion, it is assumed that the color fields add up only in the areas
where the strings overlap [33]. In this case the average multiplicity in a given rapidity
interval and the average transverse momentum of charged particles emitted from the

k string overlap region are described by the following expressions:
S,

where S} is the transverse area of the overlap region of k strings, oy — string trans-
verse area, (19 — average multiplicity of charged particles per unit of rapidity, pro-
duced from the decay of one string, py — average transverse momentum of particles
produced from the decay of one string.

In the global version of string fusion, it is assumed that the color fields are
added globally with the formation of a cluster that occupies the entire overlap area
strings [34]. In this case, the average multiplicity in a given rapidity interval and
the average transverse momentum of charged particles, a cluster with a transverse

area S, are described by the following expressions:

o
n)y = Mo—\/ (7)., =Po ke, (P)a = poVakea, kg = NCZS_OI’ (3)
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where N is the number of strings forming the cluster.

In the limiting cases of low or high string density, these variants coincide [35].

"overlaps" "clusters”
(local fusion) (global fusion)

[e]
C—{S,.S:,...}@ V1| e=1>
SFM | sc-area 82

covered k-times

SS
[m]
= { N-j”‘} =2
cellular i N, |
analog
of SFM e
_ a7sr_ “occupation”
kr_’f’ - Nf: numbers

Figure 4. Various versions of the string fusion model [36]

To simplify the consideration of string fusion effects a simple discrete model
in which the transverse plane is divided into cells of size of the order of the string
cross section (the radius of the string section is rg, ~ 0.2 + 0.3 fm) was proposed
[37-39] and then [35; 40-47] was widely used. In this approach, it is assumed that
all strings with centers in a given cell of the lattice fuse. This leads to the splitting
of the transverse area into domains with different, fluctuating event by event values
of color field within them. What is similar to the attempts to take into account the
density variation in transverse plane in models based on the BFKL evolution [4§]
and on the colour glass condensate (CGC) approach [49].

As one of the tools for studying the effects of string fusion, it was proposed
[50] to study the so-called forward-backward (FB) correlations between the observed
quantities for particles detected in two rapidity intervals separated by gap. Usually
these two rapidity intervals (observation windows) are chosen symmetrically, one in

the forward and the other in the backward hemisphere of the reaction. It is known
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Figure 5. Introduction of the lattice in the transverse plane

that studies of long-range rapidity correlations provide information about the very
initial stages of hadronic collisions [1| and, in particular, about the configuration of
the string formed in a given collision.

As observable quantities, F' and B, one usually chooses the multiplicity (num-
ber) of particles, np and np, with rapidities falling within the chosen intervals, and

the average transverse momentum of these particles in this event, pI” and p?,

1 <&, .
pf:EZ;‘Pff

[t was proposed [42] to investigate 3 types of correlations: n —n, correlations between

1 & .
,ptBZ@;\pt}- (4)

multiplicities of charged particles, p; — p;, correlations between mean transverse
momentum and p; — n, correlations between the average transverse momentum in
one rapidity window and the multiplicity of charged particles in another rapidity
window.

Unfortunately, as was shown in [51], the traditional coefficient FB of corre-
lations between the multiplicity of charged particles in the forward and backward
rapidity windows, ng and npg, depends on the fluctuations in the number of strings
from event to event in pp collisions, from the so-called “volume fluctuations” — trivial
fluctuations in the number of sources.

There are two ways to exclude the influence of these trivial “volume” fluctu-
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ations compared to the contribution from string fusion processes. One can either
study correlations involving intensive variables, such as, for example, the event-av-
eraged transverse momenta pr and pp of all charged particles detected in a given
event in the forward and backward rapidity observation windows (instead of their
multiplicities np and ng ), as in [31; 32; 35; 42; 43; 52]. Another way to get rid
of the contribution of trivial “volume” fluctuations is to use in the analysis the so-
called strongly intensive variables that are insensitive to fluctuations in the number
of sources (strings) but sensitive to fluctuations in the properties of these sources, in
particular, to the formation of string clusters as a result of string fusion processes.

In real experiments, the entire array of events is usually divided into so-called
centrality classes and the analysis is carried out separately for each class. As applied
to the string model, this means imposing an additional condition that limits fluctu-
ations in the total number of strings. An analysis of the influence of this additional
condition on the correlation coefficients allows us to qualitatively draw a conclusion
about the nature of the influence of fixing the centrality class on the value of these
coefficients in a real experiment

In this work, in the framework of the string model on a lattice, we study the
asymptotics of the correlation between multiplicities, between transverse momentum
and multiplicity, and between transverse momenta in spaced rapidity intervals in
high-energy collision processes, including for the case with a fixed total average
number of strings, as well as highly intense observables.

Relevance of the research topic.

The study of fluctuations and correlations of various particles observed in the
processes of multiple production of particles at high energies provides information
about the very initial stage of hadron interaction, which corresponds to the highest
density of the resulting quark-gluon matter. This makes it possible to obtain unique
data on new objects formed at this stage, including quark-gluon strings and string
clusters.

In this regard, it is of particular importance to study correlations using intense
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and strongly intensive variables, which make it possible to minimize the contribution
of trivial “volume” fluctuations and make it possible to obtain information directly
about the properties of objects formed at the initial stage of strong interaction. In
the thesis, for this purpose, correlations are studied with the participation as an
intensive quantity — the average transverse momentum of particles recorded in a
certain rapidity interval, as well as the highly intense variable Y2, which characterizes
the correlations between the number of particles in two spaced rapidity intervals.

One of the aspects that determine the relevance of the research topic is the need
to obtain analytical expressions for the correlation coefficients and the strongly in-
tensive variable X in the framework of the string fusion model for the case of their
realistic inhomogeneous distribution in the impact parameter plane. This is neces-
sary in order to qualitatively understand the effect of inhomogeneity in the distribu-
tion of strings on the magnitude of the correlation coefficients when compared with
experimental data.

Another aspect follows from the fact that in modern collider experiments on
collisions of ultrarelativistic nuclei, correlations are usually analyzed separately for
different classes of collision centrality. This requires additional theoretical analysis
of the effect of fixing the centrality class on the magnitude of correlations.

The study of correlations in the dissertation using the strongly intensive vari-
able X and comparison of the calculation results with the experimental data of the
ALICE collaboration at CERN made it possible, in particular, to draw a fundamen-
tally important conclusion that at energies of the Large Hadron Collider (LHC) the
formation of string clusters already occurs. in pp interactions, which indicates the
relevance of the research topic.

Goals and objectives of the work.

The purpose of this thesis is a theoretical study of correlations between observ-
ables (multiplicity and transverse momentum) in spaced rapidity intervals in the
processes of collisions of hadrons and nuclei at high energies, as well as a theoretical

study of the highly intense variable X (np, ng) which characterizes the correlations
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between the number of particles in two spaced rapidity intervals.

In particular, it was necessary to study the effect of inhomogeneity in the

distribution of strings in the plane of the impact parameter on the value of the

correlation coefficients and the effect of fixing the centrality class on their value, as

well as to calculate the strongly intensive variable ¥(ng, ng) within the framework

of the model with the formation of strings clusters, and then compare the calculation

results with the available preliminary experimental data of the ALICE collaboration

in order to search for evidence of the formation of string clusters in pp interactions

at LHC energies and extract the parameters of these clusters.

To achieve the goals set, the following tasks were solved:

1. For the realistic case with the non-uniform distribution of strings in the plane
of the impact parameter, analytical expressions were obtained for the asymp-
totics of the long-range correlation coefficients between the transverse momen-
tum and multiplicity, as well as between the transverse momenta in two spaced
rapidity intervals, at a high string density, and their properties were analyzed.
In addition, a Monte Carlo (MC) algorithm was also developed that allows one
to carry out these calculations for an arbitrary string density. It is shown that
the results of MC calculations at a high string density come to the asymptotics

calculated analytically, which confirms the reliability of the results obtained.

. Analytical expressions are obtained for the asymptotics of the long-range cor-
relation coefficients between multiplicities and between transverse momentum
and multiplicity at high string density, taking into account the additional con-
dition of fixing the total number of initial strings corresponding to the selection
by centrality classes in the analysis of experimental data. The influence of this

condition on the value of the correlation coefficients is analyzed.

. In the framework of the same model with string fusion on a lattice, the strongly
intensive variable > which characterizes the correlations between the number

of particles formed in two intervals of observation separated by rapidity was
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studied. It is shown that when string merging effects leading to the formation
of string clusters are taken into account, this variable turns out to be equal to
the weighted average of its values for different string clusters, which depend
only on the parameters of these clusters. Whereas the weight coefficients,
which are the fractions of particles born from clusters with different numbers
of strings, turn out to depend on the collision conditions — its energy and

degree of centrality.

4. For the case of pp scattering at high energies, a Monte Carlo algorithm has
been developed that allows, by simulating a realistic distribution of strings in
the impact parameter plane, to calculate these weight coefficients for various
energies and centrality pp of the collision. Using them, the dependence of the
Y. variable on the rapidity distance between observation windows, their width,

energy, and collision centrality pp is calculated.

5. The results of X calculations are compared with the experimental data of the
ALICE collaboration at the LHC. It has been established that the behavior of
this variable observed in the ALICE experiment can be explained only in the
presence of sources of different types, the role of which in our model is played
by single strings and clusters formed by the fusion of several strings. It is
shown that a comparison of the results of our model with the preliminary ex-
perimental ALICE data obtained in min.bias (without centrality selection) pp
collisions at energies of 0.9-13 TeV and for different centrality classes at an en-
ergy of 13 TeV allows one to extract information about the model parameters,

characterizing clusters with different numbers of merged strings.

Theoretical and practical significance.

The obtained analytical expressions for the asymptotics of the long-range corre-
lation coefficients at a high string density, taking into account the conditions typical
for real experiments, make it possible to qualitatively understand the dependence

of the correlation coefficients on the parameters of the task and the conditions of
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the experiment, which is usually difficult to do, limited only to Monte Carlo (MC)
simulation of the process hadron interactions.

On the other hand, comparison of the results of the MC simulation with the
obtained analytical expressions for the asymptotics of the long-range correlation
coefficients at a high string density makes it possible to control the MC algorithms,
which can then be used to calculate processes for an arbitrary string density. The
agreement between the results of analytical and MC calculations at high string
density confirms the reliability of both MC and analytical results.

The conclusion obtained by comparing the results of calculations of the strongly
intensive variable ¥ with the experimental data of the ALICE collaboration at the
LHC, that at LHC energies the formation of string clusters occurs already in pp
interactions has fundamental importance. Herewith, the experimentally observed
increase in this variable with an increase in the initial energy and centrality pp
of the collision can only be explained by an increase in the contribution from the
formation of string clusters consisting of an increasing number of merged strings.

Thus, the results presented in the thesis have already been used and will be
used in the future in the work of the ALICE international collaboration at the LHC
at the European Center for Nuclear Research (CERN) in the ongoing and future
experiments. In the future, they can also be used to study correlations using strongly
intense variables in the analysis of data from the MPD and SPD detectors of the
NICA accelerator complex, which is currently being built at JINR in Dubna.

The statements and results put forward for defense:

1. In the model with a realistic inhomogeneous string distribution in the impact
parameter plane, taking into account their fusion, the form of asymptotics
at a high string density for the coefficients of long-range correlations between
the transverse momentum and multiplicity, as well as between the transverse
momenta of particles formed during the interaction of high-energy hadrons in

two spaced speed intervals, is analytically found..
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. Analytic expressions are obtained for the asymptotics of the long-range correla-
tion coefficients between multiplicities and between transverse momentum and
multiplicity with an additional condition of fixing the total number of initial
strings, which corresponds to the selection by centrality classes in the analy-
sis of experimental data. The influence of this condition on the correlation

coefficients is analyzed.

. A Monte Carlo algorithm has been developed that makes it possible to nu-
merically calculate the correlation coefficients for the arbitrary string density,
taking into account their fusion. It is shown that the results of numerical
calculations for a high string density come to the asymptotics calculated ana-

lytically.

. It is shown that in the framework of the model with string fusion on the
lattice, the strongly intense observable >, which characterizes the correlations
between the number of particles produced in two observation intervals spaced
apart in rapidity, is equal to the weighted average of its values for different

types of string clusters.

. Using a combination of analytical and Monte Carlo methods, the dependence
of the strongly intense variable Y on the rapidity distance between the obser-
vation windows and their width is calculated for the case of pp collisions at
various energies, including taking into account their centrality. Predictions
of its form at various energies, including taking into account the degree of

centrality of the collision are made.

. It is shown that a comparison of the results of calculations of the strongly
intense variable > with the preliminary experimental data of the ALICE col-
laboration indicates the formation of string clusters in pp interactions at LHC
energies and an increase in their contribution with an increase in the initial

energy and centrality of the collision.
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All of the main findings submitted for defense were obtained personally by
theapplicant or in work with scientific superviser.

Thesis structure.

The thesis consists of introduction, 4 chapters, conclusion, bibliography and
4 appendixes. The dissertation contains 132 pages, 17 figures. The bibliography

includes 79 items on 11 pages.
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In the first chapter, the formulation of the discrete version of the model with
string fusion is given and the basic concepts used in the work are introduced.

In the second chapter, correlations between transverse momentum and multi-
plicity and between transverse momenta in two separated rapidity intervals at high
string density are analyzed in the framework of the string model with lattice fusion
for the case of an arbitrary distribution of strings in the transverse plane, and the
asymptotics of the correlation coefficients are calculated.

In the third chapter, the asymptotes of the coefficients of long-range correla-
tions between multiplicities and between the multiplicity and the average transverse
momentum are calculated in two separated rapidity intervals at a high string density
and with the total number of initial strings fixed, which models the fixation of the
collision centrality class.

The fourth chapter presents the results of a theoretical study of the strongly
intensive variable Y, as well as the results of numerical simulation and their com-
parison with experimental results.

In conclusion, the main results of this work are presented.

In the appendices, we present detailed calculations of some of the quantities

used in this work.
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Chapter 1. The model with string fusion in the

plane of the impact parameter

In this chapter we describe a model which used for calculations of the coeffi-
cients of long-range correlations and highly intense observables for the interaction

of hadrons at LHC energies in subsequent chapters.

1.1. The definition of the long range correlation coefficient

Correlations between two physical quantities F' and B are usually studied ex-
perimentally, measured for particles with rapidities in two chosen intervals dyp and
0yp, conventionally called the forward and backward observation windows. Such

correlations are therefore called forward-backward (FB) correlations.

- Y gap .
L B | | L F

0 y

Figure 1.1. Two rapidity windows, forward and backward, separated by gap.

One reason for the appearance of FB correlations is particle production from
the same or adjacent segments formed in the process of fragmentation of a given
string, which, as noted above, only leads to correlations between yields of particles
with close rapidity values; such correlations are usually called shortrange correla-
tions. The contribution from these correlations vanishes if the observation windows
are separated in rapidity.

Another reason for the appearance of FB correlations is fluctuations in number
of produced sources (strings) from event to event. The contribution of this mecha-
nism is independent of the rapidity gap between observation windows and does not
decay as this gap increases (under the assumption that sufficiently long strings con-

tributing to a wide rapidity domain are formed at high energies). They are therefore
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called long-range (LR) correlations.

There are two alternative definitions of the correlation coefficients between the
values F' and B, and both are used in several papers.

The correlation coefficient can be defined via the regression function, as, for
example, in [53]:

corr f __ d<B>F

b . 1.1
BF dF Fe(F) ( )

The brackets (...) mean averaging over events at the fixed value of F.

Also, the correlation coefficient can be determined through the mean values of

F and B [54]:

average <FB> B <F> <B> _ COV(F7 B)

bpr ° = (Y =D, (1.2)

where (F'), (B) — the mean values of F' u B. The brackets (...) mean averaging
over all events.

These definitions (1.1) and (1.2) coincide for the linear regression function
(B)p =a+bppF.

The value of the correlation between the relative values F'/ (F'), B/ (B) is often

considered. The correlation coefficient between them is defined as

bel, = %bFB. (13)

1.2. Formulation of the model with fusion strings on a lattice

We used the discrete approach [37-39|, which we already mentioned in the
introduction, to take into account the processes of fusion of colored strings and the
formation of string clusters. In this approach, in a transverse plane to the collision
axis, a finite lattice (grid) is introduced with a cell area of the order of the cross
section of the string (see Fig. 5). In this simplified approach, it is assumed that all
strings centered in one cell of the transverse lattice fused. As a result, any string

configuration appearing in the event is characterized by a set of integers C,:



157

Cyp=1{m, ..}, (1.4)

where 7; — number of string centers appeared in i-th cell, M — number of cells in
transverce plain.
In the framework of this model any event will be characterized by a set of the

following quantities

c={c,cr.crcr cry, (1.5)

where

C’f:{nf,...,nﬂ}, C’f:{p%F,...,p?lF;...;p}\f,...,p%F} (1.6)

— the number of particles formed from the decay of the string in the ¢-th cell in the
forward rapidity window and the values of their transverse momenta, and similarly

for the backward rapidity window:

C’f:{nfg,...,nﬁ}, C’f:{p%B,...,p?lB; ...;p}\f,...,p"MMB}. (1.7)

For a high string density and a large number of produced particles, we will
also use the Gaussian approximation formulated, for example, in [44]: it is assumed
that the fluctuations in the number of particles produced from the decay of strings
in a given cell in the forward and backward rapidity windows, occur independently
around the mean with a variance proportional to that mean according to the Gaus-
sian distribution:

1 (ni=7;)°

P(n;) = We_ e (1.8)

d,r = w,ﬁf, d,s = wuﬁiB. (1.9)
Similarly, fluctuations in the number of strings in different cells are assumed
to be independent, occurring according to the Gauss distribution with a dispersion

proportional to the average number of strings 7; in a given cell:

1 (=)

P(n;) = e (1.10)

V/2rd,,
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dy, = Wi (1.11)

Similarly to [22; 24], we will assume that the average transverse momentum
of particles produced from the decay of the ith cell depends only on the degree of
string overlap in the given cell n; and does not depend on the number of formed
particles nf", nP. The variance of the momentum of an individual particle produced
by the decay of strings in the i-th cell is assumed to be proportional to the square

of the average value of the momentum, from dimensional considerations:

dy, (1) = p*(n;) — (i) = D" (i) (1.12)

The calculations use the explicit form of the dependences of the average number
of particles formed from the decay of strings in the i-th cell and their transverse
momentum on the number of strings in the given cell n;, which are expected in the

pattern based on the string fusion model [21; 22; 24]:

n (i) = /i, D(0i) = po/mi- (1.13)
Then the number of particles produced from the decay of strings in the i-th cell,
with rapidities in the forward and backward rapidity windows

n{ = pri(n), nf = ppn(n,), (1.14)

where pp, pp is the number of particles produced from the decay of one string in

the forward and backward rapidity windows, respectively.

1.3. Finding the asymptotics of the correlation coefficients as
derivatives of the regression function

Denote C" = {C,,, CB, CI} The conditional mean (B), included in the defi-

nition of (1.1), for the case of long-range correlations can be written as [44]

By, = 2o {Blo POV Pe(F)
F ZC’ P(C’)PC/(F) )

(1.15)
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where (B),, — the mean value of B for a fixed configuration C’, P(C") — the
probability of forming a configuration C" , Po(F') — probability observations of F
in the forward rapidity window for a fixed string configuration C".

Since the fluctuations in the number of particles produced from a given cell
in the forward and backward rapidity windows and the fluctuations in the number

of strings occur independently, the probability of formation of the C’ configuration

can be written as P(C") = P(Cy) FPe, (CE)Pe, (C2), where

Pcy) = [1Pm) =TI gmme ™ (1.16)

M M
P F\ _ Fy\ _ 1 CZp
Cn<Cn) —HP(?’LZ ) _H € ¢ ) (117)
i=1 i=1 \/2md,,r

Pe, (CP) = HP(nZB) = H ;e_ TP (1.18)

The conditional mean (B) in this notation

ZP ZPC (C2) (B)e,cm ZPC YPe,cr(F) |,

(1.19)
ZP ZPC (CB) ZPC P, cr(F) |, (1.20)

where for Pcncg(F ) for a large number of cells, by the central limit theorem, we

have

e % : (1.21)

The sum over configurations at a high string density can be written approxi-

mately in the following form:

Z...:HZ”.HH/W.., (122)
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then (1.19) looks like:

/d PP, (CH)( >Cncf/dnfpc,,(cf)Pcncg(F),
0 0

(1.23)
Pr) =] / an;P(C,) / inPPe,(C2) [ dnf Po,(CE)Pe,cp(F). (129
=17 0 0

In the next chapter, we will use the saddle-point method to find the asymptotics
of these integrals at high string density.

1.4. Algorithm for calculating average values of observables

in the model with string fusion on a lattice

To calculate the correlation coefficient using the (1.2) definition, it is necessary
to calculate the average values of the observables: (F), (B), (FB), (F?). In the
framework of the model with string fusion on a lattice, averaging over events is
carried out in two stages: first, the average value of the quantity is calculated for a
fixed string configuration €, then averaging over string configurations is performed.

The averages are calculated in the Gaussian approximation (1.8), (1.10).

(F) = <<<F>Cf>c'€>o”, (1.25)

>C mean the averaging over the C' configuration,

where the brackets (- -
M
F)o = H/de(m)F, (1.26)
i=1
LM
F) = H/dan(nf) F. (1.27)
i=1

We will look for the asymptotics of the correlation coefficients at a high string

density in the approximation:

1 1
<1, =<1 1.28
o <1, =< (1.28)
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We note that in experiments at the LHC, the values 77 & 10 [55] are reached in the
most central collisions of lead nuclei. Knowing the size of the nucleus and the radius
of the string (given above), one can estimate the number of cells, for the case of

heavy nuclei it turns out to be large, M ~ 103.
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Chapter 2. Calculation of the asymptotic behavior
of the long-range correlation coefficients at high
string density for inhomogeneous distribution in

the impact parameter plane

In this chapter, we calculate the asymptotics of the long-range correlation coef-
ficients at high string density, taking into account their inhomogeneous distribution
in the impact parameter plane. In the 2.1 section, the correlation coefficient between
multiplicity and transverse momentum by, is calculated as the derivative of the re-
gression function. In the 2.2 section, the correlation coefficient between transverse
impulses by,,, is calculated by two methods — through the calculation of average
values and as a derivative of the regression function. The chapter is based on the

results published in [56] and [57] (section 5).

2.1. Coefficient of correlation between multiplicity and

transverse momentum

In [43], analytical calculations of the asymptote of the pt-n-correlation coeffi-
cient for the general case of an nonuniform distribution of strings in the transverse
plane were made using the definition (1.2), through the calculation of the average
values of the observables:

35ua _ 1834
wnpo (881/2 48%/2)

b“fff“ge = — , (2.1)
P Mw,s1/2 + F4”M
where
M
==Y 7 2.2
sS4 M;" (2.2)

In this section, we will calculate the correlation coefficient b, , using the defi-
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nition (1.1):

d<ptB>
corr f ng
O dnp ' (2:3)

nF:<np>

For this, we first calculate the correlation function using the saddle point method,
then find the coefficient b,,,, as a derivative of this dependence at the point np =

(np). We can write (1.23) for this case:

), = s 11 [ an

dn () 5 o N(Cy CF, CP)x

0\8
QU
S
Sy
0\8

j=1
_ 2 — 2
B (ni;EF) B (nid—n;B) B (m*m)Q B (nF—<nF>CnCFT€>
xe nj e n; e 2dn;, e 2dn ; (Cn, Cin) , (24)
M (0. ¢] o0 oo
P(nr) =] / dn / dny / dnjN(C,, Gy, CF)x
J=17% 0 0
LY R (e trlag)
xe nj e n; e 2dy), e 2dnp (Cn, Cp) , <25)

where
M
np = Z nt (2.6)
i=1

When estimating the integrals by the saddle point method, the normalization factors
from the Gaussian distributions N (C,,, CF, CB) at the saddle point are taken out
both in the numerator and in the denominator of the formula and are cancelled, so

we can do not write them out explicitly.
B B

When evaluating the integral over n?, n® is replaced by n?,
M 0 (©.¢)
1 B
W), = g L1 [ s [ nf o) N(C,. O €
Fi=1g 0
2 2
_ (nf;;ﬁf‘) B (ni_T]i)z B (”F7<nF>CnC71;_'>
xe noe 2 g 2np(Cn CR) (2.7)

2d_p _("i_ﬁi)2 _ (nF7<nF>CnCrIZﬁ>

Mo 00 B
o) =11 [ [anic, e ope =0 it
0 0

(2.8)
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When evaluating the integral over nf’, nf" is replaced by n!,

<pt>nF

1 T .
F) /dnl -dny <pt >C CB (Cm Cg, C%B)e ¢>’ (2'9)
0

P(nr) :/dm...anN(Cn, CE CBYe (2.10)
0

where

(ng CcF—Zn = Up Zn1/2 (2.11)

dnp(Cys Cr) = Z dj = wupr Z 772 ; (2.12)

M 2 (g — e on)? Mo v (np — pp i
¢Zz(77z‘2;77¢) +( (nr)e,cr) :Z(m ;) +< HE Yo T )

P i 2d,,r = 2wl 2w pir Yo 17}1/2
(2.13)
The position of the saddle point n* is determined by the condition:
d
d¢ =0, (2.14)

When estimating the integrals over dny . .. dnyy, the factor <pt > 0 in the numer-
n)) B
ator is taken out from under the sign integral at the saddle point, the remaining

integrals cancel:

M - px3/4
<pt >nF <pt >C cB = pO%- (2.15)

We can rewrite (2.14) explicitly:

m P ur

x1/2

n =7 (np—pr > i i)

WiT]; 2w hp Y p M

= 2nppr Yoply i+ g (Zk 177}21/2) —1jr

— n; =0, (2.16)
4w pp <Zk 177*1/2>
" *x—1/2 2
Ny — BEOn; nr 1. (2.17)

7; 4w, (Zk 1 77*1/2>2
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We will make a change of variables:

n; ng ng HEWy
Zp = p— f = a; = —, (218)
M <nF> HF ZZ 1 7721/2 Awu/T;
when
f2 Zk 177k o — 1
22— 1=aq i 2
1 1 ZZ Y
2
M _
3 2 <E¢:1 ml/Q)
2z —zi=a; | f —-1]. (2.19)

2
(wal 2’27721/2>

The equation (2.19) has a solution f = 1, z; = 1. Taking this into account, we
differentiate (2.19) and put f =1

M

1
Zi=a; | 1— Zz,;ﬁklﬂ
7 ? M ’
(Zk:1 nkl/z) k=1
o M ﬁl/Q
Gy k=1 Tl g (2.20)

i Zkzl i,/
The equation has the following form

pizi+ > Qi = c. (2.21)
We have a series of equations of the form
piz£+2qkz,§:c, i=1...M. (2.22)
We will choose one of them, for example, ¢+ = 1
p12] + Z qrz) = C (2.23)
and subtract (2.23) from (2.22)
p1zy =pizh, i=1... M. (2.24)

Thus, all values of z; can be expressed in terms of z:

D1
2 = Ezi (2.25)
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Substitute the expression (2.25) into (2.22)
b1,
P+ @ = e (2.26)

From here we can express z1:

C

= . 2.27
P1~ 1+ Z g_: ( )
dz*
A= = ‘ (2.28)
Pl p(1+22)
, dz} 1 HFWyS1 /2
Zi‘f:l = P = = —=
s L+ (Y army'/?) / (Z k=1 Ukl/2> Vi (dwusijz + purwy)
(2.29)
M . M
bcorrf = Do 1 d Z x3/4 Zz 17 3/4 d ZU%I/Q
prn Z;Ml ?7*1/2 an — 7 <ZM1 77*1/2) an ot 7
1 (3 TlF—<TLF>
(2.30)

Taking into account the change of variables (2.18)

M
peorr f— Po 1 i Z /2 3/4

M _
_ > 17713/4 Zznl/z
Pt <nF> Zi\/fl—zl/Q f f i

f=1 (2?41—11/2)

f=1

M M
corr Po / 3 4 53/4 *(1\7.1/2
g S - S S ) 2
Dt ,LLFMsl/? <M31/2 i—1 M(31/2)2 i=1 ( ) ( )

We will calculate the expressions included in (2.31):

Zz T e TR V) (2.32)
i=1 (4wu31/2 + :“Fwn)

M LFW,S

S )t = e Msy (2.33)

i=1 (4“’#31/2 + PLF%)
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Finally

3514 53/

Down <2 51/2 (31/2)2>

b ) = (2.34)
4w, Msyj5 + Mppwy

We will move on to the relative correlation coefficient. When recalculating,

we will use the values for the averages in the leading order: <p,f3 > = po%, (np) =
prMsy o
351/48
I —— <_ T 1) . (2.35)
k 40‘}#81/2 + HEWh 2 53/4

The discussion of the results

The calculated asymptotic of the correlation coefficient between transverse mo-
mentum and multiplicity for a non-uniform distribution of strings (2.34) coincides

with the asymptotic behavior calculated in [43] using the definition (1.2)

corr f __ paverage
bptn o bptn

The coincidence of these expressions within the framework of the approximations
made is not obvious in advance, since for a nonlinear regression function, two dif-
ferent, (1.2) and (1.1), definitions of the correlation coefficient are not identically
coinciding and, in principle, can lead to different results.

For the homogeneous distribution 7; = 7:

by = S (2.36)

2 (prwy + dwy/)

The obtained formula for the asymptotics of the correlation coefficient (2.35) in the

case of a uniform distribution of strings becomes the expression (2.36), which was
previously obtained in a different way in [35; 38; 39| for a high string density.

[t can be seen from the expression (2.35) that this correlation coefficient can
take negative values when the difference %% — 1 < 0. Let us show that there

really exist such on average non-uniform distributions of strings in the impact pa-

rameter plane for which b,,, < 0. To do this, we introduce an inhomogeneous
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distribution of strings in the transverse plane of the string: let M, = mM cells
have an increased string density: 1, = an, i.e. without loss of generality, only a > 1

can be considered, and in the remaining (1 — m)M cells there are 7 strings. Let us

51/451/2
83/4

find the parameters ¢ > 1 and 0 < m < 1 for which % — 1 < 0 and hence

rel
bpen < 0.

For this distribution, the sum s, = ﬁ Zf\il 77 has the form s, = m(an)” +

(1 — m)n”. The condition
3814512

1 <0 2.37
o (237)

is equivalent to
m?(3a®* — 3a'/? — 3a* +3) + m(—2a%* + 3a1? +3aM* —4) +1 < 0. (2.38)
Denote
F(a,m) = m*(3a** —3a"? = 3a"* +3) + m(—2a** 4+ 3a1? + 3a'/* —4) + 1. (2.39)

We will construct the curve F(a,m) = 0 — the boundary of the region where
F(a,m)<0Ofora>1and 0 <m < 1.
Thus, the correlation coefficient b;fln can become negative in the case of a

strongly inhomogeneous distribution, at a 2 42.86, i.e. if in some fraction of the

cells the string density is g 43 times higher.

2.2. Correlation coeflicient between transverse momenta

Previously, the pt-pt correlation coefficient was studied in [43; 44].

In [44], when calculating the coefficient b,,,, by the first method (1.1), first,
the regression function <ptB >ptB was calculated using the saddle point method, then
the coefficient by, ,, was found as a derivative at the point p/ = <p§F > The asymp-
totics was calculated only for the case of the uniform distribution of strings in the

transverse plane.
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Figure 2.1. The function F'(a,m) = 0 showing the range of parameters a and m at which the

value of the pt-n correlation coefficient becomes negative.

In [43] the coefficient b, ,, was calculated by the second method in the Gaussian
approximation (1.10), (1.8) for large average string densities 77,>> 1 and the number
of lattice cells M > 1. the average values of <pf >, <pf>, <(pf )2> and <pf pP >
included in the formula (1.2) for the correlation coefficient b,,,,. However, the
final expression for the asymptote b, ,, in the more general case of the non-uniform
distribution of strings in the impact parameter plane has never been obtained. In
this section, we find an expression for the asymptotics of the correlation coefficient
between transverse momenta b, , for the general case with a nonuniform string

distribution, successively using both of these approaches.
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Calculation of the asymptotics of the correlation coefficient b,,,, by

finding the average values

We will calculate the correlation coefficient

paverage _ <pfptB> - <pf> <ptB> _ COV(pFapB). (240>
o (0F)?) = (oF)° Dy
for an inhomogeneous distribution of strings.

The mean value (pf) was calculated in the paper [43]:

M n m 3 7 3 7 'rM
Z'é=1 n (77@)29(77@) |:1 — ﬁ% — g\/%élm + Zé’%m

B
Py ) = — , 2.41
< ' > Sy — §5-1)2 (241)
where
M
S, = Zﬁi, (2.42)
i=1
We will calculate (p3):
M nf 2
2 1 N F
)= (L) )-
o\ i=1 j=1
1 M F\ 2 M F n T iF G F
() T ) ) -
r\'o j=1 i=1 j#l i#k j=1 I=1
AL M ofy O
= <<n—2 <anﬁ(m) +Y nf (nf =1) P (m:) +ann5p(m)ﬁ(nk)>> =
F \i=1 i=1 i#k
CF 077
= <<@ > i dy, () + (Z ni'p <m->> > > . (2.43)
i=1 i=1




i\ (D5 nf

ni'nt
+Z< o 2> z‘?(m)z‘?(nk)> . (2.44)
ey,
The averaging of the fractions included in (2.44) was carried out in the appendix A.

After averaging, we get

(zﬁlmnk))z n (Zk:mm)f n
L <(zzln<m>p<m§) > o)
M (S T )

M )2 (1 1 M 3 M

(S 7 m) ve 45
(7 () 5 () SM 3w, 3w,

< (S > “57 | X 0P (3 st

M’ w w
+> @) 5 )7 (7,) 5 (7,) {1+§ﬁ e i e (5 ﬁi)}] C a7)

sz\i1ﬁ(z)_(z) 2 w w w
<< S ) > —i[ | #(mwm)(H?’M 19 3#)+

_ 3 3 2 52 45
<Zk 1”(%)) 1/2 12V
3 Mw 9 w 9 w 3 1 1
+Y m@) @R @) P [) 1+ 5t — = <——+——) >
; () () (]) (]){ 25%/2 851/2\/77_1 851/2\/77_]‘ 32?7 i ;
(2.48)
where

M
_1 w. _
- 277 Zm M = ”M+ T Z - (2.49)

Since the fluctuations of the multiplicities and transverse momenta of the par-

ticles in the front and back windows are independent and <pf > = <ptB >, then with
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averaging (p{ p?’) we have

otity = ((60)%)" ()Y - <

This expression has been calculated above (2.47).

As (p) = (p1'),

g
—_
S
—
=
N~—
3
—~
=
~
N———
[N
\/
~~
DO
(SN
O
~—

<pt > <pt > <pt > (2.51)

Let’s square (2.41). In leading order, we get

F\2 1 Mw, 3 wy, 3 wy
= a2 (1) () | 1+ = - = ——— |+
(0r) (S12 — S_1/2 [Z () ( 2 512/2 4.512vM; 167,

1 Mw 3 w 3 w 3w 3w
+ @) n (@) p (M) 1+ s —s—=— 55— P I [
; 7:)7 (1) { 28, 88Vl 8Sipy/m, 327 327,

Next, we calculate the numerator and denominator in the formula (2.40), we
take their ratio and find an expression for b,,,,. These calculations are included in the
Appendix C. Finally, for the correlation coefficient between the average transverse
momenta in relative variables for the case of an inhomogeneous distribution of strings

in the plane of the impact parameter, we obtain:

9 53/4 3 53/451/4
TeWnS1/2 + 7 Wns/ AT,
prverage - — (2.53)
9 s + w Z3/a 3, S3/aSi4 y vtwu “uS3/4
16%n°1/2 7781/2 47 519 pr 1 HFS1/2

Wyl R (93:1)’/2 — 1281/483/481/2 + 433/4>

baverage _
Pt pt

(2.54)
167515f/2 + Wyl (9521”/2 — 1251 /453/451/2 + 455/4) + 16w,,51 /2 <5151/2 — 53/4>

Calculation of the asymptotics of the correlation coefficient b,,,, by the

saddle-point method

Let us generalize the calculations carried out in [44] to the case of an inhomo-

geneous distribution of strings in the transverse plane.
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We can write the formula (1.23):

M e}
(PB),, H/d dannFN(Cn, CHY (pB) B € P Y (2.55)
321 0
M o0
P(pr) = IIL/If jdnPdnt N(C,, CHye e, (2.56)
Jj=1 0
where
M (n. -7 )2 M (nF ﬁF)2 {pF - <pF>C C’Fi|2 M (nB ﬁB)Q
b = A N i el = A S
D g T2 24 24, (Cp CF) 2 2,
1=1 i =1 i PrA) n 1=1 i
2.57)
i d
<pF>C — ZTL (77 )pz( )7 dpF(Cnv C«le) Zn ( ) Pz( ) (258)
nc >oni () (an (mi )
When evaluating the integral over n?, n? is replaced by nP?,
M e}
08y, = g 11 [ dndn NGy O omcepe™™ (259)
J:1 0
M o
H / dn;dnf N(C,), CE)e (2.60)

1o
When estimating integrals by the saddle point method, the normalization fac-

tors from the Gaussian distributions N'(C;, CxF') at the saddle point 7} (pr), n; (pr)
are taken out both in the numerator and in the denominator of the formula and are

reduced, then

(pB),, = <pB>Cn*c;B = 2is 1]\7338732%(77;). (2.61)

i Y iy (1)

We make a change of variables

R U S . (2.62)

2
s M i B
B Yt US4V 1 (f—i—zz—/) (o)
LD DE P RERD D
2wy, 2w, 2

_ . (2.63)
i=1 /‘« 27 21:1 pZZ?nZ
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Differentiate with respect to z;:

00 _ A2}l =1 2pi— )WV (= 2V

. _ 3
0z; Wy WyZi Wy 2

_3/4 S SM izt _1/2
(fsj;;l - Z 1p ﬁ?/Z > <Zz 1pz77@ >/JF

i=1FPi'ly

v Pt
S ! Mo _1/2\2
<fsij;1 - i lpzj/z ) (ZZ’:1 pim‘/ ) 293

i=1 PiTl;
7
8 <Zi:1 Pizz‘Qﬁi)

Differentiate with respect to p;:

piziT (2.64)

2 2
Sya iy pizmy Mo _1/2 -
0 (pi — 2 )NV ibe <f51/2 M o ) (zz‘:l Pil; ) HFZ;1;

. 2 2
Ip: Wi 27 (Zﬁl pﬂfﬁi)

S ! iz M 1/2 1/2
(fgj;;l i fplﬁ?/z ) (Zz 1pz772/ ) HF 772/

+ — +
’YZi 1 PiziN;
53/4 . 1 1/)12177?/4) ( M 1/2)
<f51/2 T 2i= P e zﬁ?ﬂ + 2?11 Piziﬁ?/4 ﬁ1/2
2= _1/2 51
P S (o pm!”)
(2.65)

In the new variables (2.62) the position of the saddle point z; = 27 (f), pi = pi(f)

is determined from the conditions:

o0 0D

0. == =0. 2.66

Differentiate (2.66) with respect to f and set f = 1. Considering that for

f =1 the equations (2.66) have solutions z; = 1 and p; = 1 , we obtain

162i;  2(p; = 22))v/Tibr

W Wy i
—3/4 53/4 Zz 1(Pl+z )nf/ 53/4 M y—1/2
772' (51/2 B 51/2 + 512/2 Zi:l /01771 Sl/QuF

— =0, 2.67
St ( )
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5 S amt S M y1/2 M —1/2)?
(P — 22) VT (Sj;;l - == gl/; i+ 5%2 D i1 PiTl; ) (Zizl 1 ) HF
_|_

X
M —
Wi VD iz T
_3/4 _3/4
U V= ) I (2.68)
zM _1/2 _1/2 2
i=1 "l <Zzl N )
Let’s transform the obtained expressions:
—1/4 Sz 3L (o), 53/4
, 2wy(pi — 22))pr “n'li (51/2 N 1 S1/2 ZZ 1pml S1/20F
16271_ Z_ L - — 0,
VIiWpZi V1 ﬂSl
(2.69)
Ssja it (P27 ' S3/4 _1/2) 2
- =35, T3 i) S
(pi — 22)VTikir (Sl/"’ S1/2 i ZZ Lo 1/2HF —ﬁ§/4 S3/4_1)2
Wy, 751 Sz St
(2.70)
We get a system of equations:
M M
16w,y / _1ja [ Sza 1 p _3/4
2oy —22) — w2 - = +2
o Wl =22 —wmi | 5= - 5 ]; (P + 21.) Ty 81/2 kz
(2.71)
/ / S3/4 Zk L (P + 2) ) ! 53/4 <53/4 _1/4>
[~ 22) +w S _gt) =0, (272
’Y(p Z) 1 ( Sl Sl 51/25«1 Z k: Sl/Q n ( )

We can denote p!:

Ssja >y (o) + 21.) Ty o 53/4 - S3/4 _1/4
E — 2
12 ( Sl Sl 31/251 S T}z 7(102 Zi )7

P 1/2
(2.73)
S, 16
(SLM —ﬁi“) ( k2 24— 22{-)) +71; (0} — 22) =0,
1/2 WhiF
S, 16w S,
g (—2 (i“ —ﬁi/“) +ﬁi/“) = 2] (%2/4 - <4+ —“m”) (ﬂ —ﬁi/“)) ,
51/2 WnplF 51/2
_1/4 53/4
16w, i ~— 35, 1/
ol =22 b 1 (2.74)
Substitute (2.74) into (2.71):
16 16w, T — 52
109wy ,_1/2 Wy Sipp 11/2 _1/4wu
-2 . Sasy—
oty o 3/t — g2 51 S

S1/2
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M _1/4 53/4
16w, T ~ S _ip| 34
_Z 3+ - fip 3l /E _ gSua Tk 2y T
k=1 SO =25,
_1/4  Siu
S3/4 i 16w, e TS5 _ip 1/2
24 —* 2g /" 2w/ | =0 (2.75)
_1/4 Sy4 1k k'k
Sij2 = Wnttr 37, — 2%‘2‘
Let’s transform the resulting expression:
_1/4 53/4
16y zm/? 1 16w, T ~ S _ip| s
L — — | Sy — Z 3+ —*~ 2 5+
_1/4 S, 3/4 _1/4 S. k k'lE
wnr 3,1t =2 gt 5 st Cnter 37, — 2

M /4 s
+%Z <2+ 16&)# nk Sl/g _1/2 r—-1/2

I A =0 (2.76)
S wpltp 3L/ _ 95
1255 nHF 3, 251/2
_ M M . M _
16v5; zéml/Q — Sy/a+3 z’ﬁ3/4+ 16w, Z z;@ﬁiﬂ 9 16wy, S3/4 Z z;@niﬂl _
wyhtp 3Pt/ — 9B — M wge = gptt _9Sus Twyup Sijp £ g/t 9%
v S1/2 k k k S1/2 k S1/2
S3/4 - /1/2 S§/4 16w, z 27k
—2Z AN a4 —0 (2.77)
Sij2 £ e S%/Q Wnitr ; 3ﬁ,1€/4 - 2?1"—;2
_1 M —_3/2
, 1675, 77%/ [ o3/a | 16wy, 77k/
Wb _1/4 253/4 —’_sz 37]]6 + w MF3_1/4 283/4_
nRE S =250 k4 nHE S — 250
_5/4 2 _
D 16w, 53/4 M _253/4ﬁ11f/2 n 53/4 16w, Mg _ 53/4 (2.78)
_ S 2 _1/4 S '
Wy 31/2 3?7]1/4 . 2%;;1 51/2 Sl/Q Wl F 3nk/ _ 2%;2

The equation (2.78) has the form (2.21). His (2.28) solution:

dz; c
/ i
2|f—1 df P . 1_|_ZQ_’€ ) ( )
B pi Pk
_1/2
o 16v.5; 1;
Fllte pl - w'f]uF 71/4 33/47
_ /2 S 7/ Sssa—1/2 = S35 16w 7
— |3 3/4 16w, M _216wu ©3/4 My, _ 9234 3/4 w Mg e S
qk M+ WnliF 3ﬁi/4—2% wnpr S1/2 3@1@/4—2% 5121k + sf/Q Wn L F 3ﬁ,1€/4—2§‘;’—72‘ 3/4
By definition (1.1)
M *
Dt Pt d = o’ pB C,«CB a .
PF - App=(pp) =1 Yl PF | pr=(pr)
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Considering the replacement (2.62)

dn’ d(z**7. A7, dz*
n; _ (Zz 7]2) _ 1; Zz‘ ) (281)
APF |y pr)df 1y (pp) df |;
We use an explicit form of dependence: mp = wal n, (pp) = 1 ij\il nip;,
al () = wr/mi, B (0) = Do/
O x3/4 3 x—1/4 1 *
py 2t B py A g2 (2.82)

(ps)c,. = PG gt
on? e 8 /2 S* 2 L\
n; 772 Zk 1/2 (Sl/2>

Then
i”: i i STy Sy ) d
P = i=1 e=lor) oot O34 51/2 (S12)" " ) Ul
(2.83)
the formula (2.80) has the form:
L
n; dz;
by py = 3L _ 9 2.84
Pt Pt ;( 513/4 Sl/2> df -1 ( )

Taking into account (2.79), we can rewrite the formula (2.84) as

c 3~ 2
. D i\ 2.85
SO 3 <53/4; P 51/2; i ) o

Let’s calculate the expressions included in (2.85):

Z a _ Z Wyl ﬁq/z 3ﬁg/zx (3ﬁ1/4 253/4) n 16w, ﬁim
Pr 1675y Si2)  waer 37, — 223;4

16&],_,{ 53/4 ﬁ2/4 53/4 —1/2 _1/4 53/4 S§/4 160&.)“ ﬁk
—2 sy 2o (3T — 25 )+ | (286)
Wypltr S1/2 37, 253/4 51/2 S1/2 51/2 Wyt 37, 2S3_/4
1/2 1/2
2 2
qk Wl p 51/453/4 S3/4 Wy 53/4
- = 951/ — 12 +4M + S 2.87
Z Pk 1675, < 12 51/2 512/2 751 b 51/2 ( )
c S3/4
I+ Z & W S1/453/4 S§/4 55/4 ’ (2‘88)
w. F w
Pk 1+ 16”75 (951/2 — IZTm + 4MSf/2> + ,YTHI (Sl — 51/2>
ﬁ?/ 3 wylr - _1/4 53/4 _1/4 _ WnlF 9512 6514
Z = > 3m ; - . (2:89)
53/4 53/4 1675, i1 51/2 167.S; 53/4 51/2
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M _1/2 M

2 » 2 S 6.5 4MS
Z ni Wy Z (:%1/4 . 3/4) _ Wnhtr 14 2 34\ (2.90)

51/2 = Di 51/2 167v5; =1 51/2 1675 51/2 51/2

Finally
Wyl 951/2 1281/4 483/4)
S L —
bcm“?"f _ 3/4 16751 ( 53/4 S1/2 5%/2 (2 91)
Depr w 52 52 ) .
nlF . 51/453/4 3/4 om _73/4
1+ 1651 (981/2 12 S1/2 + 45%/2> T V51 <81 31/2)

Wy L (93?/2 — 1251483/451/2 + 433/4>
perrt — . (2.92)

ptpt 2 3 9 9
1675131/2 + Wyl (931/2 — 1281/483/481/2 + 483/4> + 16w, 81/2 <3131/2 — 53/4>

The discussion of the results

The asymptotics of the correlation coefficient between the transverse momenta
(2.54) and (2.92) calculated by different methods coincide. Note that, as in the
case of the correlation coefficient by, ,, the coincidence of these expressions for the
correlation coefficient by, ,, within the framework of the approximations made is not
obvious in advance, since for a nonlinear correlation two different functions, (1.2)
and (1.1), definitions of the correlation coefficient are not identical and may lead to
different results.

For the uniform string distributionn; = 7:

bpt P :quT] (293)

firwy + 167/7

The obtained formula for the asymptotics of the correlation coefficient (2.92) in
the case of a uniform distribution of strings becomes the expression (2.93) obtained
earlier in a different way in [44] for a high string density. An important difference
between the expressions for the asymptotics in the case of homogeneous and inho-
mogeneous string distributions is that in the case of a homogeneous distribution
(2.93) the dependence of the p; — p; correlation coefficient on the model parameter
wy, which characterizes the dispersion width of the number of particles, disappears ,
falling into the given interval of rapidity from the decay of the string, which is avail-

able in the formula (2.92) in the case of an inhomogeneous distribution of strings.
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Investigation of the dependence of the correlation coefficient b,,,, on the

average number of strings and the parameter w,

We will a nonuniform distribution of strings in the transverse plane of a string,
described in the 2.1 section. Let us plot the dependence of the correlation coefficient

by, p, o1 the number of strings n for different values of m.

a” B
Q_"' L
O |
0.03—
0.028|—
0.026 |— m=0
0.024 |—
B m=0.2
0.022 _—
L m=0.4
0.02+— m=0.6
B m=0.8
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
10 11 12 13 14 15 n

Figure 2.2. Asymptotic behavior of the correlation coefficient between transverse momenta by, ,,
depending on the number of strings 7 for different values of the distribution inhomogeneity m.
For the remaining parameters, the following values were chosen:M = 450, a = 2, w, = w, = 1,

pwrp=pp=1,~v=0.61

It can be seen from the graph that as the degree of heterogeneity m increases,
the value of the correlation coefficient decreases.

We will use the non-homogeneous distribution and plot correlation coefficient
bp, p, o1 parameter w, for different values of m (fig. 2.3).

From fig. 2.3 we see that in the case of a homogeneous (m = 0, m = 1)
distribution, the correlation coefficient between transverse momenta by, ,, does not

depend on the scaled variance the number of particles produced from the fragmen-
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Q" 0.029F m=0
(o) C
Q 028 —
0.027 |—
0.026—
0.025—  m=0.2
0.024 | —
0.023— m=0.4
0.022 -  m=0.6
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Figure 2.3. Asymptotic of the correlation coefficient between the transverse momenta b, ,, as a
function of the scaled variance w,, of the number of particles formed from string fragmentation for
different values of the distribution inhomogeneity m. For the remaining parameters, the following

values were chosen: M =450, a=2,n=12, w, =1, pp = pp =1, v = 0.61

tation of the string w,,, as we already noted when analyzing the general formulas at

the end of the previous subsection.

Numerical calculation of the correlation coefficient b,,,, for random

string density using Monte Carlo simulations

Above, we found an analytical expression for the correlation coefficients by, ,
for a high string density n > 1. For a low string density, the correlation coefficient
can only be found numerically.

Below, we calculate this coefficient using Monte Carlo simulations for several
string distributions in the transverse plane. Comparison of the results of these nu-
merical calculations with the analytical asymptotic formula (2.92) makes it possible

to verify the correctness of both the analytical calculations and the Monte Carlo
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code, and also to see at what string density this asymptotic behavior occurs.

Let us describe the Monte Carlo algorithm:

. The average number of strings in a given cell is set 7;;

. Using the average values of 7j; generate the number of strings in this cell in

this event n;;

. The number of strings is used to calculate the average number of particles
produced during hadronization of strings in the ¢th cell and their average

transverse momentum n’ (n;), 72 (n;), ﬁF(ni), ﬁB(m) by formulas
75 (n) = - 7B (n) = - iy e SiB N
i (i) = pry/mis Ty (i) = /i, By (i) = pov/mis By (1) = Do/

. Based on the average number of particles, the number of particles formed

during hadronization of strings in the -th cell is generated in this event
nt (i), nf(n);

. The number of particles in the forward and backward rapidity windows in a
given event np(n;) = Soot, nf (), np(n) = Som, nP(n;), their transverse
momentum and the squared transverse momentum are calculated by the for-

mulas

M
1 _iF 1 _iB
pi= o mi P (), b =3 nP(m)Pr ().
) =1

0 =5 () + o > (7 )

i=1
. Items 1-5 are repeated N times. If no particles were formed in the event in
any of the windows nf (n;) = 0 or n?(n;) = 0, these events are not taken into

account when averaging;

2
. The mean values (pf) = %_f, <(pf)2> _ Zg\i) . (pfpP) = Zﬁ{ff are

calculated, where N,, — the number of events for which nf"(n;) # 0, nP(n;) #
0
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8. The correlation coefficient is calculated

<Pt pi’) — i) o’ >
((pF)?) — (pF)

btpt

_4F _JB
M — i — 1 (), m(m), By (mi), By (mi) —
iF iB
— nF'(n), nB (), pi (), pi” (i) —
—spr o, (pr) — (i), ()Y, {piplYy — by,

The following parameter values were used in calculations: total number of cells
M = 30, parameters w, = w, = 1, ur = pp = 1. The results are shown in fig. 2.4,

2.5, points — result of numerical calculations, lines — asymptotic (2.92).

N=1 000 000, M=30, u_=pt =1, ,=0,=1, y=0.61

0.07 a=2, m=0.4

0.06
0.05
0.04

0.03

X

0.02

|>’k|II|IIII|IIII|IIII|IIII|IIII|IIII

0.01

2 4 6 8 10 12 14 16
n

Q
O X TTT

Figure 2.4. The result of numerical calculations of the correlation coefficient by, ,, for nonuniform

string distribution: a =2, m = 0.4

It can be seen from the graphs that for 7 = 5 the asymptotics approximates

well the values of the correlation coefficient by, ,,.
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N=1 000 000, M=30, uF=uB=1, o,=0,=1, y=0.61, a=2

0.04

0.03

0.02

33333
elelolele)
[o YOOl N

0.01

Ill(jld-o-[blldIIIOI_‘LIIII|IIII|IIII|IIII

2 4 6 8 10 12 14 16
il

B

Figure 2.5. The result of numerical calculations of the correlation coefficient b, ,,

As can be seen from fig.2.5, at a low string density, the dependence of the
correlation coefficient by, ,, on the inhomogeneity is reversed compared to that which
occurs at a high string density. At low string density, the inhomogeneity of their

average distribution leads to an increase in the correlation coefficient by, ,,.

2.3. General properties of correlations involving the mean

transverse momentum

The long-range correlations between mean transverse momentum and multi-
plicity (pt-n) and between mean transverse momenta (pt-pt) of charged particles
produced in high energy hadronic collisions in separated rapidity intervals are stud-
ied in the model with quark-gluon strings (color flux tubes) as sources [3; 4; 10].
The effects of the string interaction and fusion [21-24] are taken into account in the

simplified form by implementing a finite lattice (grid) in the impact parameter plane
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[37-39].

In the framework of the model the analytical expressions for the asymptotes
of the correlation coefficients at large non-uniform string density were obtained by
two very different methods basing on the alternative definitions of the correlation
coefficients. It was shown that in the leading approximation the asymptotes of the
correlation coefficients obtained by these two methods coincide. The obtained results
enable to understand qualitatively the main features of the long-range correlation
behavior at large string density. Thus, it was found the strong dependence of the
pt-n correlation coefficient on the inhomogeneity of the string distribution in contrast
to the n-n correlation between multiplicities. In particular it was shown that there
are such distributions of strings for which the pt-n correlation coefficient becomes
negative.

For the pt-pt correlation coefficient the dependence on the scaled variance of
the number of particles produced from a single string is analyzed. It is shown that
the dependence on this parameter disappears for a homogeneous string distribution,
as it was expected in [44].

The analytical asymptotes of the correlation coefficients obtained at large string
density are compared with the results of the MC numerical calculations of these
coefficients. This enables to evaluate the string density at which the asymptotic
regime is reached and also to check both the analytic asymptotic formulas and the
MC numerical algorithms, which then can be applied for the calculations of the
correlation coefficients in a non-asymptotic region at small string density.

Recall that the reason for choosing the intensive variables p{ and p? instead
of the extensive ones np and np as observables was the desire to get rid of the
influence of trivial “volume” fluctuations on the magnitude of correlations, that is,
fluctuations of the initial number of strings, but at the same time preserve the
signal from physically interesting processes of formation of new types of sources, for

example, string clusters.

[t can be seen from the formulas (2.54) and (2.34) for the pt-pt- and pt-n-corre-
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lation coefficients that this goal can only be partially achieved, since the dependence
on the w, parameter characterizing fluctuations of the total number of strings from
event to event is preserved even in the simplified expressions (2.93) and (2.36) for
a uniform distribution of strings in the transverse plane. On the other hand, the
expressions (2.54) and (2.34) for the pt-pt- and pt-n-correlation coefficients found
for an random distribution of strings in the transverse plane make it possible to
explicitly take into account their dependence on the collision details when compared
with experimental data. This is one of the justifications for the introduction of the

so-called strong-intensity variables, the study of which is devoted to Chapter 4.
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Chapter 3. Calculation of the asymptotic behavior
of the long-range correlation coefficients for the

case of a fixed number of initial strings

This chapter is based on the results obtained in the papers [58; 59].

Previously, when finding the asymptotics of the long-range correlation coeffi-
cients for an inhomogeneous distribution of strings in the transverse plane, averaging
was performed over all configurations, which corresponds to the analysis for min.bias
events. However, in modern experiments, the array of events is divided into so-called
multiplicity classes, and the analysis is carried out separately for each class. The
simplest way to simulate class fixation in the theoretical analysis of the correlation
coefficient is to average over such string configurations in which the total number of
initial strings is fixed.

Next, we find the asymptotics of the correlation coefficients between the mul-
tiplicities and between the transverse momentum and the multiplicity for the case
of a fixed total number of initial strings and analyze how the imposition of this

additional condition affects.

3.1. Correlations between multiplicities of charged particles

Previously, [43], the asymptotics of the correlation coefficient between the mul-
tiplicities of charged particles in two windows separated by rapidity was obtained

for the case of an inhomogeneous distribution of strings in the transverse plane

prel = M . (3.1)
Ao S VI (1= 52) + oy M
We will calculate the correlation coefficient between the multiplicities
b (nrnp) — (nr) (np) (32)

(ng) — (nr)”
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also for an inhomogeneous string distribution in the transverse plane, but with the
imposition of an additional condition that fixes the total number of initial strings.
To calculate it using the formula (3.2), it is necessary to find the average
values of the observables included in this definition, taking into account the imposed
condition. This can be done if, when averaging over string configurations, we use a

distribution in which the total number of initial strings is fixed:

(-m)?

P ...nu) = /21w, N6 (N — N) HW oy (3.3)
niy

where
M M
N = Z N = Z = const ~ 1. (3.4)
j=1 j=1

The average number of strings in each cell (n;) is equal to the parameter 7;. The
distribution parameter w, is related to the scaled variance d(n;) of the number of

strings in one cell:

d(n,) = <”f><nj>"3> —om; (1-%). (3.5)

Note that the condition of conservation of the total number of strings leads to weak
(on the order of 1/M) negative correlations between the number of strings in any

two cells:
cov(m, m) (s me) — () () wy (3.6)

(mj) () (n3) {ne) N
The average value of any function that depends on the numbers of strings in

the cells, which fluctuate according to (3.3),

(X () = /X(m,...,nM) Pl ) dny (3.7)

can be conveniently represented as follows:

(X (01, mar)) = / C(a) (X (1, .- mar)),, dov, (3.8)
where
Cla) = wnNe_@o‘Q, (3.9)

2



M
( ;) Fio( +—54 wnj a?
(X (-5 mm)) /X My e v s MM 2wnn 10;=T; _
]11 A /27m),717‘7
/ ﬁ 'y Fiavj+ 2 o2 ( )
X n1+yla 777M+VM 2‘*’77 ) 3.10
P /27rw7777]
For further calculations, it is convenient to introduce the quantity

=7l (3.11)

Let us calculate the average values (1}]'):

Da=1 (i), = Wia (V) Wh)e = iowly, (i), = wylly — o*wyT,

<Vk> = 3zankw — i’ nkw <V;§> = nko/lwé — 6a’w ﬁz + 3w%ﬁz. (3.12)

<a ) = p—p (o) =0 (3.13)

(o) - -

Substituting (3.13) into (3.12), we find exact expressions for (v}!):

1, <V]Zn+1> =0,

—~

—_

~—
I

(Vi) = wylly — ===, (vv)) = — UN o
w2 3Aw?
(Vi) = wiily = gl +71;) + =
6w} 37w, BwiTTl; Ty
(vt = 3wy — —— + —52, (W) = ——= 5 (314
N N N N
Note, that
Y T (o w Ol
53 ) = 302+ 3 ) = 3 (o - ) - 20
o= =1 ik j=1 ik (3.15)
3.15

M M
(nr) = <<”F>C£>Cn = <NF Zﬁ(m)> = <,UFZ\/77_3> =
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= i NGIERZ) —“FZ\/@<\/7> (3.16)

Let us expand the root , /1 —|— mto a series in the small parameter %—
J

M ) ; \
(nF>2,uFE \/777<1+___9__.72 0 Zl>
j=1 J 277]- 877] 1677j 128773

)20 .

We use the relations (3.14)

15w? 15w?
M " 7’) . (3.18)

_|_ S— S
- Z Vi ( &, T Ew 64N7, 1287
Finally for the average multiplicity in the forward rapidity window

w 1502 1502
(nF> ~ ,UFM <81/2 (1 + 8_N) — gnsfl/g — ?8?7873/2 + 64]\7778 1/2> ) (319)

where we used the notation introduced in (2.2) .

Similarly, for the backward rapidity window we get

Wy W 15w2 15w?
(np) = ppM (31/2 (1 + _) - %3—1/2 — ng_gp + 64]\7/28 1/2> . (3.20)

SN

We will calculate the average value (npnpg):

(npnp) = <<nF>c <nB>CB> <MFMB ZZ \/77_3\/_>

j=1 k=1

 rn 3TN, b

j=1 k=1

Let us expand the roots , /1 + 1nto a series in the small parameter 2 3
J

< ZZF Jlu 1y =R Ly 54
nEn —L —2 - —3
FNB) ~ UFUB ;7 27, 87 1677 1287

j=1 k=1 J



—(, 1) 5 ()
—MFNBZUJ+MFMBZ ning (1__ o 128 ﬁzyl +

J7k
L1 vk>+;<ujuk> LoDy L) 1) 5 ()
32 7, 4mm, 8T, "6 T, 32 . 128 @ )

Finally, for the mean (ngnp), using (3.14), we get

(nFng) = prpp Z M+ et Y /T x

J7k

2 2 2 2
(1 Wy B Wy B 150.)77 B 15&.)71 L+ i Wy 41 1 Cdn + l_wn ' (322>
Sm;,  Sm, 1287 12877 | 64mm,  8Nw, 8N,

Using (3.19), (3.20), (3.22), calculate the covariance cov(ng, np):

(nenp) — (np) (np) = prps Z T+ Heps /7%

T R O S SR A e A
8m; 8m, 128n; 1287 6477, 8Nm;  8NW,

(1 Wy W, 15w,2] 15w,2] 1 w

J

2 2 2 2 2
y 1_ wn B le n wi B 15(,077 B 15wn n wn n 7277 n 7277
8m, 8m; AN 1287 12877 647, 32N;,  32N7,

M 2 2
W W Tw Tw
_ 71— X Ui n o\ _ =
HEHUB j; 1 ( 17, + N + 16_Nﬁj 32_2> HEHRB E VAT

Z \/7 3w% Scu% N
— HrRB G 32Ny, 32N,

J7k

n i/[: wn 7&)% n 7w,2] 393
”F“BJ i 4ﬁ AN 16N7, 3272 ) (3:23)
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Finally, for the covariance cov(ng, ng) we get

Wy Wy 9 7‘“’727 3w,
<7’LF7’LB> - <7”LF> <HB> = urppM Z 1s; 31/2 39 oo S-1 — F31/23—1/2-
(3.24)

Let us calculate (n%):

<n%>:<<n%>05> <Zn +Y nlfn >C. (3.25)

i#] n

We will use (1.9): n2 = d,, + 77 = w,7; + 72

<nF>—<Zn +3 >—<wMZn —}—Zn 1Y nfn >—

i#J i#]

= <wuupz\/_+uFZm+uFZ\/m_m>

i#]

—WMMFZ\/7< <—z> 128 <V4>> +,UFZ77] +:LLFZ n;7 (1

J7k

L) 5 ) L) | L) 1)
8 7 128 7 M e A mm, 8 T

L) | 1 () s <v£>) _

64 ﬁ?ﬁ% 32 njnk 128 ﬁ%

+

15w? 15w

M
— w w
— ubr ; Vi (1 N 8ﬁn~ vt 64W;;] 128_2) HE Z”JWFZ V11X

J

1 w?
. & =2 =2 | opm = QN= _—_j (3.26)
8m;  8my,  128nm5 1287 6477, 8Nm; 8N,

2 2 2 2
(1 Wy wy 15wy 15wy 1wy 1w

Using (3.26), (3.19), we will calculate the variance D(np):

1502 1502 -
2 _ NG —+ ——1— o | HuE ) it
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2 2 2 2 2
5 S w, Wy 15@177 15w77 1 Wy 1 Wy 1 w,
E /7. 1— _ — — — - - —
tHE o 15k ( 8m, Sm 1287 1287 T ean T, 8 NTj;

M 2 2
2 _ Wy | Wy w, Tw, 2 —
— 11— + =+ —= - — \/ 151 X
2O ( a, 4N 16Ny, ) T 2\

j=1 J j#k
w, w, W, 15w$ 15w% w% 7w$ 7w$

w w 3%/2

~ CUMIU/FM (81/2 - _7181/2> + IM%M—U 1 - — (327)
8 4 S1
Finally, using (3.24), (3.27) and preserving the principal order in %, ﬁ, we get
the expression for correlation coefficient

- (3.28)

52 ’

It can be shown that s; — S% s > 0, so the correlation coefficient is positive. In
the case of a homogeneous distribution ; =7, ¢ = 1... M, the expression in the

numerator is equal to zero, the following order must be taken into account:

2
—_n
HUB 321

.
wu (M7 =77 %) + pps

bum' form __
nn —

(3.29)

For a uniform distribution also b%’;ff orm -~ ().

The correlation coefficient b, , decreases as 7 increases:

1 .
uni form
ban ~ 755 bun ~ 32
Ui
moreover, for the case of a uniform average distribution of strings in the transverse

plane, this decrease turns out to be faster than for inhomogeneous.
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3.2. Correlations between multiplicity and transverse

momentum

As for the correlation coefficient between multiplicities, consider how the pt-n-

correlation coefficient
<pt nF> <pt > nF

M ) — ()

is affected by the condition of fixing the total number of initial strings.

(3.30)

We will calculate <pf n F>:

11]1

|43] showed that

A W (/)
<ZkM1n§>O§ S () (3.32)

then

(pfnr) = <ZZ( uFZn M > —MFZ 7 (n;) P (ny)) =

k

zuppozj:<”?/4>:MFpoZ<(ﬁj+V*’ > upZm << __:>3/4>-

J 1
(3.33)
L\ 3/4 5
Let us expand (1 + n—J> into a series in the small parameter ﬁ—J
M 3 4
B _3/4 3vj 3 Z 45 v;
<ptnF>2MFpoz77' <1+ — — +—__3____4 —
e J 47; 32 12877 20487;
M 5 A
_3/4 3 <I/j> 45 <I/j>
= SR - : 3.34

We use the (3.14) relations:

2
_3/4 Swy 3wy 135 _w 150
S wy o/ —=]. (3.35
<pt nF> I FPo E m; ( 327, t 3 32N 20487 77] i 1024 N7, (8.35)
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Finally, for the mean value <pfnp> we get

3w 3 wyps—1/4 135 w28—5/4 135 w28—1/4

B " 1 U n

<pt nF> = urpoM sz, ( 32N 32 S$3/4 2048 s3/4 1024 Ns3)4
(3.36)

We will calculate <pt >

AP )\ _ ) X @t w)!
<pt>—< S ) >p0<2k(m+vk)”2>' (3.37)

We expand the expressions in the numerator and denominator in a series in terms

12
of a small parameter o

J

> —=3/4 3y, _ 3Y
in; 32

vy

2

= p“<zkm(1+%;—k—§m)>

(1 e - 3”2)
Po < i MUY (3.38)

51/2 1 + 25’11/2 k 1/2 — 851/2 zk 73/2
Expand the denominator into a series, preserving the principal order:
M
! 1 1 2
1 ~1Z<25 _V11;2 TS _Z%)Jr
1+ 2512 Zk 1/2 85’1/2 Zk 73/2 k=1 1/2m 1/2
1 MM VJ Vi
452 Z Z —1/2_1/2" (3.39)

V2 51 = T T
M 2
B Po _3/4 3vj 3V
yo ~ — n. 1+—_———_— X
=S (- 3239

M
I 1 V;Vy
1 - J
X ( Z <251/2_1/2 851/2—3/2> + 4312/2 ;;_1/2 ;/2>>

k=1

_3/4 1 V]% _ 3 vy L
J 851/2ﬁz/2 SSl/Qﬁjﬁ]yQ

I
S
—
M=
s
.

—

I
| eo
lla“-tm

N—————

_|_
WE
EMs
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S
Y ) -

1/2 j=1 k=1 "

Do 3 3 wy Z Ssja <Vk>
— S S_ —:S
S1/2 < 3/4 — QCUU 1/4 + 39N 3/4 851/2 _3/2

_ZZ (vivi) Sz (Vi) B
851/2—1/4 _1/2 452 —1/2_1/2 -

k /20 My
p() 3 3 W S3/4 53/40.}77
= Sy — —wyS_ 13 — WSy — —— —
51/2 < 347 35 Wy —1/4 T 55 307 73/ + 851/26077 1/2 N

= 3 {v) _ Sya (vi) =S 3 (viwe) S (vivk)
=\ 8512 ﬁg/ 312/2 U vy 851/2ﬁ}/4ﬁ]1€/2 452 —1/277;/2

3 3 Ld 53/4
S. wyS_ -3 — WSy — —— —
51/2 < 347 35 Wy —1/4 T 55 307 73/ + 851/20%7 1/2 N

3 1 _ wnﬁ% ) Ss /4 1 ( _ wnﬁz )
zk: (851/2ﬁ2/4 ( TN 453 7l "IN

3 il S3/a T
+wnz ( _1/4_1/2  4GQ2 —5-1/2_1/2 ' (3.40)
— \852N7/'7/? 451, Ny, P

Finally, for the mean momentum <ptB > we get

P0S3/4 3wpS_1j4  WyS—12 3w, 3 S 1

W = 1 e t Rey T3V 8N R
S1/2 32534 8512 32N 8 33/431/2 51/2

(341)

Using (3.41), (3.19), (3.36), we will calculate the covariance cov(p?, nr):

3 Wy
32 N

B W 3
p— 1 P—— —
<pt > (nr) = prpoM sz, ( + SN 32531 WpS—1/4 + 53

3 81/4 1
__—w + ,
8MS3/481/2 4M81/2

1
_3_ons ) (3.42)
/

1
B B
— =— M —=
<pt nF> <pt ><nF> HEPoM S3 /4wy <8N 8 M s3/451/2 4Ms3
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Using (3.42), (3.27), we will calculate the correlation coefficient between trans-

verse momentum and multiplicity:

by — A (3.43)
wuM (s1/2 = 525 170) + M (1 22)

In the case of a homogeneous distribution ; =7, ¢ = 1... M the expression

in the numerator is equal to zero,

buriform = 0, (3.44)

pen

it is necessary to take into account the next order in 1/7.

Accounting for the next order requires considerable effort. For this purpose, in
[59], we developed a special alternative method for calculating average values for the
(3.3) distribution, which does not require the introduction of intermediate integra-
tion (3.8) over «, described in the Appendix D. Using this alternative technique, in
the Appendix D we once again reproduce all the formulas obtained in this chapter,
and also find the following expression for the p; — n correlator up to second order

in 1/ eta for a fixed total number of strings:

cov(pg,nr)  (ppnr) — (pr) (n) _ W (331/4 534 83/4) n

potr Potr 4\ 2512 87, 251

W_?y (5733/4 _ 21 S—1/4 4 334/4 _ 733/434 4 331/4371/2 4 M$3/4571/2 _ 83/431/2>

8 \ 3251y 32 54 16 sf/2 48%/2 83%/2 S‘I’/Q $151/2 o
3.45
For a uniform average string distribution, this gives
2
covlpp.ne) __“h (3.46)
Polbr 1287°/4
So the coeflicient of pt-n correlations in this case turns out to be equal to
2

bum’form _ powﬂ (3 47>

e o 128wﬂMﬁ5/4 (ﬁ1/2 _ %ﬁ—l/Z) '
We see that in this homogeneous case this coefficient, for a fixed total number

7/4

of strings, decreases as 1/n’/* and the pt-n correlation coefficient turns out to be

negative.
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Using the definition of (1.3), let’s move on to the correlation coefficient b;fln in

relative variables. When recalculating, we will use the values for the averages in the

53/4

leading order: (pf) = po=L, (np) = ppM sy ).

S1/2”’

w 381/481/2 fii% 1
MF n 283/4 251

52 )
4wy, (51/2 - %3—1/2) + prWy < - ;_12)

(3.48)

Let us estimate the sign of the correlation coefficient b;fln for small inhomo-

geneities 97, against the background of constant string density 7:

e . 1 o 1t & Ay=1)
Z 4 0m;) s Y s Y AT s Y T =
=1 =1 =1 =1
M
20 D 2;5%, (3.49)

where we took into account that for the fixed number of strings

M
> om;=0. (3.50)
j=1

The sign of the correlation coefficient is determined by the sign of
P = 331/481/281 - 83/283/4 - 28183/4. (351)

Substituting (3.49) into (3.51), we get

— 8Mn1 — Z o7 (3.52)

For small inhomogeneities in the distribution of strings, the correlation coefficient
brel will be negative, which agrees with the formula (3.2) for a uniform string distri-
bution obtained in Appendix D taking into account the second order in 1/n. This
differs from the case without conservation of the total number of strings, where
negative values of this coefficient could only be obtained for the case of highly inho-

mogeneous distributions of strings in the transverse plane, as shown earlier.
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3.3. Correlations in the case of a fixed total number of initial

strings in the model without fusion

The dependence of the average number of particles formed from the decay of
strings in the i-th cell and their transverse momentum on the number of strings in

the given cell n; in the model of independent sources has the following form:

(i) = mi, D (0i) = poni- (3.53)

We will calculate the averages (np), (npng), (pfnr), (pf'), in the model

without fusion for the case of the fixed total number of initial strings.

<nF>n0fusi0n _ <MFZW(77]')> = <[/JFZT]]'> = ,uFZﬁj = ALFN. (354)

< no fusion __ N ) _ S _
nFnB> =\ UFrUB Z Z NNk ) = KFUB Z Z 773 + V] 77k + Vk:)> =

j=1 k=1 j=1 k=1

M M M M
— HFHB Z Z Nl + (vjve)) = (np)" T ()T 4 e Z Z (vjv) -

7=1 k=1 -
(3.55)
Given (3.15), we get
<nFnB>nO fusion _ <nF>n0 fusion <nB>nofusi0n . (356)
f 1 < a o
i) - <n—2 P n£> =
B iz Jj=1 k=1
B M
n; B »
= (2 =r—) P (ni)er (3.57)
i=1 ijzl n; cB k=1 ,
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PopLF Z <7732> = DoMF Z <(ﬁj + Vj)2> = PoMF i (ﬁ? + <VJ2>) : (3.58)

Using the relations (3.14), we get

M _
no fusion _ n,; — S
(pnp) g = poptrS2+PoliF E nWn (1 — ﬁj) = pojtrSa+poprwy, (N — ﬁz) :
j=1
(3.59)

<pB > no fusion
t

<Ziﬁ(m)z‘9(m)> :/d”’ll---dUMP(Th---nM) 2. (i) P (m) _
K

pm/27rw7,N _
dny ...dnyo (N — N) 2“””’ Z 772 =

a Hj]\i1 NP o Skl

PoA/ 27rwnN

d .dnyo (N — N Q“W’J
N, ) e ( Zm
no fuston 1 no fusion
p02<77z2>— —<pt )"’ :W<Pt3nF> e (3.60)

Then the covariances cov(ng, ng) u cov(p?, nr):

<nFnB>nofusion . <nF>n0fusion <nB>n0fusion —0 (361)

<ptB nF>n0 fusion _ <ptB>n0 fusion <nF>nOfu5ion —0 (362)

Thus, for models without string fusion, when the total number of initial strings
is fixed, as expected, the correlation coefficients b,, and b,,, are equal to zero
identically. Physically, this is completely understandable, since the decays of each
string give uncorrelated contributions to the observation windows that are far in
rapidity. The results obtained for the n-n and pt-n correlation coefficients (3.28),
(3.48) for a fixed number of strings (for a fixed multiplicity class) arise due to string

fusion effects.
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3.4. General properties of correlations involving the average

transverse momentum when the total number of strings

1s fixed

In this chapter, we present the developed method the analytical calculation of
various average values of extensive and intensive variables at high string densities on
the transverse lattice with taking into account the string fusion effects leading to the
formation of string clusters. Using this technique we calculate the asymptotes of the
LRC coefficients between the multiplicities, b nn , and between the multiplicity and
the event-mean transverse momentum, b p t n , in two separated rapidity intervals
at high string density and with the fixation of the total number of initial strings.
This last condition models in our approach the fixation of the collision centrality
class, which is the usual practice of analyzing experimental data in modern collider
experiments, like RHIC, LHC and so on. As a result we found that the fixation of
the total number of strings has a significant impact

on the behavior of the both n—n and pt-n correlation coefficients. We found
that already at small inhomogeneities in string distribution the coefficient of pt—n
correlation becomes negative, whereas without fixing the total number of strings,
as shown in [56; 57|, it is usually positive, becoming negative only for extremely in-
homogeneous string distributions in the impact parameter plane. For homogeneous
string distribution we show that fixing the total number of initial strings leads to
the faster decrease of the and correlation coefficients at large string density than
without this fixing [38; 39; 44; 45|. At that the cor relation coefficient remains neg-
ative, whereas without imposing this additional condition it is always positive for a

homogeneous string distribution.
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Chapter 4. Using the strongly intensive X
observable to study the formation of quark-gluon

string clusters in pp collisions at LHC energies.

This chapter is based on the results obtained in [57] (sections 2, 3, 4) and [60;
61].

4.1. Extensive, intensive, and strongly intensive variables

In statistical physics, the quantities used are usually divided into intensive and
extensive. The first ones include pressure, temperature, and similar quantities, the
value of which remains unchanged when some part of the system is separated. The
second includes volume, entropy and other quantities, the value of which is equal to
the sum of their values for individual parts of the system.

When these concepts are transferred to high-energy physics, for example, to the
case of nucleus-nucleus collisions, the volume of the resulting system is considered
to be proportional to the total number of nucleons in the colliding nuclei that took
part in the interaction process. It is clear that in this case the volume depends on
the impact parameter at which the collision of the nuclei occurs. In a more general
case of the interaction of high-energy hadrons, it is considered that the volume of
the resulting system is proportional to the number of quark-gluon strings /N formed
at the initial stage of the interaction.

From this point of view, the number of particles, n, with a momentum be-
longing to some given region (in a given acceptance), is an example of an extensive
quantity, since its value will be proportional to the volume of the resulting system.
In each hadron collision, the value of n will be equal to the sum of the contributions,
n =mny+...+ny, from each of the IV resulting strings. It is obvious that the value

of n will fluctuate from event to event together with the value of the volume of
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the resulting system (the number of primary strings formed), including due to the
inevitable fluctuations of the impact parameter.

However, in order to find the contribution of physically interesting fluctuations
and correlations that carry information about the fundamental properties of the
matter formed as a result of the interaction of hadrons, it is necessary to be able to
distinguish their contribution against the background of a trivial contribution arising
from fluctuations in the volume of the resulting system. In particular, this means
that in order to obtain information about the processes of string fusion and the
formation of string clusters from the analysis of fluctuations and correlations between
different observables, it is necessary to be able to separate in the experimental
data the trivial shading contribution of these volume fluctuations arising due to
fluctuations in the volume of the interaction region (for example, number of formed
strings) from event to event, including due to fundamentally irremovable fluctuations
of the impact parameter in a real experiment.

For this purpose, in high-energy physics, along with extensive and intensive
quantities, the concept of strongly intensive variables is introduced. They are under-
stood as observable quantities, the value of which does not depend not only on the
volume of the resulting system, but also on fluctuations of this volume from event
to event.

General methods for constructing such observables were studied in [62]. In it,
in particular, it was shown that within a certain class of statistical models considered
in the work, the value

(A) wp + (B) wa —2cov(A, B)

Y(A,B) = A+ (B) :

(4.1)

composed of any two extensive quantities A and B is a strongly intensive variable.
In this formula, (A) and (B) are the averages of A and B, and w4 and wp - their

scaled variances:

LoD (- Dy (B)—(B)
Ty ' 2
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The (4.1) formula also includes the correlator of these variables:
cov(A,B) = (AB) — (A) (B) . (4.3)

Later, in [63], when constructing the variable ¥ according to the formula (4.1),
it was proposed to use the multiplicity of particles, ny and np, as these extensive
variables A and B, produced in this event in two rapidity intervals, dyr and dyg,
the so-called observation windows:

(np) wn, + (np) wn, — 2cov(ng, ng)
(np) + (np)

Y(ng, ng) = , (4.4)

n2) —(n)?
where w, = D,/ (n) = < ><n>< " _ scaled variance of the particle multiplicity |,

cov(ng, ng) = (npnp) — (nr) (ng).

4.2. Strongly intensive variable ¥(ng,np) in the model with

string fusion on a lattice

In this section, we will obtain an expression for the strongly intensive variable
Y (np, np) in terms of similar variables defined for individual string clusters in the
framework of the model with string fusion on a lattice for the case of equal width

symmetrically located rapidity windows and symmetrical reaction:

0Yyr = 0yp = 0Y,

D,
<nF> = <nB> = <TL>, DnF - DnB - Dn; Wnp = Wpg = Wp = 7> <45)

—

Then we can rewrite expression (4.4) for in the simpler form

S(ng, ng) = ) _<7<:;F ne) (4.6)

We introduce the notation for the average over all possible string configurations C,:

P(X) =) P(C))Pc,(X), (X) =) P(C)(X)q, (4.7)
C, C,
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where (X)) c, denotes the mean of X for a given configuration C),. For the averages

in formula (4.6), we then have

- <[Z WS an> =S P (), + 3 () (), |
C

=1 k=1 n 1 i#£k
(4.8)
(nk) = < (Z nF ) > =S prey)Y <(nf)2>n‘ +3°(nf), (nf) 1. (49)
i=1 Cy i Y ik

If we also introduce the covariance between the particle numbers nf” and n?
produced in forward and backward rapidity intervals from the decay of a string
cluster with n; strings in cell ¢, and the variance of the number of particles produced
in a given rapidity interval from the decay of a string cluster with n; strings in cell
ZJ

covy, (ni nf) = <nfnlB>n — <nf>n <nlB>77 : (4.10)

4y (nf) = ((nf)") —{nf);, (411)

then the expressions for (npng) and <nF2> can be rewritten as follows:

(npnp) = P(C) _ covy(nfnf) + (np)e (ns)q ], (4.12)

n n
Cy )

(nk) = 2 PC)D_ dy(nf) + (nr)e, ) (4.13)

where

(ne)e, = S (nF),  (ne) = ST P(C) (e, (4.14)
i Cy
In our symmetric case, we also have the same expressions for another obser-

B

vation window d,,(nf)=d, (n?)=d,.(n;) u (nr)c,=(nB)c, =(n)¢,. Substituting all

the obtained expressions in formula (4.6), we then obtain

S(nr.np) = o 7 P(C,) Dol () = covy (nfn)). (419
C17]

]
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We can define a variable 3, (pp, pp) for a string cluster with n strings, which

can be completely determined by the properties of this cluster:

S, (s 1) = dy(p) — zgn(uF,uB) | (1.16)

Here, ur and pp are the numbers of particles produced in the forward and backward

rapidity intervals from the decay of a string cluster with n strings, and

(r)y = )y = 1), +dolpir) = dypis) = dy() (4.17)

are the corresponding means and variances. Using formula (4.16), we can write

expression (4.15) as

M
S(np,np) =Y Pl Z n(nf nP) . (4.18)
Cy

i=1
From the physical standpoint, for event classes without central collision selec-
tion (so-called minimum bias events) where the total number of strings is not fixed,
it is natural to assume that in the first approximation, the fluctuations of the number

of strings in each grid cell are independent, i.e.,

M
¢ =] 26, (4.19)
k=1

and summation over strings configurations is represented as an M-fold sum,

S PG =11 Pelnw)-.- . (4.20)
C’Y

k=1 1,=0

After (4.20) is substituted in formula (4.18), the result reduces to the double sum

S(nr, ng) ZZP "Zz (nf nP), (4.21)

i=1 n;=1
because every term in (4.18) depends on only one 7; and by virtue of the normaliza-

tion condition
[ee]

S P = 1. (4.22)

=0
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In (4.21) we also take into account that the contribution of terms with n; = 0
vanishes (strings are absent from grid cell 7).
(ni), and 3, (nF,nP) in (4.21) depend only on the number 7; of strings in grid

cell 4. Therefore, changing the summation order, we can rewrite (4.21) in the form

Y(np,np) :i% (1rs i ZP (4.23)

n=1
Let us consider the average number of particles formed from the decay of all

clusters consisting of n strings each

(n),, = (m), (1), (4.24)

where (m), the average number of clusters composed of exactly 7 strings. For

the case with a nonuniform distribution of strings in the transverse plane, when

Fi(n) # Pr(n) and 7; # 7

<m>n = Z P(Cy) Z Opn = Z Bi(n). (4.25)
C, i=1 i=1

taking into account (4.24), (4.25), the expression (4.23) can be rewritten as

S(np,np) =Y <<— (kr, piB). (4.26)

n=1

Note that due to the normalization condition (4.22)

> (m), =M (4.27)

and
00 00 M M
o, = 3 ), i, = 30D P i, = Y () = (). (429

This means that we can introduce weight factors

a(n) = (n), /(n) (4.29)
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such that

(0. ¢]

(n), /(n)=> a(m) =1, (4.30)

n=1 n=1

and rewrite formula (4.26) in the form

0.9]

S(np,np) =Y aln) Sy(ue, ps) - (4.31)

n=1
The physical meaning of the weight coefficient a(n) is very clear: of the total average

number of particles formed in an event, this is the average share of particles formed

in the decay of all clusters, each formed by the fusion of exactly 7 strings.

4.3. Relation between the variable > and the two-particle

(pair) correlation function A

In the framework of the model with string fusion in the transverse lattice [38;
39|, it is assumed that all 5 strings in a given grid cell fuse to form a single cluster.
The new object is a fused string with changed physical characteristics. Similarly to
what is done for the usual string [64], we characterize these new string properties in
terms of one- and two-particle distribution functions of particles (hadrons) produced
by the fragmentation (from decay) of such a string:

dN d2N
= — )\77 — .
dy’ ? (1, 32) dyy dijs

An(y) (4.32)

Integrated over the corresponding rapidity intervals, these functions give [64]

/ dy Mly) = (ur), / dy M(y) = (i), (4.33)

oyr 0yB

/dy1/dy2 A3(y1.y2) = (wris), ,/dm/dyz As(y1, y2) = (pur(pr — 1)), -

nr dnB onr onr

where pur and pp are the numbers of particles from such a string decay in the forward

(0yr) and backward (dyp) rapidity observation windows.
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The two-particle (pair) correlation function is defined standardly [64] in terms

of these distribution functions,

A1, 42) A:(r“y(ly);’;fy)Q) ~1, (4.34)

characterizing correlations between particles formed from the decay of a given string.
For a string cluster with » strings in the considered symmetric case (4.17), we easily
obtain an expression for X, (ur, ) in terms of correlation function (4.34) using

expressions (4.33) and definition (4.16):

Sy(pr, pp) = 1+ (), [Tpp — Jhg) (4.35)
where
Jpp = —/d?h/dyz (y1) Ay (y2) Ay (Y1, 2), (4.36)
<MF> LB)
JIZF: /d?Jl/dyQ (1) Ay (y2) Ay (Y1, 92)- (4.37)

776 Yr oyr

We see that the value of the variable ¥, (y1r, up) is completely determined by the
properties of a given cluster with n strings: its one- and two-particle distribution
functions A, (y) and A3 (y1, y2).

If the observation windows dyr and dyp are chosen in the central rapidity
domain such that all produced strings contribute to both of these rapidity intervals
at the same time, then because the strong interaction is local in the rapidity space
and the resulting distribution of particles from string fragmentation is uniform with
respect to rapidity, we have translation invariance with respect to rapidity. This
approximation works well for energies at the Large Hadron Collider (LHC), where
the produced strings contribute to a sufficiently wide rapidity interval. In this
approximation, the one-particle distributions are constants, and the two-particle

distributions depend on only the difference between the rapidities of the produced

particles:

Mi(y) = (), /6y = 1", No(yr, ) = Na(yi—12) (4.38)
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where ,u(()n) is the average number of particles produced per rapidity unit from a given

string cluster decay, and pair correlation function definition (4.34) becomes

Ay(y1 —y2) = M(y1 —ya)/(u")? = 1 . (4.39)

In this case, the expressions for J, and J},. in (4.35) for X, (up, up) are simplified

1
JZB - 6yF5yB /dyl/dyQ An(yl_?JQ) ~ An(Ay) 5 (440)
oyr dyB
1
Jpp = 5 / dy / dys Ay(y1 — y2) = A,(0) . (4.41)
oyr oyr

The last transitions hold for small rapidity observation windows where dyr = dyp =
0y <K Yeorr, Where yeor =~ 12 is a typical correlation length in the rapidity space.
In (4.40), Ay denotes the rapidity distance between the centers of these small ob-
servation windows dyp and dyp.

In this simple case, expression (4.35) for 3, (ur, ) becomes

S (s i) = 1+ " 0y [Ay(0) — Ay(Ay)]. (4.42)

This simplified formula allows qualitatively understanding the main features of
the dependence of the strongly intensive variable X, (ur, up) for a given cluster
of 1 strings on the width oy of the observation windows and rapidity distances
Ay between them. For a small distance between observation windows (where
Ay < Yeorr)s Zp(pr, up) — 1. As Ay increases, X, (pp, pip) increases, reaching
the level 1 + podyA,(0)because A, (Ay) — 0 for Ay > yeorr. The rate of reaching

this level and its magnitude are proportional tothe observation window width dy.

4.4. Calculation of the variable ¥(np,ng) on a lattice by the
Monte Carlo method

Calculations of the X (npg, np) for pp collisions at LHC energies were carried out

on the basis of the formula (4.31). The strongly intensive variables for individual
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types of clusters X, were calculated analytically under the assumptions of string
fusion theory (see formulas (4.56)-(4.63)).

Calculation of the weight coefficients () (4.29), which are included in this for-
mula and determine the ratio of the contributions of clusters with different numbers
of merged strings, which depends on the specific details of the pp collision, unfortu-
nately, cannot yet be performed analytically. Therefore, in this part, we carried out
a Monte Carlo (MC) simulation of the distribution of strings in the transverse plane,
taking into account the initial energy and the degree of centrality of the collision.
We also used the analytical results below for the total non-diffractive cross section
pp obtained within this model to control the developed MC codes (see Fig.4.1).
Note that when making this comparison in Fig.4.1, it must be borne in mind that
it is rather difficult to estimate the error of the non-diffractive (ND) section, since
to do this, from the well-known, so-called NSD (Non Single Diffractive) section, one
must also subtract the poorly known DD (Double Diffractive) section [65-69].

The calculation of the weight coefficients a(n) in this work was carried out
in two stages. First, we simulated the distribution of primary strings in the trans-
verse plane, taking into account the real conditions of pp collision, according to the
methodology proposed in [36]. At the second stage, we simulated the process of
fusion of primary strings and the formation of string clusters by introducing a finite
lattice (grid) in the impact parameter plane.

It is important that, in order to take into account the processes of string im-
position and the formation of string clusters, at the first stage we must be able to
model not only the total number of primary strings formed at a given initial energy
and a given impact parameter pp of the collision, but also their distribution in the
transverse plane.

In our approach, each cut pomeron corresponds to the formation of two quark-
gluon strings [10]. To take into account string fusion one should know not only the
mean number of pomerons in pp collisions at a given impact parameter b, but also

the event by event distribution of the number of pomerons around this mean value.
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This distribution at a given value of the impact parameter b and N > 1 was chosen

in the following form:
P(N,b) = P(N,b)/[1 — P(0,b)], (4.43)
where P(N, b) is the poissonian distribution with some parameter N (b):
P(N,b) = e YNON®B)N /NI (4.44)

The difference of our distribution (4.43) from the poissonian one (4.44) is only in
excluding of the case N = 0: ]3(0, b) = 0, which corresponds to the absence of the
non-diffractive scattering.

According to [36], we suppose that in the pp collision at the impact parameter
b the string density in transverse plane at a point § is proportional to

I 1
wStT‘(S7 b) ~ o (b)
pp

where the T'(5) is the partonic profile function of proton. We will use for the partonic

T(5—b/2)T(5+b/2) | (4.45)

profile function of nucleon the simplest gaussian distribution:

6752/7’3
T(s) = — (4.46)
0
Substituting (4.46) in (4.45) one gets
s 1 2 /.2 2 2
Wty (8, b) ~ e 25/ b /2, (4.47)
Opp (D)

Simultaneously in this approach we have N(b) = Nye ?/%% where the parameter
Ny depends on initial energy:.

As has been shown in [36], in the framework of this assumptions the aver-
age number of pomerons (Npom(E)), the scaled variance of number of pomerons
WN,,.(E), the cross-section of non-diffractive pp interaction o, and the probability
P(N) to have N cut pomerons in a non-diffractive pp collision has the following

form
a El(NQ) -|- ’}/ —|— IHNO ’

(Nyom(E)) Bils) = [ St (1.43)
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N,

wy, (E) =1+ 70 — (N o (E) (4.49)

Opp = 2775 [E1(No) + v + In Ny , (4.50)
27r? “

P(N)= "L 11— ZNé/l!] . (4.51)
Opp =0

The formula (4.51) obtained in the framework of the approach presented in this
section coincides with the well-known results for P(N) obtained in the framework

of the quasi-eikonal Regge approach [70; 71] :

P(N) = —2TA_ | _ - Nfl: oy (4.52)
- O-ppCN ) ’ .
k=0
where
27C 2 /
z:Texp(Af), A= R+ & & =1In(s/sg). (4.53)

Here sp ~ 1 GeV2, A and o are the intercept and the slope of the pomeron trajec-
tory. The parameters v and R characterize the coupling of the pomeron trajectory
with the initial hadrons. The quasi-eikonal parameter C' is related to the small-mass
diffraction dissociation of incoming hadrons.

The coincidence of the formulas (4.51) and (4.52) allows us to fix the parameters
Ny and 7y used in our approach, since they are uniquely expressed in terms of the

known Regge parameters:

2 2
No=2z= VTCeXp(Af), ro = E)\, A= R?+d/¢ (4.54)

In our calculations, when modeling the distribution of strings in the plane of

the impact parameter, we used the following values of these parameters:
A=02, o =0.05GeV?, (4.55)

Y =1.035 GeV™?, R, =33GeV >, C=15,

which allow one to describe the behavior of the nondiffractive cross section pp scat-
tering at LHC energies [69; 72] (see Fig.4.1). The papers of other authors [69; 72]

also confirm the need to increase the A parameter to describe data at LHC energies.
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At the second stage, we simulated the process of fusion of primary strings and
the formation of string clusters by introducing a finite lattice (grid) in the impact
parameter plane. In these calculations, we assumed that, according to the string
fusion model, the dependence of the average number of particles produced during
the hadronization of merged strings in a cell on the number of strings in a fast

observation window of width dy has the following form:

(1), = 18”8y = pio/116y (4.56)
where u(()n) and ,u(()l) = o is the average number of particles produced per unit

rapidity from the decay of a string cluster of n strings and single string.

The following numerical value of the string radius was chosen:
ror = 0.2 fm. (4.57)

As in [73] we assume that the number of particles produced from the hadroniza-
tions of the strings in ¢th cell in the rapidity observation window of width dy is
distributed over the negative binomial distribution (NBD) with mean value (4.56)

and scaled variance:

wu(8y, 1) = 1+ Syps” T3, (4.58)
where
1
JIZF = W/d?ﬂ/dyﬂ\n(yl — y2) (4.59)
dyr 0Yyr

and A, (Ay) — is the two-particle (pair) correlation function, which was chosen in

the simplest form
|Ay|

Ay(Ay) = Ale 4 (4.60)

yéZZr — is a characteristic correlation length in the rapidity space.

Since, according to (4.56), the number of charged particles produced per unit of
rapidity from the decay of a string cluster is assumed to be proportional to /7, and
correlations take place only between neighboring segments of a string cluster, it is

reasonable to assume that the characteristic length of the correlation yéZkr decreases
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as 1 increases as 1/,/7. Some additional arguments in favor of this assumption were
presented in |74]. Therefore, we assume the following dependence of the parameters
of the correlation function of the string cluster on #:

1
2=
V1

Note that the version without string fusion corresponds to a completely differ-

: Ag?) = const. (4.61)

ent form of these dependences:
[Lén) = n,uél), g = const, /{0(77) = A(()l)/n. (4.62)

The correlation function was chosen in a simplest way (4.60), and in this case
integral J}\, can be calculated:

Jl 20y ) Su — o™ 1_e_y§2i (4.63)
FF <6y) 2 ycorr Yy yCOTT : ’

Let us briefly describe the algorithm for generating pp-collision events under

the assumptions described above:

1. value of impact parameter b are generated: b, and b, are generated indepen-

dently with uniform distribution on the interval (—3R,, 3R,), R, = 0.7 fm,
b= /b2 + bZ;

2. for given energy /s = E pomeron parameters (4.54) are calculated;

3. lattice parameters at a fixed energy are calculated: lattice constant a =
R/, lattice size L = 100, number of cells M = m? m = [L/a] + 1,
where 75+ — string radius (4.57), ¢ = «/2 — parameter of the gaussian dis-
tributed density of the strings (4.47), square brackets [x] mean integer part of

€,

4. average number of the pomerons at a fixed energy (Npom (b)) (4.48) are calcu-

lated;
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5. Npom was generated by Poisson distribution (4.44). If it occurs equal 0, than

we go back to 1. Note that we store the number N2, = of such simulations with
Npom = 0, what enables to calculate o5 i = W?’GRp? where Ny,

is the total number of simulations (see Figure 4.1);

6. number of pomerons N, in this event are generated, number of strings — 2

* number of pomerons;

7. position $ of each string are generated, after that number of cell are calcu-

lated;
8. number of strings in every cell is calculated;

9. number of particles n on rapidity observation window dy produced from hadro-

nisation of the strings in every cell are generated with NBD: NB (w”_l,
“w
p= i) to provide the desired mean (4.56) and reduced variance (4.58).
n
Qo Fl o o\R | > 7p o <dN°"‘/dY>MCs\mulation
o simulation ® © H
E“ 55; ° Gggmwa - ® 2 6: A <ch/dy>exp R 6
© 50i A ng)grimem © E o
F Oexperiment a 5
451 g
3 af
40: @ I Q
F . :
35F 3F
30} :
2k
) ]
PR T I ST NNV T I ST TS I S A NS IR ETRRI I T NS R R
0 2000 4000 6000 8000 10000 12000 14000 ""5000 4000 6000 8000 10000 12000 14000
s, GeV Is, GeV

Figure 4.1. The cross-section of non-diffractive pp interaction oy, and multiplicity (dN.,/dy) as a

function of energy +/s. oND. . —and (dN.,/dy)

Statistica , was calculated from the data generated

statistica

accordingly to the algorithm described earlier; U}\Qf’mula was calculated according (4.50); aej\g’;]’? and

(dNen/dy),,, are the experimental results taken from [65-68] .

The value of the parameter 1 (the average number of charged particles per unit
of rapidity from the decay of a single string) had to be chosen equal to 0.7 in order

to correctly describe the experimental multiplicity of charged particles in the central
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Figure 4.2. Strongly intensive variable ¥ (ng, ng) as a function of the distance in rapidity between
the centers of windows Ay, for windows with width dy = 0.2, for minimum bias pp-collisions for
two values of initial energy 0.9 TeV (lower curve) and 7 TeV (upper curve). The dots are the
experimental values obtained by the ALICE [75] collaboration by analyzing data on the yields of
charged particles with transverse momenta belonging to the interval 0.3-1.5 GeV /¢ in pp-collisions

at the same energies - 0.9 TeV (H) and 7 TeV (A).

rapidity region (see Fig.4.1). To fix the two remaining free model parameters A((Jl)
and yéilr characterizing the single string correlation function (4.60), we calculated
the dependence of the variable Sigma (ng, ng) on the size of the gap Ay between
observation windows of small width in rapidity (dy = 0.2) for pp-collisions without
selection by collision centrality (min.bias) at two initial energies, 0.9 and 7 TeV,
and compared the calculation results with the preliminary experimental data of the
ALICE collaboration for ¥ (ng, ng) |75], obtained by analyzing the formation of

charged particles in soft region of the spectrum with transverse momenta in the

range 0.3 - 1.5 GeV/c (Fig. 4.2).

This comparison made it possible to extract the values of these two remaining
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free parameters characterizing the single string correlation function (4.60). As a
result, for three parameters for one string in the dependences (4.56) and (4.61),

characterizing clusters with different numbers of merged strings, we found:

o =07,y =27 AV =0.8. (4.64)

4.5. Comparison with the results of the ALICE experiment
at the Large Hadron Collider

>) in minbias pp collisions

Using the MC simulation of pp-collisions as described in the previous section,
we sequentially generate string distributions in the transverse plane, take into ac-
count the formation of string clusters, and calculate the weighting coefficients «/(n)
as the average fraction of particles produced as a result of cluster decays, consisting
of n strings. We then compute X (np, np) using the (4.31) formula.

With the parameters of string clusters fixed in this way, we calculated the
variable X (ng, np) for the case of min-bias pp collisions at the initial energy 13
TeV and compared the model results with the ALICE experimental data [75]. Note
that, since the analysis of these data at 13 TeV in the ALICE experiment was carried
out for a wider range of transverse momenta 0.2-2 GeV /¢, which is currently used in
the ALICE collaboration when analyzing the production of charged particles in the
soft region of the spectra, then to take into account increase in the total multiplicity
of particles, the coefficient py was increased according to [76] by a factor of 1.28 to
the value g = 0,9. At the same time, the values of all other parameters of the
model were saved.

In Figure 4.3 we see that this set of parameters also successfully describes the
dependence of the observable 3 (ng, np) on the rapidity distance between the cen-
ters of observation windows, Ay, at initial energy 13 TeV. The slight overestimation

of ¥ (np, np)in Figures 4.2 and 4.3 at small values of Ay, can be explained by using
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Figure 4.3. The strongly intense variable ¥ (ng, ng) — 1 as a function of the distance in rapidity
between the centers of observation windows Ay, for windows of width dy = 0, 2, for minimum bias
pp collisions at initial energy 13 TeV (the curve). Points — experimental values obtained by the
ALICE collaboration [75] by the analysis of data on the yields of charged particles with transverse
momenta belonging to the interval 0.2-2 GeV /¢ in pp collisions at the same energy — 13 TeV.

a simplified (exponential) approximation for the two-particle correlation function of
a string cluster (4.60). It was shown in [73| that the exponential form of approxi-
mation for the rapidity dependence of the two-particle correlation function of the
string leads to a slight overestimation of the FB correlation coefficient in the region

of the forward correlation peak at small values of Ay.

From Fig.4.2 and 4.3 we see that the pattern of the dependence of the variable
Y (np, np) on the rapidity distance between observation windows, Ay, in general,
corresponds to that predicted by our model (see the discussion after the (4.42)
formula). There is an increase in ¥ (ng, np) from values of order 1 at small values

dy with some tendency to saturate at large values of Ay (see also fig.4.4 below).

As regards the dependence on the initial energy, comparing the dependences
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Figure 4.4. Results for the strongly intensive variable ¥(ng, np) calculated with help of (4.31) as a
function of the rapidity distance between the observation windows Ay for min.bias pp interactions

at energies 60 - 13000 GeV for rapidity width of the observation windows dy = 0.2 and dy = 0.4.

at initial energies of 0.9, 7 and 13 TeV presented in Figures 4.2 and 4.3, we see
that in pp collisions at LHC energies, string fusion effects have a significant effect
on the behavior of the strongly intense observable ¥ (ng, npg), and the growth of
this variable with initial energy is explained by the increasing contribution from the
formation of string clusters with new properties, consisting of an increasing number

of merged strings.

With these string parameters, the calculations of the highly intense variable X
were also carried out in a wider range of parameters, in which experimental data
are not yet available. Predictions are made of its behavior for min.bias pp collisions
up to the distance between observation windows Ay = 4 units of rapidity at various
energies and for observation windows of various widths dy=0.2 and 0.4. The results
of these calculations are shown in Fig.4.4. In this figure, we also see the characteristic
properties of the ¥ variable, which we noted after the (4.42) formula. The tendency
to saturation with increasing distance between windows Ay is more clearly seen,
as well as a faster increase in X and reaching a higher saturation level for a wider

observation window dy=0.4 than 0.2.
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Figure 4.5. Results for the strongly intensive variable 3 (ng, ng) calculated with help of (4.31) as
a function of the rapidity distance between the observation windows Ay for different centralities of

pp interactions at energies 60 - 13000 GeV for rapidity width of the observation windows dy = 0.2.

Dependence of the Observable Y on the Centrality of the pp Collision

Since in the case of real pp collisions the impact parameter b is not known, the
experimental determination of the degree of centrality of a given pp collision can
be carried out only by indirect indications. Therefore, the division of the array of
all min-bias pp events into the so-called centrality classes depends on the applied

experimental procedure.

First, in order to separate events into centrality classes, in our MC simulations,
we used the procedure for selecting events with a certain number of particles in some
fixed interval of rapidity. This allowed us to investigate how the dependence of the
variable Y on the distance between observation windows Ay changes for pp collisions
of different centrality. The calculations were also carried out at various energies and
for observation windows of various widths 0y=0.2 and 0.4. The results of these

calculations are shown in Fig.4.5 and 4.6.
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Figure 4.6. The same as in fig.4.5 but for rapidity width of the observation windows dy = 0.4.

It can be seen from these figures that for more central events the values of X
turn out to be higher in all cases. Physically, this is explained by an increase in the

proportion of merged strings for more central collisions.

At the next stage, for a more accurate comparison of the calculated theoretical
dependence of the variable X on the centrality pp of the collision with the available
experimental data from ALICE at the LHC, we tried to reproduce as accurately as
possible in our MC calculations the procedure for dividing the array of events into

centrality classes used in the ALICE experiment.

In the ALICE experiment at the LHC, to determine the degree of centrality of
a given pp-collision, the signal from the VO detector is used in arbitrary units |77;
78]. This detector consists of a pair of scintillation counters, VOA and VOC, located
on either side of the interaction point. Events are classified by the total accumulated
energy in the VO detector, the so-called “amplitude VOM”, which is proportional to
the total number of charged particles passing through the VOA and VOC detectors.

That is, the centrality classes in pp collisions are determined by the multiplicity in
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the detectors VOA and VOC and are often called multiplicity classes. The multiplicity
classes are defined as percentile intervals of the experimental distribution of the VOM
amplitude.

To imitate this procedure in our MC model calculations we first carried out a
preliminary MC simulation of 1,000,000 min-bias pp events, determining the multi-
plicity /V in the rapidity interval dyy, = 1, corresponding to the total acceptance of
VOA and VOC detectors. Then to generate the continuous signal, VOM amplitude,
corresponding to this multiplicity NV, we use a detector response function:

(V - VN)2>
26vN

which is typical for detectors of this kind |79]. Here Py (V') gives the probability

Py (V) = CO(V) exp < (4.65)

density of registering a signal V' from the detector VO when N charged particles hit
it. The f6-function indicates that the signal V' is always positive V' > 0. C'is the

normalization constant. Note that in the limit NV > 1 we have

(N) — AN, wy = <DTN> — 3. (4.66)

[t can be seen from formulas (4.66) that the average value of the signal, (V'), is
proportional to the number of particles N that hit the detector, and the parameter
[ characterizes the magnitude of the signal smear around this average value.

Using the distribution (4.65), we generate the VOM = VOA + VOC detector
response, V', for the number of charged particles, N, hitting it, for each event.
Then using this value of the signal, V', attributed to each event, we can split all
events into centrality classes. Note that in this procedure the absolute value of the
signal does not play a role, but only the relative value of V' for different events is
important. Experimentally, in ALICE, the signal from the VO detector is presented
in arbitrary units. Thus, in our MC simulation, without loss of generality, we can
set the parameter v = 1.

The comparison for X (np, np) as a function of the rapidity distance between

the centers of the observation windows Ay for different pp-collision centrality classes
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at an initial energy of 13 TeV is shown in Fig.4.7, 4.8, 4.9 for three values of the
£ parameter characterizing the detector accuracy V0. It can be seen from the
graphs that our model with the formation of string clusters also makes it possible
to describe the experimental behavior of the highly intense variable X (np, ng) for
different centrality classes of pp-collisions for the same values of the parameters
characterizing string clusters. Thus, we see that the ALICE experimental data
confirm higher values of ¥ (np, ng) for more central events, which in our model is
explained by more intense string fusion and an increase in the proportion of string
clusters with a large number fused strings. Recall that, according to the formula
(4.31), in the absence of fusion processes and the presence of only single strings, the
value of ¥ (np, np) ceases to depend on the centrality pp of the collision and on all
Fig.4.7-4.9 we would have only one curve (there would be no splitting of curves by
centrality).

At the same time, a comparison of the plot in Figure 4.7 with the upper plot
in Figure 4.8 shows that the division of events into centrality classes, using the
value of the parameter § = 1 and § = 0,5, stays practically unchanged. The
calculated curves for 3 (ng, np) in practically coincides. Whereas using the value
of the parameter S = 3 to characterize the detector VO when splitting the array of
events into centrality classes leads to better agreement with the experimental data.

Thus we see that the agreement between theory and experiment can be im-
proved if we take into account the imperfection of the detector VO used to split the

array of events into centrality classes.



224

0.05

o
||f||||

Ew)
Ay

o
o
N
o
AN
o
o)
o
o0
—
—
N

Figure 4.7. The strongly intensive variable ¥ (np, ng) — 1 for different pp-collision centrality
classes at initial energy 13 TeV, as a function of the distance in rapidity between the centers of
the observation windows Ay, calculated with the observation windows of dy = 0,2 width. Points
— experimental values obtained by the ALICE collaboration [75] by the analysis of data on the
yields of charged particles with transverse momenta in the range 0.2-2 GeV/c. Curves — the
results of our calculations in the model with the formation of string clusters, with the value of the
parameter 5 = 1, characterizing the accuracy of the detector VO. The centrality classes defined
as follows (top down): 0-1%, 1-5%, 5-10%, 10-15%, 15-20%, 20-30%, 30-40%, 40-50%, 50-70%,
70-100%.
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Figure 4.8. The same as in Figure 4.7, but for 5 =0, 5.
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Figure 4.9. The same as in Figure 4.7, but for 5 = 3.
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Conclusion

The thesis presents a theoretical study of the correlations between the quanti-
ties (multiplicity and average transverse momentum of particles) observed in spaced
rapidity intervals in the processes of multiple particle production in the interaction
of high-energy hadrons, as well as a theoretical study of the strongly intensive vari-
able 3(ng, np), which characterizes the correlations between the number of particles
in two separeted rapidity intervals.

Since the QCD perturbation theory is not applicable to describe soft processes,
the study was carried out within the framework of the string model, which has a
qualitative justification in the framework of QCD and assumes the formation at the
very initial stage of hadron interaction of a certain number of so-called quark-gluon
(colored) strings, understood as color flux tubes. The effects of string fusion and the
formation of string clusters were taken into account by introducing a finite lattice
(grid) in the plane transverse to the collision axis.

The following results were obtained:

1. An analytical expression is obtained for the asymptotics of the correlation
coefficient between the transverse momentum and multiplicity at high string
density for a realistic case of inhomogeneous distribution of strings in the im-
pact parameter plane by calculating the derivative of the regression function.
It is shown that the found expression goes into the expression obtained earlier

by another method using an alternative definition of the correlation coefficient.

2. At a high density of strings, two independent analytical methods are used to
find an explicit form of the asymptotics of the correlation coefficient between
the average transverse momenta of particles in two observation windows for
an inhomogeneous distribution of strings in the transverse plane. An MC algo-
rithm has been developed that makes it possible to calculate this correlation

coefficient for an arbitrary string density. It is shown that the results of MC
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calculations at a high string density come to the asymptotics calculated ana-
lytically, which confirms the reliability of the results obtained. It is shown that
for the case of a uniform distribution of strings in the transverse plane, the
expression found for the asymptotics goes over into the one obtained earlier,

and the dependence on one of the model parameters disappears.

3. The influence of the condition of fixing the total number of initial strings, which
corresponds to the selection by centrality classes in the analysis of experimen-
tal data, on the magnitude of the long-range correlation coefficients between
multiplicities and between transverse momentum and multiplicity is analyzed.
Analytic expressions are obtained for the asymptotics of these coefficients at
a high string density for a realistic case with a non-uniform distribution of
strings in the impact parameter plane and taking into account the fixation of
their total number. It is shown that, taking this condition into account, the
decrease in both correlation coefficients with increasing string density occurs
faster for their average uniform distribution in the transverse plane than for an
inhomogeneous one. It has been verified that correlations for a fixed number
of strings (for a fixed multiplicity class) happen only when the effects of string

merging are taken into account.

4. Tt is shown that the correlation coefficient between transverse momentum and
multiplicity can become negative under certain conditions. In the case where
the total number of strings is not fixed, this requires a strong inhomogeneity
in the distribution of strings in the transverse plane. For the case where the
total number of strings is fixed, this correlation coefficient is negative even
for a uniform distribution, retaining a negative value even for small inhomo-
geneities in the distribution of strings. The correlation coefficient between the

multiplicities always remains positive.

5. In the framework of the same model with string merging on a lattice, the
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strongly intensive variable ¥ (ng, ng), which characterizes the correlations be-
tween the number of particles formed in two separated rapidity windows is
studied. The purpose of using this variable is to weaken the effect on the
result of the so-called volume fluctuations associated, for example, with the
fluctuation from event to event of the total number of strings formed. It is
shown that when string merging effects leading to the formation of string clus-
ters are taken into account, this variable turns out to be equal to the weighted
average of its values for different string clusters, which depend only on the
parameters of these clusters. While the weight coefficients, which are the frac-
tions of particles born from clusters with different numbers of strings, turn

out to depend on the collision conditions - its energy and degree of centrality.

. For the case of pp collisions at high energies, a Monte Carlo algorithm has
been developed that allows, by simulating a realistic distribution of strings in
the impact parameter plane, to calculate these weight coefficients for various
energies and centrality pp of the collision. Using them, the dependence of
the variable ¥(np,np) on the rapidity distance between observation windows,

their width, energy, and collision centrality pp is calculated.

. The results of X(np,np) calculations are compared with the experimental
data of the ALICE collaboration at the LHC. It has been established that the
behavior of this variable observed in the ALICE experiment can be explained
only in the presence of sources of different types, the role of which in our
model is played by single strings and clusters formed by the merging of several
strings. It is shown that a comparison of the results of our model with the
preliminary experimental ALICE data obtained in min.bias (without centrality
selection) pp collisions at energies of 0.9-13 TeV and for different centrality
classes at an energy of 13 TeV allows one to extract information about the
model parameters, characterizing clusters with different numbers of merged

strings. In general, we can conclude that the experimentally observed increase
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in the variable ¥(np,np) with an increase in the initial energy and centrality
pp of the collision at LHC energies can only be explained by an increase in the
contribution from the formation of string clusters consisting of an increasing

number of merged strings.
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Appendix A. Averaging over C!" configurations

We will calculate <L2> :
)/ c

M
(Zk:l ny;
n

(nj_ﬁj)z N:
<<zknk > H/ T

We substitute under the integral 1, presented in the form,

e /dn5 (nznk> = /dn /;Z_Oée—ia(n—zknk)’
T
k

and we get

eian; ("j —7;)°

Let’s transform the expression in the exponent under the integral over n;:

(n; —m;)° n? P 72
T;—zanj:ﬁ‘;—nj d_rjjer +2d‘;j:

R L n; ZQVdnj 2_'—.4_%
— \/m \/m \/§ ZO[TL] 9 .

We calculate the integral over n;

ez’ani . (nZ —ﬁi)Q
J; = | dn; e 2niop,.

Let’s change the variable:

2dn = 0‘2’17% n; Yo' dn
Ji =\ —e T /dy eV |y + R ! - .

Ji = T2 (W + dady,) (A.2)



242

We calculate the integral over n;, j # 1
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Let us estimate the terms in order of magnitude:
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Taking into account d,, = w,n;, one can simplify the expression:
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Appendix B. Averaging over C, configurations
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walﬁ(m)z‘f(m)> :ﬁ dnlp(n.)Ziﬁ(m)ﬁ?(m)'
< (a7 o) 1/ 24T

n

Substituting under the integral 1, presented in the form

= /dré <7“— g ﬁ(ﬁk)) = /dr /;Z—Be_w(r_z’cn(nk)),
s
k

one will get

/ /dﬁ —zﬁr[{/dm P (n;) e¥m) Zﬁ(m)ﬁz (n,). (B.1)

Integrals over n; are reduced to two types:

[1 (n— r]) Z,B’I’L )

dne 2n e ,
«/27w}77 / '

(n— n)

/ dne™ 5 O () B (1)
A /27m277

We use the explicit form 7 (7;) and p (n;) when calculating integrals. Let us introduce
the notation:

I, =

yzg_la a:ﬁa
n n

1

dy e~ 2 PV II+Y), (B.2)
V2ma /

Let’s convert the expression in the exponent to Iy:

2
L opvitr s Loisyi(1+4-L) -

2
B 4+ iaf+\/M 8a i6v/7 - aB*n
_<\/ ga T \[1+iapyi 4 ) LRI
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Then
1 zﬁf _ ab7m __ 8a / _ 2 1 zﬁf _ aB7m __ 8a
I, = 2(4+zaﬁf) : e dr = 2(4+'Laﬁ\/:) : T,
! V. 27TCL 4 +iafB\/n V 27ra 4+ Zaﬁ\/ﬁ\/_
1 _ af’m

NG P e 7o)

~ /1t iabi/h

We will calculate Is:

2 2
_ Do —L iB\/T(14y)=
I, = dye 2aeVIET97 (1 +q).
2 ora Yy 77( y)

The expression in the exponent is the same as (B.2). After similar transformations,

we get

_ P M) Vi 2aif}y/n
= i [ e

2ai8+/1 ]
4+ iaB\7 ]|

bzmmﬁ®hb+
In the original variables

1 . wpp?
I, = Zﬁ\[ s e 32\F+8M7,B

wwy B
1+ g

w3

2(1+%>\/ﬁ

L=mn(mp ML |1+

3
nﬁ

Zi\ilﬁ( )P ( —iBr e’ i V53 i s y
< <ZM 71( > / / ! 1+ Lenf

4ﬁj

N9 Wyt
x> mm) P (M) |1+ N =
: 2(1+22) Vi

wn B . _— L
The exponent e~ 5  makes the main contribution at 8 ~ 1. Taking into

account 17 > 1, one can get approximate expressions in this area for Iy, Is:

et 253 1
32+/1; + &t ~ 324/7; 32\F+8"“”5 ~ 1 .
\/?774- iwy B \/777, +1 33




M
zz:n 772 ani) m

The main contribution is made by the region 5 ~ ﬁ With this in mind, the

" . . 1
addition to 1 in the product is small (w W)’ then

iwnf iwn B M -3 2[3
= 2
> ~ e 77 Zz 1M == 64 Zl 1 i,

ﬁ (1 2 ) - ﬁe;“(l“ z

J=1

L_ and can be discarded. We will consider

Additionlto( 32 \/_> order ~ T

the expression in square brackets in order of magnitude
wyi _wyif | iwyB wif? 1 N 1 N 1

i () A

We will consider only the following orders of smallnes

A ﬁ all higher

1
S' ﬁ? Mﬁ?

order terms are discarded.
M . 2 9
wi  Brw

wnB M o——% w%fBQ M ——1
e ) D n (ﬁ) ]_92 (ﬁ) [1 +
2 2V 8m

/ /dﬁ —iBr —M Zﬂan(nk) i=
i=1

Let’s transform the expression in the exponent in the integral over S

262 M
7t = (af +1ib)” + V%,

s 0y g S 7
i=1
where
\/8wnM+w% ij\ilﬁi_l b T_an_i_wnzl 1ﬁ25
a B - .
° \/&UnM + w2 Ziwl ﬁz_l
Zf‘iﬁ( P2 ( i M____ i 522
< s / / @07 N7 (7,) 72 (7)) {1+ i ]
<Ek:1n =1

Let’s change the Varlable af + ib = x:
- L wb lwiaz? 1w262}

<Zéf;;1(ﬁ - > / 27TCL et ;ﬁ(m)ﬁ(ﬁi) {1 " 56‘\/_ 8 a’; 8 a1
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and perform integration over x:

Sy () P (1) dr 1 szﬁ__z_ Lo L owy

Let us introduce the notation:

M ) w M ) w 2 M
DI M+
1=1 =1 =1
then
b r— Y v M’
= a =
T T2

r+ 3 /M —

(), Sl it b5

The main contribution is made by the region r ~ 1//M'. ¥ ~ M./7, then

r/¥ ~ 1/y/M7. Let us expand 1/(r + X')? in powers of r/X:

2

1 1 1 N 1

and substitute the decomposition of (B.4) into (B.3):

<Zf‘41ﬁ(m)2_92 (771)> :/dr (1_2§+322> Z/;\/%x

1+ Wyl _|_1 “n l_T_Q
M'\m;  2Mm; \2 M’ ’
3M 3 Wi ]

<ZM 7 () 7 (m)> ShAmr @) 1 - s+ 5 - e

2/2

n




(S Aln))”

Substituting under the integral 1, presented in the form

_ / dr 6 (rzw) N / ar / ge_iﬁ(r_zkn(w’ ()
k

7

/ /d@ _Zﬁ,,,H/dm (ny) €77 (Z" )P () + > 7 ()P ()7 (n;) P (m))

1#]

one will get

Integrals over n; are reduced to three types:

(n—m)?

2 @t ), (B.6)

I =

w/27T(,u77 /dne
b= W [ ne e ) p (), (B.7)
Iy — W [ ne (). (B.3)

We use the explicit form 7 (n;) and p (n;) when calculating integrals. Let us introduce

2w777] ezﬂn )nQ (/)7)

3

the notation:

y:Z—l, a:ﬂ
n

— )

/dye_%elﬁ\/ n(l+y),

L= V2ma

Let’s convert the expression in the exponent to I;:

Ve S NCI (S R

2
B 4+ iaf+\/M 8a i6v/7 R aB*n
_<\/ 8a y_\/4+m5\/ﬁ 4 ) _25\/5+2(4+m5\/ﬁ)'
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Then
1 iy efn 8a / 2 1 g/t Sa
I, = e 2(4+iaB/7) S — e % dr = e 2(4+iaB/A) : 7,
' V2ma 4 +iaB\n V2ma 4+ Zaﬁ\/ﬁ\/—
o ap*m
1 62/3\/776 8(1+mﬁ$ﬁ/4)

~ /1t iapi/4

We will calculate Is:

2 2
I —L iB\/1(1+Y) (7 1
I, = dy e 20" VITETY 14+y))*.

3 3 3 3
n(1 i~mi |1 _ =
M(1+y)i =7 < Y 32y>

The expression in the exponent is the same as (B.2). After similar transformations,

]2 _ n (ﬁ) p (_) Zﬂ\f* (4+1aﬁf) 8a «
2ma 4 +iaf\/n

2 3 aifvn 3  ax® 3 a’B*n
X/e [1+24+mﬁﬁ 11+ iaByi | 8(4+ iafy/T) ] a,

3 aif\i 3 a n 3 2377
81+iaBii/4 321 +iaBij/4  128(1 +iaB/i/4) |

We will calculate Ij:

we get

L=nmpm L [ + <

2 2
_ _Po —¥ iB\/T(14y) (7 3
I3 = dye e 1+ 2,
T ra Y m{L+y)

MLyt g (14 5+ 22)
2 8

The expression in the exponent is the same as (B.2). After similar transformations,

oo

we get
—2 =\ =2 [— . = a 2ﬁ
PP ey [ sa
2ra 4‘}‘2@5\/5
) 2 02—
x/e_“" 1+3————— @iV +3 qaz _—§ o 7| dx,
4—|—2a5\/_ 4+iaBvn 24 +iaBV0)
P 3 aify 3 a 5 @5
L=np 5L |1+ 1 5= T 3T i 32 |
s=n"(n)p" (n) L 41+ iaB/7/4 " 81+ iaBVijd  32(1+ iaBy/i/4)
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In the original variables

1 . wpps

[ = ——— ¢BVig- e ¢! S
iwy B
1+ 522
_ _ 3 wyip 3 wy 3 w; B
L=nmpmh |1+ - ~ 29 T N |
8 1+ anﬁ \/: 32 1+ anﬂ 128 anﬁ —
o)V T ) m (1+%2) 7
_ _ 3 wpt w 3 w22
L=nmp mh |1+ . + 2 ! — o5 .
4 1 iwn 3 8 1 iwn 8 32 iwpf\ " =
+ 1) Vi )T (1)

iwy, B = 8 iwy B 3_2 iw 2_
(i) v S(eig)n 2=y

BS

<(z?ﬂﬂ<m>fo > [ [ M ioy g
X
— : iwy 3
(Ziamom)) Jr e

Zn nz 771 S3 771 +Zn 77@ ﬁz) (ﬁ])ﬁ(ﬁ]) S2(ﬁz)52(ﬁj)

2
The exponent e 2% makes the main contribution at B ~ 1. Given 7 > 1, one can

get an approximate expression in this area:

nﬂg 253 1
32\/7; + 8iw, B ~ 32:/7;, e VTR SL 2 U

M M . - 2 3
_ nj 7
j=1

N[
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Z (M) Ss(m) + Y _n@)p@)n (m;) b (m;) S2(7,) (7))

i#]

The main contribution is made by the region 5 ~ \/LM With this in mind, the

o . . 1
addition to 1 in the product is small (w W), then

1
M . -3 M i
1T w3 11 () e b o
14+ ——= — e i) &~ e =1 64 Zui=1"li

Adding 1 to <1 +1 "5 ! ) order ~ \/% and can be discarded.
7

M _— _
. n(n; i " L1 .2p2 o
<<Z“ mp(" > / /dﬂ mipr - 21N g () - M o M et

(S mm)

(Zn m) P (M) Ss(m) + > _m(m)p[m)n (ﬁj)z‘o(ﬁj)sg(ﬁi)szmj))
i#]

Consider the expressions in Sy(7;)S2(n;) and Sy in order of magnitude:

- - - 11 1
We will consider only the following orders of smallness: 5 Ui ()

3 ' 3 3 232
So(mi)S2(nj) =1+ 2 W”ZB S/ N ——5+

+3 wyif 9 wi B 3 wy 3 w22
8 iwn B 64 iwn B iwn B 32 iwn B 128 i
(1rig) v 1+ i) <1+4r>\/"“7] (1+)n (1+ JE) 0;

(the following terms will give a contribution of a higher order of smallness than

. 1 1 1
those considered vt W>
; , 5 3 W2 B2
sm=t+i ot 3w 3P
(e vi S(+eg)n (i)




255

w,%ﬁQ N w552 ( iwy B 3w$62> 1 n 1 n 1
wB\2_ 7, 7 | M —3/2 2
(ri)m o\ T )TN )

Then

3wyt 3 w252 3w

Ss(m,) ~ 1+ - =

%) ive %2 8w
Swnzﬁ Bwyif 3wy 3wy 39 wiB? 35w 9 wrf?
7; 7 n; 128 @ 128 ;64 /7;7;

Let’s transform the expression in the exponent in the integral over :

zﬁr+ _Zﬁz_nganﬁ Z

where

252 M
Zﬁ_l (af + ib)* + b7,

1=1

1

_ \/8wnM+w72;Zz VT b—4 T—Z 77Z +%Zz 170 °

8 \/SwnM + w? wal m;
(=X )p > s
< (Zk 1 n (77k / / ’

3wyt 3w252 3w
1+ -—1 ——1
(Zn m;) D (+4\/_+32 T Ten )t

9 w2p? | BwyiB | 3wyif

+;ﬁ<m>ﬁ<m>ﬁ(m)ﬁ(m) (1_ 6_4\%_% S g
(et 32) (i 3,)

Let’s change the variable a8 + tb = x:

<(Z%ﬁ(m)p(m)>2> :/ﬁ Tt

(S mo) )

n

3 w b 3 w2x? 3 wib? 3w
—2 —\ =2 (— n n n “n

i

n n e e

TGt i, | 6Aa /i, | Sav, | Baym,

+> n@)p@)n(m;) P (7

>{1 9w’ 9 wb® 3 wb R
i#]
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N 35w3:c2_35w3b2_3w 11
128 o> 128 o> 327" )\7m W

and perform integration over z:

Y Em)Bm)) .
<( o )> :/N;Webx
C

(S )

n
2

3 wyb 3wy ,i“’?)bQ 3wy _ -
[Zn 7:) P~ (7 <1+4a\/n7+64a2 32 427, +Z (7:) B () 7 (7;) P (71;) %

77i 8 ’rI’L l?éj

9  w 9 w3 wyb L3 wnb 35 wp 35 wib® 3 11
128 a%,/m;m;  64a%/n7; 8 a\/ni 8a, /7 256 a 128 a 32 n; 7,

Let us introduce the notation:

R R A w w2 M
/ _1 n 1 , . . .,
M=) W o W M =M
=1 =1 i=1
then
b_?“—Z’ _\/W
A T T2
M _ _ 2 P
<<Zz1n(772)p(771)> > _/ dr o )
2 = o /
<224:1 ﬁ(%)) (r+X)" VoM
3 wyr 3 w? 3w2r2
Zn 7 <1+_ AR >+Z @) P (m)m (7;) P (7;) ¥
[ 2M'/m, 16 M, 8 My o
9 w? 9  w?r? 3 wor 3w
X ]_ 2 n +_ /271__ + /T] +_ IT]_+
32M 77@77 16 M M 4M\/ﬁl 4M\/77_j

(B3 sety (11
6aM 27T 3RM?)\T 7,
The main contribution is made by the region r ~ 1/v/ M. ¥/ ~ M./7, then

r/Y ~1/y/M7. Let us expand 1/(r + ¥')? in powers of r/%' (B.4) and substitute

this expansion:

2

3 wyr 3 w SWT 3w
—2 2 n n n — =\ (= \ = (= ) = (=
x [Zn (7:)7° (7;) <1+§M/\/ﬁ_i+EM,ﬁi e +§ﬁ_i) +> n@)p @) 7 (m;) D (7;) x
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9 w% 9 w,%Tz 3 wyr 3 wyr
“Nl-mim =T 1671 SV RS 3
32M”,\/am; 16 M2 /nm;,  AM'm,  AM'\ /5,

35w, 3 3Bwyr’ (11
+ | == —= — 4+ —
64 M’ 327" 32 M~ o7

< (ZE;; (711)(: ()7;2)) > = % [Z n° (1) P (7;) %
k=1 T Tk c, L

2
><<1 3M' 3w, 9 W +§ﬂ+gwnM’>+

3R T oYE  16%Rm, 8w 16

2 2

3M 9w 21wy 9 W

+Z ﬁl _ ﬁ n )ﬁ(ﬁj) {]‘ +5 22/2 B 3_2M/2 ﬁlﬁj B 6_4M/Z/2 /ﬁiﬁj + EM/ /ﬁiﬁj_’—

i#£]

81w 3 w, 3 w, 11 3 9 w,M' 105 wy
+ — — —+ =) s5wn+ = + —

64%2 fia,  ASNEL AY T \m 7w,/ \3277 T 64 %2 64 e
Discarding terms of a higher order of smallness than 1/7 and 1/M, we get

< (z?”mm)m))2>
2/2

(i )

Zn +§%’_§ W _|_3w77 +
)P 2%2 2% T, | 87,

n

_ _ _ _ L 3M/ 3 Wn 3 wn 3 ]. ].
+2_ @) B )7 ( )p(”f‘){Héﬁ_sz\/—i 42/\/__3_2wn<ﬁ_i+ﬁ_j)}]

i#j
We will calculate <(Z jw e )p(mz) > :
(Zk:l 7(77k)) C

n

<Z%ﬁ(m)ﬁ(m)>2 T (27 (1) P (m))°
< (Stm ) >H/ ST

After transformations similar to (B.5)-(B.9), we get

< (Z?g n(n:)p (Uz)) 2 > / dr 2
= e’ X

(S o)’ B

n

n

3 wpb 3 w? 3w2b2 w
; 1422 4 2 z -
[Zn ) < T iavm Tedamm, 2w, > +§ (i) m (1) P (n;) X
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9 W 9 w3 wb 3w 35 wp 35 wib® 3 11
Xl e — e T m T | - | (4 —
128 a2, /n;m;  64a%/m;n; 8aVi;  8a\/n; 256 a 128 a 32 n; M

Let us introduce the notation:

M f w M o w wz M
=D g M =My
1=1 1=1 1=1

then
r— v M
AT T
2
(ZLamsm)\ [ i
<Ek:1 ﬁ(nk>>3 (r+%)° VaM
< |57 () 7 () L4 3w +3 wy 3w27‘2 +Z V() x
- )P 1 2]\4,\/77—Z 16 ]\4,77 8M,2 oy nz 77] p 77]
1_ 9 wg L2 9 wfﬂ“2 +3 Wy +3 Wy n
32M2 /i, 16 M2\ /i, AMNE  AML /i,
35wy 3 3Bwprt\ (11
— L — —_— — + — ) B.1
(3w ma) (03] B0

The main contribution is made by the region r ~ 1/v/M. ¥/ ~ M+/7, then
r/¥ ~ 1/y/M7. Let us expand 1/(r + ¥')? in powers of /%

1 111 r?
(T_i_zl)?) - 3 (1+%)3 ~ 3 1_32 +6ﬁ (B-ll)

and substitute this decomposition into (B.10):

(Z£1ﬁ(ﬂi)ﬁ(ni)>2 .2 i
< (Zf—lﬁ(m))g > :/dr <1_3§+6ﬁ>2'3—\/mx
- c

n

3 wyr 3w 3wr® 3w
E, Z 14 2 2 2 S () () () P (o
[ n 77 (+2M/\/_+16M/’I7 8M’277 +8ﬁl)+#]n(ﬁ)P(n) (ﬁy)P(Uz)X
9 W 9  wir’ 3 wy,r 3 wyr
xql- 2 T 16 2 /an T3 / +7 / +
32 M nm; 16 M=\ /mm;  AM'\/n,  4M\/7;

n 35 W, _iw_§“37"2 1.1
64M 327" 3 M2)\y )|
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We integrate over r:

M
(Ziﬂn(m) (m:) 1 M 9 w, 9w 3w, 9Yw,M
—Z— 1+3=55 -~ S L e +

_ Y2 4y . 8 X2y, 8m, 8 X2y,
(ch\/lzl n (nk) \/7751 Uh Uh n;
S w; 27 w? 9 w?
+ 77@ { N2 4 + — u + — —77_|_
oy D 32 M2 i, 32 MR\, 32 M,

L8 wy 9wy 9w (1 1)(3 9w7,M’+105w
3 2 mm, 8SNV 8Y/m,  \m 7)) \32 Dt Tye TmwE) (|
Discarding terms of a higher order of smallness than 1/7 and 1/M, we get

SM ) B ) y y .
<< >> - [Sr i (13 S )

7)) 15 v 87
(ch‘il"(nk)) i 1/2 1/2vV1; n;
+) n@) @) (@) P (M) 1+ 5~z — L= = oW (_—+_—)
; J) ( ) { 2 812/2 851/2\/7’]2 85’1/2 /77j 39 Ui 7, 7
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Appendix C. Calculating the correlator and
variance in the (2.40) formula for the p; — p;

correlation coefficient

We will calculate the numerator and denominator of the formula (2.40):

> 12 (1) PP (7;) sp =2
cov(pr, pp) = ( Z

1 Mw, 3wy

Z?il Zj\il n (ﬁz)]_j (ﬁz) n (ﬁj) p (ﬁﬂ) {4 51/2 gS1/2\/ﬁ7 B gSl/;ﬂz/n_j} (C )
, 1

+ w
(S1/2 — —"5—1/2)
Y+ wy 3wnM
Dy, = cov(pr,pp) + o n ()P (0 (1 + —
. I3 (51/2 — %5—1/2 ; \/77_251/2 1/2

M M
w oo, W N
— Mw 3 an (7,) P° (77)1?”+Zzn(m)p(m)n(m)p(%) X
F (S —2S_10)" |5 L R——
3Mw 9 w 9 w 3 w 3 w
X1 +4——2 — e A C.2
{ 2 81/2 8 Sl/Q\/ni 8 81/2\ /77] 16 n; 16 n] ( )

Then for the correlation coefficient by, ,,

o Nm N (= \ = (= I Mw, 3 wy, 3 wy
n(m,)p (M) (7;) D (7;) {4512/2 3 S 851/2\/777H x

38
M=

9
Ptpt: |:ZTL 772 A 76ﬁ7+

M
9 N9, W 9 3wy VJFW/ wr) 3wnM
” lZn P, (16 4 ) Z o ( VS A 5%/e !

Wy Y (1_%%_%%) (C 3)
S1/2+/1; pES1/2 ’

_3_w
8

3
187, 8Siavm 8

Using an explicit form of dependencies (1.13):

MM /a_3/a | 1 Mw 3 w 3 w
_3/4_3/4 N 0 0
- n; + n;" 1N, Q = Q = X
by p [Zf Wy ZZ j {4 Sf/Q 8 51 /9T 85'1/%/77]}]

i=1 j=1
3 wnM>

M
9 3 w v+ w
X ﬁw <——— L ) . +
v (- T) S i (- 1
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3wy 3wy
g i g 4 512/2 851/2\/ﬁ_z 851/21 /ﬁj :qul/Q
CA4
9 1 MwyS3,,  3w,S5/48
b = | 7gen /2 + 4S+3/4 4%
1/2 1/2
9 e Mwn5§/4 3wyS3/451/4 3wn N v+ wy S BwnMSl
- T~ T~ T T — 1 — —
16 n1/2 4812/2 4 S1/2 4,UF LE 77 4 5112/2

2 -1
_ Sy 3“’77%51/453/4] (C.5)

WES1 /2 117512
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Appendix D. Method for calculating average
values of observables at high string density up to
the second order in 1/7 for a fixed total number of
strings

One can easily verify that for the string distribution (3.3) we have the following

exact relations:
_ _ 2
(1= 1,0} = 0.002) = (1= 2 ) (i) =37t (1- %), ()
N N
w; 7
(ViVm) = =TT <VkV ) = —%miﬁ (1 — :m> ,

w2 n
(1)) = nmme (1 —37’") ,

[\

w
(Vevp,) = TiTnwr, (ViviVilm) = 30T —s-

2

If a=>", o is odd, then we have

(Vi) =0, at a = Zai =20+1. (D.2)
i=1

We note that the relations (D.1) are valid only if i # j # k # m. Really, we see
that (vgvm)|,—,, < > <uky >‘k . <y,‘€1> and so on. That is a consequence of
the correlations between fluctuations of the n; in different cells arising due to the
conservation of the total number of strings (see [58]).

Use of the relations (D.1) and (D.2) enables drastically simplify the calculation
of various averages in this model, because all integrations over the 7; come down to
using these simple rules.

We will calculate the asymptotes of the LRC coefficients (D.3) at high string
density supposing that all 72 > 1. We will also suppose that M > 1, because as it

was discussed in [43; 52| with a realistic string radius g, = 0.2 + 0.3 fm we need
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lattices with a large number of cells M ~ 10% and 10* for a description of pp and

AA collisions correspondingly.

(n) cov(pp,nr)
(pe) Wy (n) + cov(np,np)

cov(ng,ng)

wy, (n) + cov(np,nr)

bpn = by, = (D.3)

D.1. Averaging over String Configurations

We will demonstrate the technique of the analytical calculation of the different
lattice averages with the distribution (3.3) by using as example the most compli-
cated calculation of the mean value of the intensive variable — the mean transverse
momentum of the produced particles, (p).

Regarding the accuracy of the calculation, we need to take into account the
terms of the order 1/7, 1/72, 1/(Mm) and 1/(Mm?). Because, as we will see later, the
terms of the leading order in M (the 1/7 and 1/%? in the case of (p;) calculation) are
cancelled when calculating the covariances entering expressions (D.3) for the LRC
coefficients by, and by,,. Moreover, in the case of homogeneous string spreading in
transverse plane, when all 77, = 7, we have additional mutually cancellation of the
contributions of the order of 1/(M7) to the LRC coefficients calculated with the
distribution (3.3) corresponding to a fixed total number of initial strings. In last
case the only contribution to the LRC coefficient originates from the terms of the
order of 1/(M7?).

As it was shown in [43] with the prescriptions (1.13) we can find (p;) by calcu-

lating the following average over string configurations:

(pB) _ <Zf\41 77141> =(YZ) . (D.4)

M =
Po D ket U

Here we introduce the following notations

Mo Mo\
Y = an, 7 = (an) : (D.5)
i=1 j
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Taking into account the definition (3.11) we can present the Y with the accuracy

up to v} as follows

M
1 3 3y, 32 1503 4503
Y =M S5, |1+ 7k L L4 L d , D.6
3/4 M Sy, ;” (4@ 322 3847 2048ﬁ;1)] (D-6)
where we have introduced the following convenient notation

1 M
= Mzﬁf. (D.7)
=1

To calculate the Z with the same accuracy we at first have to use the expansion

M
Z 77@ M 5y
i=1

1 V; V2 U3 5u4
1 E ! L ! = MSi,1
" MS, 5 = U ( ARt 128ﬁ?> alltal

2m;
(D.8)
where y
1 1y 2 U3 5ut
= n? — L — —— . D.9
“ 7 Ms,), ; L <2m s 16m 128ﬁ?> D9)
Then we can write
7 = L = (1 —a+a®—a®+a' (D.10)
MSl/2[1+&] MSl/Q
Multiplying Y by Z and taking into account only the terms ;" v*v, v, satisfying
the conditions & = ) . o = 2 or 4 (see formulas (D.1) and (D.2)), we find
S3/4
YZ = g [1—|—A1—|—A2+Bl—|—BQ—|—C] (Dll)
1/2
Here the A; and A, collects four terms with oo = 2:
M M
1 V2 3 V2
A = i _ i D.12
L BMSy, 21: m 32M Sy 21: m P
1 Mo 3 Mo
Ay = -7 - (D.13)
AM?2S} ), ZJ ﬁ;ﬂﬁ;/? 8M?2S) 12534 “ Z =/

and the By, By and the C collect twelve terms with a = 4.

5 Mo 45 M
By = i ' D.14
! 128M S} 2 ; ﬁzw 2048MS3/4 Z _13/4Jr ( )
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+
2q2 _3/2_3/2 2 _3/2_5/4 ’
64M Sl/2 rr] n] 256M S1/253/4 i nz 77
B, 1 M 1/2-1/]3 5 i yiy?’ B 3 i v; 33 (D.15)
16MQS%/2 i ﬁ1/2ﬁ5/2 256M251/253/4 ig ﬁ:/2ﬁ3/4 64M251/253/4 ﬁ@l/4ﬁ5/2

ViVj I/k _ 3 ViV yk _ 3 ViVj I/k
32M S3 Z —1/2_ 1/2_3/2 128 M3,52 /253/4 Z _1/2ﬁ1/2ﬁ5/4 32M35%/253/4 Z —1/2_ 1/4ﬁ3/2 )

/2 4556 i ik i ik T k
1 ViV VLU. 3 M V;Vi VLV,
C M t7J kZm M 177 kVm .
16 M4 Si‘ﬂ Z; ﬁ21/2771/2771/2 =1/2 32M4513/253/4 ; ﬁg/z_}mﬁimﬁ:n/zx
(D.16)

We will see below that the leading contributions to (p;) originating from the terms

Ay, Ay, By, By and C are of the following order:

1 1 1 1 1
AlN:7 A2N—_, 731’\’_—, :B2N—_, :CN—_-
] M ik M7 M2

(D.17)
So taking into account the remark in the beginning of the present Section D.1 in the
leading approximation we can do not take the C contribution into consideration.
Now to calculate the (p;) by (D.4) we need to average the expression (D.11)
over string fluctuations, given by the distribution (3.3):
@ =(YZ) = %[1 + (A1) + (As) + (B1) + (B2) + (C)]. (D.18)
Po 51/2
We can do this using the rules (D.1) and (D.2) obtained above. At that we have to
take into account that these rules are valid only for non coinciding arguments (see
the remark after the formula (D.2)). So at first we must express all sums entering

the formulae (D.12)-(D.16) through the sums with non coinciding arguments. We

can do it easily using the following obvious relations:

D B N N N D D

i,J i# =] Gk FEjFR i=gFk FEj=k i=k#F) i=j=k
and so on. Then for terms of the general form we have

aq az Oél CY2 < a1toe a1 ag a3>

Z <iﬁli@2 Z <—ﬁ1—52 +Z —/31+52> Z <—51—Jﬁ2—53 o (D'QO)

2] i 77.7 i#£j i 77] i M; i,k ; n] M
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<Va1ya2]/a3 < artaz a3 al a2+a3 < aitag az < a1+a2+a3>
=D e T e Z + +Z

T Bi—P2—Ps —ﬂ1+52—53 —51—52+53 —ﬂ1+53—52 —51+/3’2+53
i#j#k T 105 T i#£k ; i#£j i 1 i#£j i 1; i

After that, using the rules (D.1) and (D.2) and taking also into account that
N = M S, we find the answer for (p;) as the linear combination of the sums of the

following type:
Noml=MSB, Y waL > wAlm (D.21)
i i#] i#j#k
and so on. Now to express all these sums through the Sg, defined by (D.7), we have

to use the relations inverse to (D.19):

d onlw) = me me—(Zﬁf) (Zﬁ]) Z‘B” M?S55, =M Sgyy , (D.22)
( J

i#]
Swmm=Y W m - W > W - > W2 Y W=
1#j#k 1,5,k =3,k i,j=Fk i=k,j i=j=k

= M®S55,S5 — M?S3S. s — M?S,S5,5 — M?S5Ss. + 2M Sz y5.
Using this technique we can easily check that the leading orders of the terms in the
Ay, A, By, By and the C are given by (D.17). Then, applying this approach and
taking into account only the terms of the order 1/7, 1/5%, 1/(M7%) and 1/(M%?) in

the contributions Ay, Ay, By, By (see the remark in the beginning of the present

Section) we find

S S 35_ S? 35 1S
<p> —(YZ) = 3/4{1+w( /2 1/4>+w2< /2 1/2 1/4+

Do 51/2 85512 32 53/4 64 512/2 256 S1/2S3/4
(D.23)
1555/ _1355_5/4) i[w< 3, 1 35514 ) w2(75_ 35 1
1285512 2048S55,) M |7\ 328, ' 457, 855128, 3257, 325,
95 3SuSap BISau 354 575 )”
256 515512 3287,S34 1024585 12857585 256 51283

D.2. Calculation of the Long-Range Correlation Coefficients

Using the methods, developed in previous Section D.1 with the example of the
(py) calculation, we can now easily to find all other averages entering the correlation

coefficients by, and by, defined by (D.3) with necessary accuracy.
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In accordance with the prescriptions (1.13), taking into account (D.8) and

applying the developed technique we find

M
1 571/2 9 15573/2 1 1 9 15871/2
(S n ) =mss12d{1- - = |
<;” > o9 { “gss12 18812 T M Y88, ¢ 645,9512

(D.24)

Using the general expression for (ppnp):

i) <Z 77:> : (D.25)

Pop

obtained in [43] for the LRC, and the formula (D.6) we also find that in the frame-
work of the developed approach:
3514 1355 s i[ 3, 2 135S 1 H

328, 2048 Sy “325, ¥ 10245,5,,
(D.26)

(ppnr)
Pop

:MS3/4{1—CU

Finally by this technique taking into account the formula (D.8) we find for the

contribution of the LRC to (npnp) the following expression:

2

<anF> 9 UJS_l/Q w 531/2
112 = M55 1 15512 615510 \ 5oz ~ Pt (D2T)

Jr1 w N w? 75 4 +S—1/2
M (457, 45512 \85512 " 5, |

Now we can calculate the covariances (the correlators) entering the correlation

coefficients by, and by, (see the formulae (D.3)):

p 12 4 Sy 32 )
(D.28)
cov(pp,nr)  (ppnr) — (pr) (n) w, [ 3SS514 53/4 53/4
= =— k +  (D.29)
Dot Dot 4 \ 25512 51/2 25,

+w_§ 5TS s 21814 3814  TS3uS-1 385148 N S3/a5-1/  S3/aS-1s2
8 \325512 325, | 1653, 452, 852, 3, 15512
We really see that all terms proportional M? in formula (D.27) for (npnr) are

cancelled by the terms of this order in <n2> similarly, all terms proportional M in
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formula (D.26) for (ppnp) are cancelled by the terms of this order in the product
(pt) (n), given by the formulas (D.23) and (D.24).

Moreover if we will go to the case with a homogenous string distribution in the
transverse plane with some mean string density, corresponding to the same mean
number, 77, of initial strings in a lattice (grid) cell, when all 77i = 7, then we will

have

1 5
Sp =~ d anl=7". (D.30)

In this case all contributions proportional to w in formulae (D.27) and (D.26) for the
correlators (covariances) cov(ng,ng) and cov(pp,np) are also mutually cancelled
and only the contributions of the terms of the order w? survive. In this simple case

the formulae for the correlators (covariances) reduce to

2
w
v 327
cov(pp,nr) w727 (D.32)

pop 1287
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