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06w,a.H xapaKTepHCTI1Ka pa60TbI 

AKTyaJibHOCTb npo6JieMbl. 

Jlyqrnefi Ha cero,!];mI TeOpIIeil:, 011IICbIBaIOrn;ei't pa3JIH'!Hble 5!BJieHmI, 11p0IICX0,!];5!

rn;IIe 11pll CT0JIKH0BeHIIII qacTIIU. BbIC0KHX 3Heprnfi, 51BJI51eTC5! TaK Ha3bIBaeMa5! CTaH

,!];apTHa5! M0,!];eJib ( CM) B3aIIM0,!l;eficTBH5! 3Jie.MeHTapHbIX qacTHIJ.. B Te'feHne 11ocJie,!l;

HIIX ,!];Ba,!];IJ.aTH 115!TII JieT 11p0B0,!];IIJIIICb MH0r0'fIICJieHHbie 3KC11epIIMeHTbl 110 11poBepKe 

CM Ha ycK0pIITeJI5!X BblC0KHX 3HeprIIH II B 11pe,!];eJiax T0'IH0CTII 3T!IX 3KC11epm.IeHT0B 

He 6hrno o6Hapy:a<eHo HH 0,!l;Horo pacxmK,!l;eHII5! OT 11pe,!];cKa3aHIIfi CM. C 110RBJieHII

e.M H0BhIX ycKopIITeJieil: (LHC, ILC, CLIC) iroRBJIReTC51 B03.M0)KH0CTh 11poBepKII CM 

c T0'fH0CTblO :::::: 1 %, 'ITO 11pe,!];l10JiaraeT Bblil0JIHenne TeopeTH'leCKIIX paC'feT0B c ern;e 

6oJibIIIeil: T0'IH0CTblO ( < 0.3%), 'IT06hI ne BH0CHTb ,!];0110JIHI!TeJibHJIO CHCTeMaTII'fe

CKJIO 11orpeIIIH0CTb 11pH cpaBHeHIIH pe3JJibTaT0B 3KC11epII.MeHT0B C 11pe,!];CKa3aHH5!MII 

~~- ' 

O,!];HIIMII Il3 11pou.ecc0B, 11pe,!];CTaBJI51IOIIJ;!IX 6oJibIIIOH lIHTepec ,!];JI5! <pII3II'leCKO!l 

11porpaMMhI 6y,!l;Yrn;IIx 3Kc11epIIMeHT0B ATLAS II CMS Ha ycKopIITeJie 11p0T0H0B LHC 
u ,!l;JIR 11poB0,!l;IIMhrx B HacToRrn;ee BpeMR 3Kc11epIIMeHT0B DO II CDF Ha KOJIJiail:,!];epe 

Tevatron, r,!];e CTaJIKIIBaIOTC5! 11J'IKII 11p0T0H0B II aHT!I11p0T0H0B, 51BJI51IOTC5111pou.ecChI 

TII11a ,IJ:peJIJia-5Ina 3ap51)Ke1rnoro II neil:TpaJibHoro T0K0B, Ha3hIBaeMhie TaK)Ke 11po

u.eccaMII 0,!l;IIH0'IH0ro p0)K,!];eHirn w II z 6o30HOB: pp-+ w± + X -+ c±vi('y, g) + X, 
PP-.,,,, z+x-. c-c+('y, g)+X, pp-. w±+x-. c±vi('y, g)+x, PP-.,.,,, z +x-. 
c-c+ ( 1'' g) + X. 8TH 11pou.ecCbl JierK0 perIICTpupyIOTC5! B ,!];eTeKT0pax ( 60JibIIIIIe 11011e

pe'IHbie IIM11JJibCbl Jiel1T0H0B u 110Tep5!HbIH 11011epe'IHbIH IIM11JJibC) II II.MeIOT 6oJibIIIOe 

ce'leHIIe: Ha LHC ,D;JI51 p0)K,!l;eHIIR W 30 nb, ,!l;JIR Z 3.5 nb. I1peIJ.II3IIOHHOe II3J'leHIIe 

3TIIX 11pou.ecc0B IICl10Jib3JeTC51 ,!];JI5! 011pe,!];eJiemrn 11apT0HHhIX q>JHKIJ.IIH pac11pe,!];eJie

HIIR, JT0'IHeHII51 3Ha'leHIIH 11apa.MeTp0B Mw, sin2 gef f, f W, f z, M0HIIT0pIIHra CBeTII

M0CTII ycK0PIITeJI5! II KaJIII6poBKII ,n;eTeKT0p0B. ,II:JI5! ,!l;0CTII)KelflI5! Tpe6yeMofi T0'IHO

CTII neo6XO,!l;IIMO yqecTb 3JieKTpOCJia6bre II QCD 11onpaBKII II IIX B3aIIMH0e BJIII51HIIe. 

CorJiacHo CM ,!J;0MIIHIIpy10rn;IIM KaHaJI0M pac11a,!];a T0l1-KBapKa 51BJI5!eTC51 11po

u.ecc t -+ bW+ C OTHOCIITeJibH0H Bep05!TH0CTblO 99.9%. B CB0IO oqepe,!];b, 0TH0-

CIITeJibHa5! Bep051TH0CTb pac11a,!];a W-6030Ha Ha 3ap5!)KeHHbIH Jiel1T0H II Heil:TpIIHO 

Br(w+ -+ c+vi) :::::: 11%. TaKIIM o6pa30M, 110JIJJiel1T0HHbie pac11a,!];bl t -+ bf+vf 
(£+ = e+' µ+' 7+) C0CTaBJI51IOT 11pn6JIII3IITeJibHO TpeTb Bcex pac11a,!];0B T0l1-KBapKa. 

OcTaBIIIaRc5! qacTb 11pnxo,!];IITC5! Ha KBapK0Bbre pac11a,!];br t -+ bud, t -+ bes, 11pIIMep

no 110 33% Ha KBapKOBYIO 11apy. I1peIJ.II3IIOHHOe Bbl'IIICJieHIIe 11011paBOK K 3Ha'leHII5!M 

IIIIIpIIH ,!];aHHbIX pac11a,n;0B 1103B0JIIIT JT0'IHIITb 3Ha'leHIIe 11apaMeTpa ½b .MaTpIIIJ.bl 

Ka66II6o-Ko6aRIIIII-MacKaBa. 

Cpe,!];CTBOM ,!];JIR HaII6oJiee T0'IHoro II 110,n;po6Horo cpaBHeHIIR 11pe,n;cKa3aHnil: Teo

pIIII C pe3JJibTaTa.MII 3KC11epII.MeHT0B B HacTomu.ee Bpe.M5! 51BJI51IOTC51 MoHTe-KapJIO 

renepaT0pbl co6bITIIfi c e,!];IIHII'IHbIM BeC0M, 11pe,!];CTaBJI5!IOIIJ.lfe co6oil: 11porpaMMbI, 

MO,!];eJIIIPYIOIIJ.lfe peaJibHbie 11pou.ecChI, npOIICX0,1J;5!IIJ.lfe 11pII CTOJIKHOBeHIIII qacTIIU. Bbl

C0KIIX 3Heprnil:. TaKIIe II3BeCTHbre 11porpaMMhI KaK PYTHIA II HERWIG Mo,n;eJIIIPJIOT 

11pou.ecCbI CTOJIKHOBeHII51 a,n;pOHOB II Jiel1TOHOB Han6oJiee 110,n;po6no, Y'IHTbIBa5! 06-
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pa30BaHIIe rrapTOHHhIX JUIBHeii, a,LqJOHII3aIIIIIO II pacrra,n; o6pa3yIOill,lIXCR a,n;ponoB. 

B OCHOBe !IX JieJKIIT TaK Ha3hIBael\Ihlll )KeCTKIIii rrpoIIeCC CTOJIKHOBemrn: rrapTOHOB 

TIIIIa 2 ---+ 1, 2 ---+ 2 IIJIII 2 ---+ 3 ,ll;JIR KOTOpbIX H3BeCTeH KBa,n;paT l\IaTplr<rnoro 3Jie

MeHTa. Ho ,n;mr MHOrllX IIPOIIeCCOB MaTpnqnhill 3JieMeHT nocqaTaH Jll!Illh B 6opHOB

CKOM npn6m11Kemrn. ,Il,mr yqeTa 3<p<peKTOB Bh!CIIHIX nopR,IJ;KOB l\lO)KHO IICnOJih30BaTh 

MoHTe-KapJIO reHepaTOphI, KOTOpbie renepnpymT co6hITl!R JIHIIIh ,ll;JIR JKeCTKIIX npo
IIeCCOB, HO C yqeTOM Heo6xo,n;HMh!X nonpaBOK. 8TH co6b!THR MoryT 6b!Th 3arn1canb1 B 

cpaiiJihI, KOTOpbie nepe,n;aIOTCR ,ll;JIR o6pa6oTKH B MoHTe-KapJio reHepaTOpbl o6Ill,ero 
Ha3naqemrn:. 

B ccpepe pacqeTOB pa.n;naIIIIOHHh!X nonpaBOK ,ll;JIR JKeCTKIIX npoIIeCCOB eCTh no

Tpe6HOCTh B pa3BHTIIII KOMnhIOTepHb!X IIHCTpyMeHTOB ,ll;JIR IIX aBTOI\IaTH3aIIHl!. Ha 

,n;aHHhlll MOMeHT B MIIpe eCTh HeCKOJihKO KOMnhIOTepnhIX CHCTeM, no3BOJIR!Olll,IIX npo

BO,ll;HTh TaKl!e pacqeTbl Ha O,ll;HOneTJieBOM ypoBHe TOqHOCTII B aBTOMaTnqecKOM IIJIII 

noJiyaBTOMaTnqecKOM peJKIIMe. 8To TaKne cncTeMhI KaK FeynArts, GraceLoop. 06-
cyJK,n;aeMaR B .n;nccepTaIIHII cncTel\m SANC - 3TO KOMnhIOTepHaR cucTeMa ,D;JIR noJiy

aBTOMaTIIqecKux BhJql!cJiennii peaJIIICTllqHhIX II nceB,n;o-na6JIIO,D;aeMb!X .n;mr pa3Jillq

Hh!X npoIIeCCOB B3aIIMO,n;eiiCTBl!R 3Jie.MeHTapHb!X qaCTl!II Ha o,n;HoneTJieBOI\! ypoBIIe 

TOqHOCTll .n;mr 3KCnep11MeHTOB Ha ycKOpIITemrx. 

IlpoBe,n;eHHOe HCCJie,n;oBamrn rrpecJie,n;oBaJio cJie,n;ymrn;ne 11,eJin: 

1. pa3pa6oTaTh BhJqncJinTeJihHYIO cpe.n;y ,D;JIR QCD BhJqIIcJiennii B paMKax CIICTe

MhI SANC; 

2. BhIIIOJIHl!Th pacqeT o,n;HoneTJieBhIX QCD nonpaBOK K npoIIeccaM TIIna ,Il,peJIJia-

5.IHa; 

3. BhIIIOJIHI!Th pacqeT o.n;noneTJieBhIX QCD II 3JieKTpocJia6ux nonpaBOK ,ll;JIR npo

IIeCCOB o.n;mroqnoro poJK,n;emrn: t-KBapKa l! ero pacna.n;a na KBapKn c yqeTOM 

Koneqnoii IIII!pl!Hhl t-KBapKa; 

4. C03,D;aTb cpopTpannh!e l\!O,D;yJIII, peaJIH3Y!Olll,l!e pe3yJihTaTbl BbJqIIcJiennii, ,ll;JIR 

ncnoJih30BaHmI B MoHTe-KapJio renepaTopax. 

Hayqmur H0BH3Ha pa60Tbl. 

• C noMOill,hIO CHCTeMhI SANG BhJqIIcJieHhI QCD o.n;noneTJieBhie 3JieKTpocJia6bie 

nonpaBKII K ceqeHIIRM npoIIeccoB TIIna ,IJ,peJIJia-5.lna 3apaJKeHnoro II Heii

TpaJihHoro TOKOB. BhIJIO npoBe,n;eHO cpaBneHIIe C pe3yJihTaTa11,m, noJiyqeHHh!MII 

He3aBIICIIMO II O,ll;HOBpeMeHHO ,n;pynIMH rpynna.MII npH o.n;1rnaKOBhlX BXO,ll;Hh!X 

napaMeTpax, KOTopoe noKa3aJIO xopoIIIee corJiacne 3TIIX pe3yJihTaTOB. 

8JieKTpOCJia6hie nonpaBKII 6bIJII! yJKe BKJIIOqeHbl B CHCTeMy paHee, n03TOMY 

ceiiqac B O,ll;HOM Ko,n;e peaJIII30BaHbl O,ll;HOBpe.MeHHO QCD II 3JieKTpOCJia6bie 
nonpaBKH ,ll;JIR npoIIeCCOB THna ,Il,peJIJia-5.IHa. 
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• Bh1q11cJieHhI QCD n 3JieKTpocJia6hrn nonpaBKll ,n;JIR npoIIeccoB o,n;IInoqHoro 

po)K,ll;eHIIR t-KBapKa II ero pacna.n;a Ha KBapKII C yqeTOM KOneqnoii IIIHpIIHhl 

t-KBapKa. 

• PeaJIII30BaH o6Ill,llll MeTO,ll; BhJqIICJieHIIR BcnoMoraTeJihHh!X cpyHKIIIIll J TIIna 

ITaccapIIHo-BeJibTMaHa ,ll;JIR npoIIeCCOB O,ll;IIHOqHoro pO)K,ll;eHIIR t-KBapKa II ero 

pacna.n;a Ha KBapKn. 

IIpaKTHqeCKruI 11,eHH0CTb pa60TbI. 

Pe3yJihTaTbl ,ll;l!CCepTaIIIIII Haii.n;yT CBOe•npII.MeHeirne npII BbiqIIcJieHIIII BKJia,D;OB 

npoIIeccoB CM B 3KcnepIIMeHTaX ATLAS II CMS no npeIIII3IIOHHoii npoBepKe CM 

II noIIcKy HOBoii q>II3IIKII Ha ycKopIITeJie LHC. 

OcttOBHbie pe3JJibTaTbI, Bbl,11,BHraeMbie ,ll;JIH 3arn;HTbI: 

1. Pa3pa6oTaHa II peaJIII30BaHa BhlqIICJIIITeJihHaR npoIIe.n;ypnaR cpe.n;a B CIICTeMe 

SANC ,D;JIR QCD ceKTopa. 

2. IloJiyqeHhI aHaJIIITIIqecKIIe BhipaJKemrn: B cpe.n;e SANC ,D;JIR QCD nonpaBoK 

,ll;JIR npoIIeCCOB ,Il,peJIJia-5.IHa no KaHaJiaM 3apRJKeHHOro ll HeiiTpaJibHOro TOKOB 

pp---+ w± + X---+ f.±ve(,,g) + X, pp---+ w± + X---+ f.±ve(,,g) + X, pp---+ 
,,z + X---+ c-c+(,,g) + X, pp---+ ,,z + X---+ c-c+(,,g) + X Ha KBapK

napTOHHOM ypoBHe C yqeTOM MaCChl KBapKOB II napaJIJieJihHO B Ms cxe.Me. 

3. BnepBbJe C03,D;aHbl aHaJil!Tl!qecKIIe II cpopTpaHHhie MO,D;yJIII .n;mr BbiqIIcJieHIIR 

QCD l! EW o,n;HoneTJieBhIX nonpaBOK ,D;JIR npoIIeccoB ,Il,peJIJia-5.IHa Ha a.n;poH

HOM ypOBIIe. 

4. PeaJIIl30BaH o6IIIl!ll .MeTO,ll; Bhlql!CJieHl!R BCnOMOraTeJibHhIX <pyHKIIIIii J TIIna 

ITaccapl!Ho-BeJihTMaHa .n;mr npoIIeccOB: t ---+ bud, ud ---+ tb, bu ---+ td. 

5. B MJJihTl!KaHaJihHOM no.n;xo.n;e Bhlql!cJieHhl 0,ll;HOneTJieBhie 3JieKTpOCJia6bJe no

npaBKll .n;mr npoIIeccoB: t ---+ bud, ud ---+ tb, bu ---+ td. C03,n;aHhI aBTOHOMHhie 

aHaJil!Tl!qecKl!e MO,D;yJIII .n;mr l!X BhlqIICJieHIIR. 

Arrpo6a11,n» pa6oTbI. 

OcHOBHhJe pe3JJihTaThl ,ll;IICCepTaIIIIll ,ll;OKJia,n;hIBaJIIICb ll o6cy)K,ll;aJil!Ch Ha Ce.MII

Hape Jla6opaTOpllll TeopeTIIqecKoii <PII3IIKII HM. H.H.BoroJI1060Ba OI15II1 (14 Maa 

2010 r.), Ha.Pa6oql!X CoBelll,aHmrx no <pll3l!qecKoii rrporpaMMe ATLAS (14 arrpeJia 

ll 22 ,n;eKa6p.H 2006 r., 24 ,n;eKa6pa 2008 r. II 12 MaR 2009 r.), Ha coBelll,aHII.HX ATLAS 

Monte-Carlo Generator meeting B CERN ( 12 ,n;eKa6p.a 2006 r.), CALC2006 (,IJ,y6-
Ha, 15-25 IIIOJI.H 2006 r.), CALC2009 (,Il,y6Ha, 10-20 l!IOJIR 2009 r.), II ACAT2008 

(CIIIIIIJillR, 3-7 HOR6p.H 2008 r.) 

IIy6JIHKaIJ,HH. 

Ilo pe3JJibTaTa.M ,ll;l!CCepTaIIIIII ony6Jil!KOBaHO n.HTh CTaTeil: B Be,D;ylll,l!X peIIeH3II

pye.MbIX JKypHanax, o,n;IIH rrpenpIIHT [hep-ph] ll ,n;Be pa6oThI B Tpy,n;ax KOH<pepeHIIIIii. 
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06'beM 11 cTpyKTypa ,z:i;11ccepTau;1111. 
,IJ:uccepTaIImI COCTOIIT 113 BBe,11,eHmr, IUITII rJiaB II 3aKJIIO'!emrn, HaIIe'!aTaHa Ha 

128 CTpam1u:ax, co,11,ep)f(IIT 22 pucyHKa, 77 6116JII10rpaqm'leCKIIX CCbIJIOK. 

Co,z:i;ep)1<:a1me pa6oThI 

Bo BBe,ri;eHllll O'Iep'!eH Kpyr IICCJie.n;yeMbIX rrpo6JieM, KpaTKO cq:,opMyJiupoBaHbI IIC-

IIOJih3yeMbie MeT0,11,bI II pe3yJibTaTbI, IIOJiy'leHHbie B ,11,IICCepTau:uu. IlpuBe,1],eHO co,11,ep- ., 

)f(aHIIe ,11,IICCepTaIIIIII no rJiaBaM. 

B rrepBoii rJiaBe ,11,uccepTau:1111 orrucbrnaeTca pacrnupeHue cucTeMbI SANC ,11,na 

KX,IJ: pac'!eTOB. Ha,11,0 OTMeTIITb, 'ITO IICTOpII'!eCKII CIICTeMa pa3BIIBaJiaCb TaK, 'ITO 

CHa'laJia 6bIJIII pa3BIITbl anropIITMbl II COOTBeTCTByroru:uil: KOMIIbIOTepHblll K0,11, ,1],JI51 

K9,IJ: II 9C pac'!eTOB. Ilo3)f(e MbI co3,11,anu cpe.n;y KX,IJ: BhI'lIICJiettuil: B paMKax cucTe-

MbI SANC u c ee rroMOJD:hIO tta'laJIII BhI'lIICJiaTb KX,IJ: NLO rrorrpaBKII K rrpou:eccaM. 

BbIJI ttarrucaH tta6op rrpou:e.n;yp Ha a3bIKe FORM ,11,na aHaJIIITII'!eCKoro BbI'lIICJie

HIIa COCTaBHbIX 6JIOKOB KX,IJ:, TaKIIX KaK co6cTBeHHbie 3Heprllll KBapKOB II rJIIOOHOB, 

BepIIIIIHbl C BIIPTYaJibHbIMII rJIIOOHaMII II COOTBeTCTBYIOJD:Ile KOHCTaHTbl rrepeHopMII

pOBOK. 9TH 6JIOKII ttaxo,11,aTca tta ypoBHe QCD Precomputation cncTeMbI. 

fJiaBa 3aKaH'!III3aeTC51 o6cy)f(,1],eHIIeM TeCTI1pOBaHII51 HOBOll cpe,11,bl Ha pac'!eTax 

rrpocTellIIIIIX pacrra,11,0B 6030HOB Ha KBapKII. 

Bo BTopoii rJiaBe orrucbrnaeTca pac'!eT 0,11,ttorreTJieBbIX KX,IJ: rrorrpa13oK ,1],Jla 

rrpoIIeCCOB .il:peJIJia-.Htta, 3apa)f(eHHOrO II tteil:TpaJibHOro TOKOB. 3,11,ecb paCCMOTpeHbl 

KBapK-aHTIIKBapKOBblll Kattan COBMeCTHO C KBapK-rJIIOOHHblM II rJIIOOH-aHTIIKBap

KOBbIM KaHaJiaMII Ha rrapTOHHOM ypoBHe. Pa6oTaa c MaCCIIBHbIMII KBapKaMII, Mbl 

perynapII30BaJIII KOJIJIHHeapHbie paCX0,11,HMOCTII MaccaMII KBapKOB. ,IJ:na II36e)f(aHII51 

,1],BOllHOro y'leTa KOJIJIIIHeapHbIX paCX0,11,IIMOCTeil:, Y'!TeHHbIX B <pyHKIIIl51X rrapTOHHbIX 

pacrrpe,11,enettuil:, rrpuMettaeTca cooTBeTCTByroru:aa cxeMa ux BbI'lIITattuil:. ,IJ:na 3Toro 

Mbl cpaBHIIJIII aHaJIIITII'!eCKIIe pe3yJibTaTbl MaCCIIBHOil: cxeMbl Bbl'lIICJieHIIil: C aHaJIO

rII'!HblMII pe3yJibTaTaMII IIOJiy'leHHblMII B MS cxeMe, Bbl'lIICJieHHbIMII B n-MepHOM 

<pa30B0M ofrheMe. TaKIIM o6pa30M Mbl BbI,1],eJIIIJIII '!JieHhI, KOTOpbre neo6xo,11,IIMO Bbl

'!eCTb 113 pe3yJibTaTa MaCCIIBHOro pac'!eTa. 

B KOHIIe rJiaBbl IIOKa3aHbl rrpuMepbI KIIHeMaTII'leCKIIX pacTipe,11,eJieHIIil: Ha a,11,pon

llOM ypoBHe. Mbl TipIIBeJIII 3,1],eCb cpaBHeHIIe HaIIIIIX pe3yJibTaTOB C COOTBeTCTBYIO-

IIIIIMII pe3yJihTaTaMII TiporpaMMbI MCFM, CM. Puc.I, 2. ' 
,IJ:na TipaKTII'lecKoro TipIIMenenua TaK)f(e tteo6xo,11,11Mo ,11,06al3IITb K 3TIIM pe3yJih

TaTaM TiapTOHHbie JIIIBHII. 9To MO)f(HO c,11,eJiaTb C TIOMOIIlblO Il3BeCTHbIX TiaKeTOB 

PYTHIA II HERWIG. Hy)f(HO OTMeTIITh, 'ITO y'leT JIIIBHeil: y6upaeT TipOBaJI na pac

Tipe,11,eneHIIII B03Jie pe3ottattca na Pnc. 1. 
O,11,noTieTJieBhie 3JieKTpocna6hre TIOTipaBKII K TipoIIeccaM ,IJ:penna-.Hna 6blJIII BKJIIO

'!eHbI B cucTeMy SANC pattee. 9TH pac'!eTbI 6bIJIII TIIIaTeJihHO TipoBepettbI TIPII cpaB-

11enuu c pe3yJihTaTaMI1 ,11,pyrux rpymr. 

B TpeTheii rJiaBe ,11,uccepTaIIIIII OTIIICaHhI pacTia,11,hI t ----> bfd{. B paMKax cn

CTeMhI SANC 6hIJIII BbI'lIICJieHbI KX,IJ: II 9C TIOJIHbre, o,11,110TieTJieBhie TIOTipaBKII ,11,na 

3TIIX pacTia,11,0B. 
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Puc. 1: PacTipe,11,enettue TIO TIOTiepe'IHOMY IIMTIYJibCY µ+ ,11,na 3apa)f(eHttoro TOKa 

.il:penna-.Htta. 

HaTIOMHIIM, 'ITO B SANC MbI Bcer,11,a BbI'lIICJiaeM 0,11,ttoTieTJieByro aMTIJIIITY.D;Y rrpo

u;ecca KaK aHHIIrIIJI51IIIIIO B BaKyyM co BCeMII 4-IIMIIYJibCaMII BX0,1],51IIIIIMII. IloJiy'la

eMbie TaKIIM o6pa3oM q:,opM<paKTOpbr ,11,na aMIIJIIITY,11,hI TIPOIIecca tbud ----> 0 rrocne 

COOTBeTCTBYIOIIIIIX TiepecTaHOBOK apryMeHTOB MOryT 6bITb IICTIOJib30BaHbI ,1],JI51 OIIII

caHII51 0,11,HOTieTJieBblX TIOTipaBOK K TIPOIIeccaM 0,1],IIHO'lHOro pO)f(,1],eHIIa TOII KBapKa, 

T.e. s-Kanana ud----> tb II t-Kanana ub----> dt. 
O6cy)f(,1],eHIIe 9C TIOTipaBOK 6onee ,11,eTaJibHO, T.K. B 3TOM CJiy'lae OHII 6onee CJIO)i(

Hble TIO cpaBHeHIIIO c KX,IJ:. PaccMoTpetta Tipo6neMa BbI,11,eJieHIIa K9,IJ: BKJia,11,a II3 

TIOJittoil: 9C TIOTipaBKII. 

3aTeM rrprme,11,eHbl 'lIICJieHHble pe3yJibTaTbI, IIOJiy'leHHbie C TIOMOIIlblO MottTe Kap

JIO IIHTerpaTopa. Mbr Il3Y'!IIJIII He3aBIICIIMOCTb 9C II KX,IJ: TIOTipaBoK OT MaCCbI mb, 

'ITO roBOpIIT O corJiaCIIII C TeopeMOil: KI1HOIIll1TbI-JlII-Hay3n6epra. TaK)f(e Mb! rrpo

,11,eMOHCTpIIpoBaJIII 3<p<peKT y'leTa IliIIpIIHbI w 13 9C BKJia,11,e II TiepBbie pe3yJibTaTbI 

TIO y'leTbl IliIIpIIHbI TOTI KBapKa. 

BbIJIO Tipo,11,enano TI0,1],p06noe IICCJie,1],0BaHIIe IICTIOJib30Bamrn pa3JIIl'!HbIX KacKa,11,

HblX rrpII6JIII)f(eHIIll B 'll!CJieHHbIX pac'leTax. Ero IIeJibIO 6hIJIO TIPOBepI!Tb B03MO)f(

HOCTb IICTIOJib30BaHII51 pa3JIIl'!HblX CTpOIITeJibHblX 6JIOKOB, Bbl'lIICJieHHbIX B SANC, B 

co3,11,aHI1II MonTe Kapno IIHCTpyMeHTOB ,11,na CJIO)f(HbIX peaJibllhIX Tipou:eccoB. BhIJIII 
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Puc. 2: PacTipe,n;eJieHue TIO llHBapuaHTHOli Macce JieTITOHHOli TiapbI a Heil:TpaJibHOM 

ToKe ~e;ma-51Ha. 

llCCJie,n;oBaHbl KaCKa,n; C Y3KOH IIIllpllHOH, KaCKa,n; C KOMTIJieKCHOli Maccoil: w ll TIO

JIIOCHOe IIpu6Jill)KeHlle. Pa3ttmi;a Me)K,ny KaCKa,Il;HbIMll npu6Jill)KeHUHMll u IIOJIHbIM 

O,Il;HOTieTJieBbIM pacqeToM TIOKa3aJia 3q>q>eKT 9C 6oKCOB, KOTOpbie OTCJTCTBYJOT B 

KaCKa,n;ax. TeM He Mettee Otta ,Il;OBOJibHO MaJia u MO)KHO Ha6JII0,1];aTh xopornee corJia

cue KaCKa,n;HbIX Tipll6JIU)KeHllli c TIOJIHbIM pacqeTOM. 

Hau6oJiee Ba)KHbIM B llCCJie,n;oBaHllll Tipll6JIU)KeHHbIX MeT0,1];0B MO)KHO Ha3BaTb 

u3yqettue TIOJIIOCHoro Tipu6Jiu)Kettua:, T.K. OHO Tipe,n;cTaBJIHeT co6oil: .n;uq>q>epemi;u

aJibHJIO peaJiu3aIJ;llIO rnupuHbI pacTia,n;a. 9To B CBOIO oqepe,Il;b ,n;oTiycKaeT reHepaii;llIO 

co6bITllli B KaCKa,D;HOM Tipll6Jill)KeHllll. 

,ll;anee Tipe,n;CTaBJieHbl pe3JJibTaTbl TIO llCTIOJib30BaHllIO cxeMhl peryJia:pu3aii;uu llH

q>paKpaCHhIX pacXO,Il;llMOCTeil:, CBH3aHHblX C ll3JiyqettueM ll3 t-KBapKa, KOMIIJieKCHOli 

Maccoil: t-KBapKa B 9C TIOTipaBKax. Pe3JJibTaTbl cpaBHeHUH 3Toro TIO,n;xo.n;a ll CTaH

,n;apTHOro Tio,n;xo.n;a B cucTeMe SANC TIOKa3attbI B Ta6Jiuii;ax 1-5, 

Bee pe3JJibTaTbl ,n;JIH KaHaJIOB po)K,n;ettua: t-KBapKa TIOKa3aHbl Ha TiapTOIIHOM 
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p:>orn=0.1490949(2) raB 

rt =O 

E,.,, raB 10-1 10-2 10-3 
r11oop 0.159503(1) 0.159495(2) 0.159499(7) 

0 6.981(1) 6.975(1) 6.978(5) 

rt# o 
r11oop 0.160736(2) 0.160784(2) 0.160787(8) 

0 7.810(1) 7.841(2) 7.842(5) 

Ta6JIUIJ;a 1: TIOJIHaa: BopHOBCKaa: ll 0,Il;HOTieTJieBaa: lIIllpllHbl rBorn ll r 11 B raB ll 

OTHOCllTeJibHaa: O,Il;HOIIeTJieBaa: nonpaBKa o B % ,Il;JIH pacna.n;a t - b +µ++iiµ-

p>orn=0.4472847(7) raB 

rt =O 

E,.,, raB 10-1 10-~ 10-J 

r11oop 0.47922(1) 0.47920(1) 0.47918(1) 

0 7.139(1) 7.135(1) 7.131(3) 

rt# o 
r11oop 0.48293(1) 0.48312(1) 0.48311(1) 

0 7.969(1) 8.012(1) 8.010(2) 

Ta6mm;a 2: TIOJIHaa: BopHOBCKaa: ll O,Il;HOTieTJieBaa: lllllpllHbl rBorn ll r 11 B raB ll 

OTHOCUTeJibHaa: O,Il;HOTieTJieaaa: TIOTipaBKa o B % ,n;Jia: pacTia,n;a t - b + u + d. 

v's=7000 raB, a 80rn=2.23529503(4) ¢6 

rt= o 
w 10-5 10-6 10-1 
a-11oop 1.5917(1) 1.5917(2) 1.5919(1) 

0 -28.79(1) -28.80(1) -28.78(1) 

rt #O 
a-11oop 1.5815(1) 1.5895(2) 1.5895(2) 

0 -29.25(1) -28.89(1) -28.89(1) 

Ta6JIUIJ;a 3: TIOJIHbie BopHOBCKlle u O,Il;HOIIeTJieBbie ceqettua: B ¢6 u OTHOCUTeJibHbie 

O,Il;HOTieTJieBhle nonpaBKll o B % ,n;Jia: Tipoii;ecca il + d - t + b. 

ypOBHe. Pe3JJibTaTbl ,Il;JIH 3apa:,n;OBO COTipa:)KeHHbIX KaHaJIOB 0,Il;IIHaKOBbJ: 

b + il - t +dub+ u - t + d (cM. Ta6Jiuey 4); b + d - t + u u b + d - t + il (cM. 
Ta6Jiuey 5). 

lfa cpaBHeHua: Bll,Il;HO, ~o yqeT lIIllpllHbl t-KBapKa .n;aeT 3q>q>eKT B 1 % ,Il;JIH pacTia

,Il;OB t-KBapKa u TIOpa:,n;Ka 0.1 % ,n;JIH paCCMOTpeHHbIX KaHaJIOB O,Il;llHOqHoro pO)K,Il;eHllH 
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✓s=7000 f:;iB, aBorn=50.82423111(8) rr6 
ft= 0 

w 10-6 10-7 10-~ 

17uoop 55.696(2) 55.697(2) 55.697(2) 
8 9.586(3) 9.588( 4) 9.587( 4) 

ft #0 
17uoop 55.613(1) 55.639(2) 55.640(2) 
8 9.428(3) 9.474(3) 9.476(4) 

Ta6mm;a 4: IIOJIHbie BopHOBCKIIe II O,ll;HOneTJieBbie ce11ettm1 B n6 II OTHOCIITeJibHbie 

o,n;ttoneTJieBbie nonpaBKII 8 B % npon.ecca b + u -+ t + d. 

✓s=7000 f:;iB, aBorn=50.72449055(7) n6 

ft =0 
w 10-6 10-1 10-8 

17uoop 55.581(2) 55.583(2) 55.580(2) 
8 9.575(3) 9.578(4) 9.572( 4) 

ft# 0 
O"lloop 55.495(2) 55.527(2) 55.528(2) 
8 9.404(3) 9.467(3) 9.469(4) 

Ta6JIIII.I,a 5: noJIHbie BopHOBCKIIe II O,!J;HOneTJieBbie ce11ettm1 B n6 II OTHOCIITeJibHbie 

o,n;ttoneTJieBbre nonpaBKII 8 B % npon.ecca b + d -+ t + u. 

t-KBapKa. 

B '!eTBepTOH rJiaBe ,ll;IICCepTaI.I,IIII paccMaTpIIBaeTCR nO,L\XO,ll; K attaJIIITII'leCKOMY 

COKpa1IIemno MaCCOBbIX II IIH<ppaKpaCHbIX CIIHryJIRpHOCTeii: B 9C nonpaBKaX. 

B cTatt,n;apTHOii: pe,n;yKI.I,IIII IIaccaprrno-BeJibTMaHa ,LJ;JIR 4-x TO'le'lHbIX 6oKcoB

CKIIX cpyHKI.I,IIH C BHyTpeHHIIMII <pOTOHHbIMII JIIIHIIRMII, coe,n;IIHRIOIIIIIMII ,LJ;Be BHeIIIHIIe 

JIIIHIIII Ha MaCCOBOH noBepxHOCTII BO3HIIKaeT IIH<ppaKpacHO II MaCCOBO CIIHryJIRP

HaR Do cpyttKI.I,IIR. Pattee npII pac11eTax 9C nonpaBOK K npon.eccy J J -+ Z Z ( Z A) 
B cIIcTeMe SANC 6bIJI npe,n;JIO:1Ken yttIIBepcaJibHbIH no,L1Xo,LJ; K BbI9:IICJieHIIIO TaKIIX 

,n;IIarpaMM. 3,n;ecb 06cy:1K,n;aeTCR, KaK 3TOT no,L1Xo,n; pa6oTaeT B KattaJiax t -+ bfi]f, 
fib-+ tf{ II Jd{ -+ tb (!1 - 6e3MaccOBbiii: cpepMIIOH), BBe,n;eHbI II BbI'lIICJieHbI BCIIO-

r+. Jd(c) 
MoraTeJibHbie 't'YHKI.I,IIII AW(WA)· 

CBR3b Me:lK,n;y IIH<ppaKpaCHO CIInryJIRpHOH cpyHKI.I,IIeii: Do II BCnOMOraTeJibHb!MII 
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cpyHKI.1,IIRMII J!~(W A) ,n;aeTCR OCHOBHb!MII COOTHOIIIeHirnMII, TO'lHbIMII no MaccaM: 

J1w( Q2
, T 2

; mb, mt, md, mu, Mw) = 
(M! + Q2 )D0 (-m~, -m;, -m;, -m~, Q2

, T2
; 0, mb, Mw, md) 

+Co(-m;, -m~, Q 2
; Mw, md, 0) - Co(-m~, -mt T

2
; md, 0, mb), 

Ji A ( Q2
, T2

; mt, mb, mu, md, Mw) = 
(M! + Q2)Do(-mi,-m;,-m;,-m~,Q2,T2;Mw,mt,0,mu) 

+Co(-m;, -m~, Q2; 0, mu, Mw-) - Co(-m;, -m;, T 2
; mt, 0, mu)-

(1) 

3aTeM II3 cpyHKI.1,IIH JAW(WA) BbI,LJ;eJIRIOTCR CIIHryJIRpHOCTII no MaccaM JierKIIX 

KBapKOB II Macce b-KBapKa. IIocJie 3TOH npou.e,n;ypbl OCTaIOTCR "Bbl'lTeHHbre" BCno

MoraTeJibHble cpyHKI.I,IIII lsub, lsubsub, KOTOpbre He co,n;ep:lKaT CIIHryJIRpHOCTeii: II BbI

pa:lKaIOTCR KaK JIIIHeii:Hbie KOM6IIHaI.I,IIII JIOrapII<pMOB II ,ll;IIJIOrapII<pMOB. BBe,LJ;R 3TII 

cpyHKI.I,IIII, Mb! ,ll;OKa3aJIII, npe?K,IJ;e Bcero, 'ITO 9C 'laCTb O,LJ;HoneTJieBb!X nonpaBOK 

CBo6o,n;Ha OT MaCCOBb!X CIIHryJIRpHOCTeii: II, KpoMe Toro, ,ll;OCTIIrJIII xoporneii: CTa-

6IIJibHOCTII II CKOpOCTII 'lIICJieHHbIX pac11eTOB. 

IlpIIBe,n;eM npIIMep Bbl'lIICJieHHOH cpyHKI.I,IIII ,ll;JIR S-KaHaJia O,ll;IIHO'lHOrO pO:lK,LJ;eHIIR 

t-KBapKa. 

Judtb (Q2 T2· M ) _ subsub , , ffit, w -

1 [ . ( Q
2 

b.tw) . ( b.tw) . ( Q
2 

) ( )] Q2 + mr + L12 mr p2 - L12 - p2 - L12 - mr - if + ( 2 

1 [ ( p
2 

) ( m; ) ( Q2 ) 
+T2+mr -ln -T2+b.tw ln r2+m; -ln(Rw)ln r2+m; 

L . ( b.tw ) L. (R) L. (T2+m;) + 12 Af2 . - 12 w - 12 2 . 
w - Zf mt - 2f 

+Li2 2mt - Li2 -- + ((2) 
(

T2 + 
2 

1 )·' ( 1 ) ] 
mt 1 + rtw 1 + rtw 

T2 +m; - if 
rtw = 

Mw2 

Q
2 
+Ma,-if 

Rw= Af2 
w 

b.tw = m;- M!, p2 = Q2 + M! - if 

Bb1pa:1KeHIIe IIMeeT KOMnaKTHb!H BII,ll; II co,n;ep:IKIIT npOCTbie JIOrapII<pMbI II ,ll;IIJIOra

pn:cpMbl. 

AHaJIIITII'leCKIIe Bbl'lIICJieHIIR 3TIIX cpyHKI.I,IIH KOHTpom1pOBaJil1Cb <mCJieHHO npo

BepKOH c naKeTOM LoopTools. 

B Il.HTOH rJiaBe ,ll;IICcepTaI.I,IIII 06cy:1K,n;aeTCR KOMnbIOTepttoe nporpaMMHOe 06ec

ne11eHn:e, n:cnOJib3YI01IIee pe3yJibTaTbI paccMaTpn:BaeMb!X pac11eTOB. 
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Pe3yJihTaTbl aHaJIIITIIqecKIIX BblqIIcJieHIIll ,n;mI qacTefi ceqeHIIll rrpou;eccoB II IIII:1-

pIIH pacrra,n;OB rrpe,n;cTaBJIRIOTCR B SANC B BII,n;e CrnH,n;apTHhIX SANC FORM Mo,n;y
Jiefi (SSFM). Ka)K,n;h1fi Mo,n;yJih - 3TO rrporpaMMa Ha R3hIKe FORM, IICIIOJih3YIOIIIaR 
SANC FORM cpe,n;y. ,lJ.JIR Ka)K,n;oro FORM MO,ll;JJIR cIIcTeMa co3,n;aeT cooTBeTCTBY
IOIIIIIfi KO)]; Ha R3hIKe FORTRAN - CTaH,n;apTHhifi SANC FORTRAN MO,ll;JJih. Bee 
3TII MO,ll;yJIII coxpaHRIOTCR B 6a3e ,n;aHHbIX rrpoeKTa, KOTopaR ,ll;OCTYIIHa qepe3 COOT
BeTCTBYIOIIIIIll KJIIIeHT. IloJib30BaTeJib MO)KeT IICIIOJIHRTb Bee KO,ll;hl B IIHTepaKTIIBHOM 
pe)KIIMe, XOTR 3TO II Tpe6yeT qacTo 6oJibruoro pecypca BpeMeHII CPU. rJiaBHaR poJih 
FORTRAN Mo,n;yJiefi - 3TO IICIIOJih30BaHIIe IIX B He3aBIICIIMhIX rrporpaMMHbIX rrpo
,ll;JKTax KaK B paMKax rrpoeKTa SANC, TaK II B rrporpaMMHOM o6ecrreqeHIIII ,n;pyrIIx 
IICCJie,n;oBaTeJibCKIIX rpyrrrr. 

FORTRAN MO,ll;JJIII rrpe,n;cTaBJIRIOTCR B BII,n;e FORTRAN rraKeToB. 8TII rraKeThI 
o6ecrreqIIBaIOT Heo6xo,n;IIMYIO cpe,n;y ,n;JIR He3aBIICIIMOH OT CIICTeMhI SANC pa6oThI 
Mo,n;yJieu. Ka)K)l;hIH rraKeT - 3TO rrporpaMMa )l;JIR pacqeTa ceqeHnu rrpou;eccoB Ha 
rrapTOHHOM ypoBHe IIJIII runpIIH pacrra,n;oB. I1x rJiaBHOe Ha3HaqeHIIe rrpOIIJIJIIOCTpII
poBaTb IICIIOJih30BaHIIe SSFM. XoTR IIX MO)KHO IICIIOJih30BaTb ,n;JIR cpaBHeHIIR pa3-
JIIIqHbIX pa,n;IIau;IIOHHbIX rrorrpaBOK Ha rrapTOHHOM ypOBHe. 

Ha ocHoBe FORTRAN MO,n;yJieu 6bIJIII TaK)Ke co3,n;aHhI MoHTe KapJio reHepaTopbI 
He B3BerueHHbIX co6bITIIll ,n;JIR rrpou;eccoB ,lJ.peJIJia-51Ha, 3apR)KeHHOro II HeiITpaJib
HOro TOKOB, Ha a,n;pOHHOM ypoBHe. 

TaK)Ke B OT)l;eJibHble rraKeTbI co6paHbI BblqIICJieHHhie <PYHKD;IIII J AW(W A). IlaKe
TbI co,n;ep)KaT IICXO,ll;Hblll KO)]; caMIIX <:pyHKil;IIH II ,n;eMOHCTPIIPYIOT IIX cpaBHeHIIe C 
rraKeToM LoopTools. 

B 3aKJIIO'IeHIUI c<:popMyJinpoBaHbI OCHOBHbie pe3yJihTaThI ,ll;IICCepTau;IIII, Bbl,ll;BII
raeMhie ,ll;JIR 3aIIIIITbI. 
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