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1. 06m;a.SI xapaKTepMCTMKa pa60Tbl 

Il;eJihiO .n;u:ccepTau;u:oHHoii pa6oThi 5IBJI5IJIOCb 
3KcnepHMeHTa.JihHOe onpe)J.ene:tme ceqeHH.H · npou;ecca pmK)J.eHH.H 

nap Tay-nenTOHOB B )J.ByX-cPOTOHHbiX CTOJIKHOBeHH5IX B peaKIJ;HH. 

e+e-- e+e-T+T- npH 3HeprH5IX CTOJIKHOBeHHH 3JieKTpOHa If 

n03HTpOHa B )J.Hana30He 183 - 20Tf3B, nOHCK aHOMaJibHOrO MarHHTHOrO 

If )J.HnOJibHOrO 3JieKTpH'leCKOrO MOMeHTa Tay-JienTOHa, a TaK)Ke 

3KcnepHMeHTa.JihHa.H npoBepKa TeopHH CTPYH c cy6MHJIJIHMeTpOBhiMH 

. npOCTpaHCTBeHHbiMH H3MepeHH5IMH. 

I1cCJie)J.OBaHH5I, nOJIO)KeHHbie B. OCHOBy )J.HCCepTaiJ;HOHHOfi pa60Thi, 

6biJIH BbiiiOJIHeHbl aBTOpOM B 3KCnepHMeHTe ,1J;EJI<l>I1 B Te'IeHHe 1997-
2003 rr. 

Hay"IHaa HOBH3Ha HCCJie,n;oBaHu:a. BnepBhie c BhiCOKofi 

TO'IHOCTbiO 6biJIH lf3MepeHbi Ce'IeHH5I p0)K)J.eHH5I nap Tay-JienTOHOB 

B )J.BJXcPOTOHHbiX CTOJIKHOBeHH.HX, JCTaHOBJieH JIY'IIIIHfi npe)J.eJI Ha 

aHOMaJibHhlfi MarHHTHblfi MOMeHT Tay-JienTOHa, ycTaHOBJieH npe)J.eJI Ha 

)J.HnOJibHbiH 3JieKTpH'IeCKHH MOMeHT TOrO )Ke nOp5I)J.Ka, 'ITO If JIJ'IIIIHH 

npe)J.eJI, a TaK)Ke BnepBhie ycTaHOBJieH npe)J.eJI Ha MaccOBhifi napaMeTp 
TeOpHH CTpyH. 

IlpaKTIPiecKa.SI u;eHHOCTh. ITony'IeHHhie pe3yJihTaTbi c BhiCOKofi 

TO'IHOCTbiO nO)J.TBep)J.HJIH npe)J.CKa3aHHe KBaHTOBOH 3JieKTpO)J.HHaMHKH 

B 'IeTBepToM nop.H)J.Ke TeopHH B03Myru;eHHii. ITony'IeHHhie npe)J.eJihi Ha 

3JieKTpoMarHHTHhie MOMeHThi Tay-nenToHa BOIIIJIH B Ta6JIHIJ;hi Particle 
Data Group. 06'be)J.HHeHHe pe3yJihTaToB, nony'IeHHhiX )J.JI.H npoBepKH 

TeOpHfi C )J.OnOJIHHTeJibHbiMH npOCTpaHCT~eHHhiMH H3MepeHH5IMH 

C pe3yJihTa.TaMH ,D.pyrHX 3KCnepHMeHTOB n03BOJI5IeT HCKJIIO'IHTb 

3Ha'IHTeJibHYIO 06JiaCTb 3W.i.'IeHHfi napaMeTpa TeOpHfi. 

ABTopoM 6biJia pa3pa6oTa.Ha H ocyru;ecTBJieHa npou;e,D.ypa 

<j>H3H'IecKoro aHaJIH3a )J.aHHhiX SKcnepHMeHTa ,ll;EJI<I>I1. B 'IaCTHOCTH, 

6biJI npoBe)J.eH OT6op C06biTHH pO)K)J.eHH5I Tay nap B )J.BYXcPOTOHHhiX 

. CTOJIKHOBeHH.HX, onpe)J.eJieHHe s<f>¢eKTHBHOCTH TpHrrepa ycTaHO~KH K 

Ta.KHM C06biTH5IM, pa3pa6oTaHa npou;e,D.ypa OIJ;eHKH CHCTeMaTH'IeCKHX 

norpeiiiHOCTeii. ITony'IeHHhie pe3yJihTa.Thi H pa3pa6oTaHHhie npou;e,D.ypbi 

; 06rr.e~IIHOOH1IH l:fHCTHTJT 

~epHLIX nccne~oaamrii 

BMBnMOTEKA 



IICllOJib30B8JUICb .n;pyriiMII 'IJieHaMII KOJIJia6opa~IIII ,I(EJI <l> J1 B 

)l;aJibHeHilleM cPII3II'IeCKOM aHaJIII3e. 

Pe3yJibTaThi, BbiHOCMMbie Ha 3aru;nTy: 

I1poBe.n;eHa o6pa6oTKa .n;aHHhiX ,I(EJI<I>l1, noJiy'IeHHhiX npii 

Haii60Jiee BbiCOKIIX :meprmiX CTOJIKHOBeHIIH ( IIHTerpaJibHa5I 

CBeTIIMOCTb - 650 n6-l) II pa3pa60Ta.H MeTO)l; OT6opa C06biTIIH 

e+e- - e+e-r+r- . .J 

- Y JiyqrneHa TO'IHOCTb II3MepeHII5I HOHII3a~HOHHbiX ITOTepb )J.JI.H 

qaCTII~ C HH3KIIMH .HMITYJibCaMII npii ITOMO~II pa3pa60Ta.HHOrO 

anropiiTMa KaJIII6poBKII dE/ dx II pa3pa6oTa.H MeTo.n; onpe.n;eJieHII.H 

TpiirrepHOH ScPcPeKTIIBHOCTII .n;eTeKTOpa, IT03BOJIIIBilliiH 

yMeHhilliiTb CIICTeMaTII'IeCKYIO norpernHOCTb II3MepeHH.H Ce'IeHII5I . .. 
)1;0 3%. 

l13MepeHo ceqeHIIe npo~ecca e+e-- e+e-r+r- )l;JI5I sHepriiH. B 

)l;IIana30He 183- 206 rsB C TO'IHOCTbiO 4%. 

- YcTaHOBJieH JIY'IIlliiH B MIIpe npe.n;eJI Ha aHOMaJihHhiii MarHIITHhiii 

MOMeHT Tay-JieiTTOHa II ycTaHOBJieH npe.n;eJI Ha SJieKTpii'IeCKIIM 

)l;HITOJibHbiM MOMeHT Tay-JieTITOHa, cpaBHHMbiH C .n;pyrHMII 

COBpeMeHHbiMII npe.n;eJiaMII. 

I1poBe.n;eHa npoBepKa Teopiiii CTPYH c .n;onoJIHHTeJibHhiMII 

cy6MIIJIJIIIMeTpOBbiMII npOCTpaHCTBeHHbiMII II3MepeHII5IMII II 

ycTaHOBJieH npe.n;eJI Ha MaCCOBbiH napaMeTp STOH Teop_IIII. 

Arrpo6a:u;n.s pa60Tbi. OcHOBHhie pe3yJihTa.Thi 6hiJIII ony6JIIIKOBaHhi 

B OTe'IeCTBeHHbiX II 3apy6e)KHbiX II3)l;aHII5IX [1], [2], [3], [5], a TaK)Ke 6biJIII 

npe)l;CTaBJieHbl aBTOpOM Ha Me)K,D.yHapO)l;HbiX, KOH<J>epeH~II5IX [4], [6], [7]. 

CTpyKTypa M o6'beM ,n;nccepm:u;nn. Pa6oTa co.n;ep)KIIT 92 

CTpaHII~bi, BKJIIO'Ia5I 30 piiCYHKOB H 18 Ta6JIII~. ,lJ;IICCepTa~II5I COCTOIIT 

II3 rnecTH rJiaB, B TOM 'IIICJie BBe,D.eHII.H 11 3aKJIIO'IeHl.m. 
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2. Co,u;ep)lffi.HHe pa6oThi 

Bo BBe,n;eHMM ccl>opMyJIIIpoBaHbi ~eJIII .n;IIccepTa.~IIOHHOH pa6oThi, 

nepe'IIICJieHbi BbiHOCIIMhre Ha :m~IITY pe3yJihTa.Thi, no.n;qepKHYThi IIx 

HOBII3Ha II npaKTII'IeCKa5I ~eHHOCTb. 

Bo BTopo.H: rJiaBe npiiBO)l;IITC5I o6~ee oniicaHIIe ycKopiiTeJI5I JI8I1II 

SKCnepiiMeHTa ,I(EJI <l> J1. 0rtiiCbiBaiOTC5I SKCnepiiMeHTaJibHa5I ycTaHOBKa, 

CIICTeMa c6opa .n;aHHbiX, nporpaMMbl peKOHCTpyK~IIII II MO)J.eJIIIpOBaHII5I 

ycTaHOBKII. 

,I(EJI <l> J1 O)l;Ha II3 'IeTbipex SKCllepiiMeHTaJibHbiX ycTaHOBOK 

pa60Ta.BilliiX Ha YCKOpiiTeJie J18IJ. ,I(eTeKTOp II3Mep5IJI TpeKII II 

SHepriiii 'IaCTII~, pO)K)J.eHHbiX B pe3yJibTaTe CTOJIKHOBeHIIH SJieKTpOHOB 

II TI03IITpOHOB, B reOMeTpiiii, 6JIII3KOM K 47r, a TaK:>Ke o6ecne'IIIBaJI 

II)l;eHTIIcPIIKa~IIIO 'IaCTII~. 

B .n;aHHoii pa6oTe aHaJIII3IIpOBaJIIICh .n;aHHbie, co6paHHhie B nepiio.n; 

J18IJ-2 (1997-2000 rr), npii SHeprii5IX CTOJIKHOBeHIIM 183-206 rsB. 

HII)Ke nepe'IIICJieHhi no.n.ciicTeMbi ,I(EJI <I> l1, IICITOJih30BaBrniiec5I 

B .n;aHHoii pa6oTe. BpeM5I-npoeK~IIOHHa5I KaMepa TPC 5IBJI5IJiacb 

OCHOBHbiM TpeKOBbiM )l;eTeKTOpOM JCTaHOBKII ,I(EJI<l>J1. IJOMIIMO 

KOOp)l;IIHaT TO'IeK TpeKa KaMepa TaK)Ke II3Mep5IJia SHepreTII'IeCKIIe 

noTepii sap5I)KeHHhiX qacTII~. BHyTpeHHIIii .n;eTeKTOp ID II BHernHIIii 

.n;eTeKTOp OD CJIY)KIIJIII .n;onoJIHIITeJibHhiMII TpeKOBbiMII npii6opaMII 

B ~eHTpaJibHOii qacTII ycTaHOBKII, a KaMepbi FCA II FCB · - B 

ee TOp~eBbiX 'IaCT5IX. 8Hepriiii SJieKTpOHOB II <J>oTOHOB II3Mep5IJIIICb 

KaJIOPIIMeTpoM · HPC B ~eHTpaJibHOii qacTII II· KaJiopiiMeTpaMII FEM C 

II STIC Top~eBbiX qacT5Ix. 8'HepmiO .n;o.riro)KIIBY~IIx a.n;poHOB II3Mep5IJI 

a.n;poHHhiH KaJIOpiiMeTp HCAL. HaKoHe~, MIOOHHa5I CIICTeMa no3BOJI5IJia 

ocy~eCTBJI.HTb II)l;eHTII<i>IIKa~IIIO MIOOHOB. 

CIIcTeMa Tpiirrepa CJIY)KIIJia )J.JI.H scl>cl>eKTIIBHOii pemcTpa~IIII 
cPII3II'IeCKII IIHTepeCHbiX C06biTIIM II ITO)l;aBJieHII5I cPOHOBbiX C06biTIIM. 

TpiirrepHa.a ciicTeMa ,lJ;EJI<I>H cocTo.aJia II3 qeTbipex noCJie.n;oBaTeJibHhiX 

ypoBHeli (T1, T2, T3, T4) c noBhiillaiO~IIMC5I KaqecTBOM OT6opa 

<I>II3II'IeCKIIX co6biTIIii. ITepBhie .n;Ba ypoBH.H 6hiJIII peanii30BaHbi 

Ha ypOBHe SJieKTpOHIIKII H 6biJIH CIIHXpOiiH3IIpOBaH~i . C CHrHaJIOM 
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cTOJIKHOBemm ny'IKOB. TaKHM o6pa30M, pemenmi BTHX ~Byx 

ypOBHefi TpHrrepa npHHHMaJIHCb qepe3 <l>HKCHpOBaHHOe BpeM51 noCJie 

cTOJIKHOBeHHH nyqKOB. TpeTHfi H '1eTBepThifi ypoBHH TpHrrepa 6hiJIH 

peaJIH30BaHbl Ha nporpaMMHOM ypOBHe H pa60TaJIH aCHHXpOHHO C 

cHrnanoM CTOJIKHOBeHHH ny'IKOB. CKopocTh C'leTa TpHrrepa nepBoro 

ypOBH51 COCTaBJI51Jia npH6JIH3HTeJihHO 700 ru;, BTOporo ypOBH51 - 5 ru;, 

TpeTbero H 'leTBepTOrO ypOBHefi- 1-2 ru;. 

fipH nOJIO)KHTeJihHOM pemeHHH TpHrrepa BTOpOro ypOBH51 
.J 

HH¢0pMaiJ;H51 C nO~CHCTeM yCTaHOBKH C'IHThiBaJiaCh B JIOKaJihHhie 

KOMnhiOTeph1 1 C KOTOpbiMH 6biJia COe~HHeHa Ka)f{~a51 H3 no~CHCTeM. 9TH 

~aHHhie coxpaHHJIHCh B naMHTH KOMnhiOTepoB ~o pemeHHH TpHrrepa 

3-ro ypoBHH. TlpH noJIO)KHTeJibHOM pemenHH TpHrrepa 3-ro ypoBn.H 

~aHHhie C KOMnhiOTepOB no~CHCTeM nepe~aBaJIHCh Ha u;eHTpaJibHhlll 

KOMnhiOTep H 06'be~HH51JIHCh B 6JIOK ( C06biTHe) 1 KQTOpblll 3anHChiBaJIC51 

Ha MarHHTHYIO JieHTY npH nOJIO)KHTeJibHOM pemeHHH TpHrrepa 4-ro 

ypOBH51. <I>opMaT 3anHCH ~aHHhiX HMeJI Ha3BaHHe "HCXO~Hhle ~aHHhie" 

(Raw Data) H·. npe~cTaBJIHJI co6oii: ua6op 6JIOKOB ou;H¢poBaHHhiX 

OTKJIHKOB nO~CHCTeM ,IJ;EJI <I> l1. fioCJie~IOIIJ;a51 npe~BapHTeJibHa51 

o6pa60TKa BTHX ~aHHhiX npOH3BO~HJiaCb C nOMOIIJ;hiO nporpaMMhl 

peKOHCTPYKIJ;HH. IIonyquennhie B pe3yJihTaTe npe~B8.pHTeJihuoii: 

o6pa6oTKH ~aHHhie, HMenyeMhie "DST" {Data Summary Tape) 

HCnOJib30BaJIHCh ~JI51 ~aJihHefimero OnHCbiBaeMOrO 3~eCb aHaJIH3a. 

KpoMe ~annhiX, nonyqennhiX B pe3yJihTaTe pa6oThi ycTanoBKH, 

B aHaJIH3e HCnOJih30BaJIHCh "MO~eJIHpOBaHHbie ~aHHbie", TO eCTh 

nonyqennhie c noMOIIJ;hiO nporpaMMhi Mo~eJIHpoBaHHH ~eTeKTopa DEL­

SIM. 3a~aqa BTofi nporpaMMhi - C03~aTh ~aHHhie, KaK MO)f{HO 6onee 

6JIH3KHe K TeM, KOTOpbie noJiyqeHhl Ha BKCnepHMeHTaJihHOll YCTaHOBKe. 

9TH ~aHHhie ~anee npOXO~HJIH TaKyiO )f{e u;en0'1KY peKOHCTpyKIJ;HH 

H ¢H3H'lecKoro auanH3a KaK H peanbHhie . ~aHHhie, nonyqennhie B 

pe3yJihTaTe pa6oThi ycwnoBKH. C noMOIIJ;hiO BTHX "Mo~enHpoBaHHhix" 

~aHHhiX H3Y'laJIOCh BJIHHHHe KaK caMoii: BKcnepHMeHTaJihuoii: ycwnoBKH, 

TaK H. u;enO'IKH o6pa60TKH ~aHHhiX Ua OKOH'laTeJibHhlll ¢H3H'1eCKHll 

Pe3YJihTaT. 

B TpeTbeii rJiaBe OIIHChmaeTC5I TeopHH ~Byx¢oTOHHhiX 
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CTOJIKHOBeHHfi, npHB0~51TC5I neo6xo~HMbie ~JI51 ¢n3H'leCKOrb aHaJIH3a 

¢opMyJihi H onpe~eneuHH, onHChiBaiOTCH Mouie Kapno reuepaTOphi, 

OT6op C06biTHll ~Byx¢OTOHHhiX CTOJIKHOBeHHll 1 a TaK)f{e OT60p C06hiTHll 

p0)f{~eHH51 nap Tay-JienTOHOB B ~Byx¢OTOHHhiX CTOJIKHOBeHH5IX. 

0nHCbiBaeTC51 npou;e~pa KaJIH6pOBKH H3MepeHHll HOHH3aiJ;HOHHhiX 

noTeph, npou;e~pa H3Mepenm_I s¢¢eKTHBHOCTH TpHrrepa, a TaK)f{e 

ou;enKa ocTaTO'lnoro ¢oua H CHCTeMaTH'lecKoii: norpemnoCTH. ,l.l;anee 

npHBO~HTCH npou;e~pa onpe~enenHH ceqenHii: po)f{~eHHH nap wy­
nenTonoB B ~Byx¢oTonnhiX coy~apeHHHX. 

Po)f{~euHe n~p nenTOHOB BO B3aHMo~eii:CTBHH ~Byx ¢oTonoB 6biJIO 

3aperHcTpHpoBano B npou;ecce • 

e+e-- e+e-z+z- (l = e, J..L, T) {1) 

,l.I;HarpaMMhi, ~aiOIIJ;He BKJia~ B BTOT npou;ecc npe~cTaBnenhi ua 

pHc. 1. OcnoBnoii: BKJia~ B BTY peaKu;Hro ~aeT MYJihTHnepH¢epH'IecKa5I 

~HarpaMMa, pHc. 1a - ~HarpaMMa qeTBepTOro nopH~Ka K9,IJ;. 

KHneMaTHKa 11 · CHCTeMhi onpe~eneua 4-HMnynhcaMH 

CTaJIKHBaiOIIJ;erocH H pacceHnnoro BJieKTpou~ H II03HTpoua, p 1, p~, 
P2 H p;. 4-HMIIYJihChi ¢oTOHOB onpe~eJIHIOTCH KaK qi =Pi-p~. <I>oTOHhi 

HMeiOT OTpHu;aTeJihnyro BHPTYaJihHOCTh qJ. ITo auanomH c rny6oKo­

ueyiipyrnMH peaKIJ;HHMH qacTo HCIIOJih3yeTcH KBa~paT IIepe~auuoro 

HMIIYJibCa QJ = -qJ. 
Ib-3a ¢oTonuoro IIpoiiaraTopa B MYJihTHnepn¢epH'1ecKoii: 

~HarpaMMe (pHc. 1a), ¢oTOHhi B BTOM IIpou;ecce H3Jiy'laiOTC51 

IIpeHMyiiJ;eCTBeuuo no~ MaJihiMH yrnaMH K IIY'IKy, IIOpH~Ka me/ E, 
E - sueprHH ny'IKOB. 9To npHBO~HT K Hl13KHM nepe~annhiM HMIIYJihCaM 

CHCTeMhl z+ z-. Paciipe~eJieHHe IIO HHB_apHaHTHOii: Macce CHCTeMbl 

[+[- HMeeT IIHK npH 6JIH3KHX K HyJieBbiM 3Ha'1eHH51X BCJie~CTBHe 

xapaKTepHCTH'leCKOro CIIeKTpa TOpM03Horo H3Jiy'leHH51 rv 1/ E'Y. 
CB513h Me)f{~ ceqeuHeM npou;ecca ,, -t z+z- H Ce'leHHeM IIpou;ecca 

e+e- -t e+e-z+z- B npe~ene Q; -t 0 Bhipa)f{aeTcH c noMOIIJ;hiO 

IIpH6JIH)KeHH51 3KBHBaJieHTHhiX ¢oTOHOB: 

dUe+e--+e+e-l+l- = dn1dn2du"f"f-+l+l- (W2
)_,. (2) 
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Pnc. 1: .IJ:narpaMMhl, .n;arorn;ne BKJia,n: B npon;ecc e+e- -+ e+e-[+[- (l = e, p,, r). a­

MYJihTnnepn¢epnqecruui .n;narpaMMa, b - rumnrnJia:n;na:, c - TOpM03HOe H3JiyqeHne, 

d - KOHBepCHH. 

6 

r.n;e S = 4E
2 

- ::meprmi CTOJIKHOBeHII:H ::meKTpOHa C n03IITpOHOM II 

2 2 2 dw dQ2 a [ wi mewi ] . i i dni = - 1 - wi + - - --
2
- ----

2
-

. 7f 2 Qi Wi Qi (3) 

,IJ;II<j><j>epeHIJ;IIaJihHa.H · CBeTIIMOCTh i-TOro <j>OTOHa no KBa.n;paTy 

nepe.n;aHHoro IIMnynhca Q[ II npiiBe.n;eHHOti: ::mepriiii wi = E. .. tf Ebeam· 
IIonHoe ceqeHIIe npou;ecca e+e- ~ e+e-z+z.,.. Bhi'IIICJI.HeTc.H 

IIHTerpiipOBaHIIeM <j>OpMJJihl (2) no 3Heprii.HM <PoTOHOB II 

no nepe.n;aHHhiM IIMnyJihCaM .n;o Qmax, BeJIII'IIIHa KOTOporo 

onpe.n;eJI.HeTC.H II3 MaKCIIMaJihHOrO yrJia pacce.HHII.H. ny'IKOBhiX 'laCTIIIJ; 

Q~ax = 4EE' sin
2 

(Bmax/2). MaKCIIMaJihHhiii yron pacce.HHII.H 3a.n;aH 

3KCnepiiMeHTaJihHhiMII OrpaHII'IeHII.HMII TOnOJIOriiii CIIrHaJihHOro 
npou;ecca. 

Bbi'IIICJieHHoe c noMOIIJ;hiO npii6JimKeHII.H 3KBIIBaJieHTHhiX <PoTOHOB 

Ce'feHIIe npou;ecca e+ e- ~ e+ e-[+ z- COCTaBJI.HeT: 

r.n;e 

II 

28a4 3 2 . 
ae+e--.e+e-rtz- = 2 (l - Al + Bl +C) 

277rm1 . ' 

A·= 
178 ~ 6 36· 
28 . ' 

1 7 . 
B =-28 (42l! + 196.4lJL + 

75 
+ 211r2 + 152) ~ -258; 

1 31 c = 28 (14t! + 184.8t! + (1109 + 
150 

- 77r2 )LJL + 
(36 + .!_ )7r2. + 51403 -·189((3)- 12748) 

15 18 125 

lJL--:- ln m[ 
m2 e 

(4) 

(5) 

(6) 

(7) 

(8) 
s 

l = ln-2 
me 

B 3TOM aHaJIII3e IICnOJih30Banocb CJie.n;yiOIIJ;ee 3KcnepiiMeHTaJihHoe 

onpe.n;eneHIIe ciirHaJihHoro npou;ecca: IIHBapiiaHTHa.H Macca my-naphi 

,IJ;OJI)KHa 6biTh MeHhllle 40 r3B I c 2' o6e CTaJIKIIBaiOIIJ;II€C.H 'laCTII~hl 
,lJ;OJI)KHhl OTKJIOHIIThC.H OT OCII nyqKa He 6onee 'IeM Ha 10 rpa.n;yCOB II KaK 
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MIIHHMYM O)l;Ha M3 HHX )l;OJDKHa OTKJIOHMTbC51 OT OCM TIY"<!Ka He 6oJiee "<IeM 

Ha 2 rpa,n;yca. 
l13y"<IaeMhiii npo~ecc e+e- ---t e+e-T+T- Mo,n;eJinpoBanca c 

noMO~hiO reHepaTOpa BepeH,n;ca, ,Il;aBepBeJih)l;Ta n KJiaiicca RADCOR 

(BDKRC), KOTOpbiH Bhi"<IMCJI51eT ce"<JeHH51 )l;JI51 MYJihTnnepn¢epn"<IeCKOH 

. ,n;narpaMMhi C y"<IeTOM pa,n;na~MOHHhiX nonpaBOK K 3JieKTpOHHOH M 

TI03MTpOHHOH JIMHM51M. 

Pacna,n; Tay 6hiJI CMo,n;eJinpoBaH c noMO~hiO nporpaMMhi TAUOLA, 
. J 

KOTOpaa y"<InThmaeT M3Jiy"<IeHne ¢oTOHa npo,n;yKTaMn pacna,n;a Tay. 

feHepaTop BDKRC TaK/Ke ncnoJih30BaJIC51 ,n;Jia o~eHKn ocTaTO"<IHoro 

¢oHa OT npo~ecca e+ e- ---t e+ e- J-L+ J-L-. ,Il;Jia MO)l;eJinpoBaHna 

OCTaTO"<JHOrO <PoHa OT npo~ecca e+ e- ---t e+ e-e+ e- MCTIOJib30BaJIC51 

reHepaTop BepeH,n;ca, ,Il;aBepBeJih)l;Ta n KJiaiicca DIAG36 {BDK). 9TOT 

reHepaTOp Bbi"<JHCJI51eT BKJia)l;hi 36 ,n;narpaMM C_ KOIJe"<!HbiM COCT051HMeM 

e+ e-e+ e-, a TaK:IKe y"<InThmaeT KOHe"<IHhie Macchi ¢epMnOHOB, 

o,n;HaKo He yqnThmaeT pa,n;na~noHHhie nonpaBKn. Po:~K,n;eHne a,n;poHOB 

B )l;Byx¢oTOHHbiX coy,n;apeHH51X MO)l;eJinpOBaJIOCb reHepaTOpOM 

PYTHIA 6.1. LieThrpex-¢epMnOHHhre npo~ecchr, OTJIH'IHhre OT 

MYJihTnnepn¢epnqecKnx, Mo,n;eJinpoBaJIHCh reHepaTOpoM WPHACT. 

feHepnpoBaHHhre co6brTna npoxo,n;nJin qepe3 nporpaMMY 

MO)l;eJinpOBaHII51 ycTaHOBKH H peKOHCTpynpOBaJIHCb TOll :IKe 

nporpaMMOH, 'ITO II 3KCIIepnMeHTaJihHbie ,n;aHHbie. 

PaccMaTpnsannch TOJihKO KaHaJihi pacna,n;a TaY c o,n;Hoii 3apa:1KeHHoii 

qacTn~efi, npnqeM O)l;HH Tay-JieTITOH )l;OJI:IKeH 6biJI pacnaCTbC51 Ha 

3JieKTpOH 1 a ,n;pyrofi- Ha OTJIII'IHYIO OT 3JieKTpOHa 3ap51:1KeHHYIO "<JaCTMey 

(a,n;pOH IIJIM MIOOH). ,Il;OJI51 TaKMX C06hiTHH COCTaBJI51eT 22.6% OT TIOJIHOrO 

'IHCJia pO:IK)l;eHHH nap Tay-JieiiTOHOB. 

B 3TOM aHaJin3e ncnoJih30BaJIHCh CJie,n;yro~ne KpnTepnn ,n;Jia oT6opa 

TpeKOB: 

• BOCCTaHOBJieHHbiH HMIIYJihC qaCTH~bi 1 Bhi'IIICJieHHhiH H3 KpHBH3Hbi 

TpeKa ,n;oJI:IKeH 6hiTh He MeHee 100 M3B/c, 

e OTHOCHTeJibHa51 norpeiiiHOCTh H3MepeHH51 HMTIYJibCa )l;OJI:IKHa 6hiTh 

He 6oJiee 100%, 

8 
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e )l;JIHHa TpeKa ,ll;OJI:IKHa 6biTb 6oJiee 30 CM, 

e paCCT051HHe OT nepBOH H3MepeHHOH TO'IKH TpeKa ,11;0 OCM TIY"<!Ka He 
)l;OJI:IKHO 6biTb He 6oJiee 25. CM, 

• nepnreii TpeKa (TO'IKa·MaKCHl:faJihHoro c6Jin:IKeHnaaKcTpanoJia~nn 
TpeKa C OCbiO TIY'IKa) 6biJI Ha paCCT051HHH He 6oJiee 5 CM 

e nepnrefi TpeKa 0TCT051JI He 6oJiee "<!eM Ha 10 CM OT TO"<JKM 
B3anMo,n;eficTsna B)l;OJih ocn nyqKa, 

e TIOJI5IpHhiH yroJI TpeKa (} )l;OJDKeH 6biTb B )l;Haiia30He OT 20 ,11;0 160 
rpa,n;ycoB OT ocn nyqKa. 

0T6op C06biTHH 6biJI pa3)l;eJieH Ha 2 IIOCJie)l;OBaTeJibHbiX 3Tana: 

npe,n;BapnTeJibHhiH OT6op )l;Byx¢oTOHHhiX C06biTMH n OT6op nap Tay­

JieTITOHOB. B npe,n;sapnTeJihHOM OT6ope ncnoJib30BaJincb CJie,n;yro~He 
KpnTepnn. 

• B co6biTHn )l;OJI:IKHO 6biTh pOBHO ,n;Ba xopomo BOCCTaHOBJieHHhiX 

TpeKa, IIpOH3Be)l;eHHhiX 'IaCTMI~aMn C IIpOTMBOIIOJIO:IKHbiMH 

3apa,n;aMn M XOT51 . 6bi O)l;Ha . H3 HHX )l;OJI)KHa HMeTb HMTIYJihC 
6oJiee 300 M3Bjc. 

• CyMMapHaa 3Heprna 3Tnx ,n;syx qacTn~ ,n;OJI:IKHa 6biTh MeHhllie 

30 f3B. 9TOT KpnTepnfi HCIIOJib30BaJIC51 )l;J!51 TIO)l;aBJieHM51 

ocTaTO'IHoro ¢oHa OT npo~eccos ,n;Byx¢epMHOHHoro po:IK,n;eHna. 

• ,Il;Jia yBeJin'IeHna ,n;oJin . co6biTnii e+e- ---t e+e-T+T- , ,n;Jia 

KOTopwx xapaKTepeH HeHyJieBoii 6anaH~nonepeqHoro nMnyJihca 

M3-3a HefiTpHHO B 'KOHe'IHOM COCT051HHH
1 

aKOTIJiaHapHOCTb1 TpeKOB 

)l;OJI:IKHa 6biTb 60Jihiiie 0.5° If ITOITepeqHM KOMITOHeH'l'a BeKTOpHOH 

cyMMhl nMnyJihCOB qacTn~ )l;OJI:IKHa 6biTh 60Jihllie 500 M3B /c. 

e 1.JT06bi OT06paTb C06b~TH51 C BbiCOKOH TpnrrepHofi' 

3¢¢eKTHBHOCThiO, nonepe"<IHaa 3Heprna, onpe,n;eJieHHM KaK 

' 
Et = E1 sin fh + E2 sin B2, ------------------------

1 AKmmaHapHOCTb 6biJia orrpe.n.eneHa KaK 180° -1¢2- t/>tj. 
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r.n;e El II ~ - 3Hepriiii )J;BYX 3ap5DKeHHbiX qacTIIIJ; .II fh II e2 - HX 

IIOJI5lpHbie yrJihi, )J;OJI)KHa fihiTb 60Jibiiie 2 raB. 

e ,Il,JIH IIepiiO)J;a Hafiopa )J;aHHbiX, B KOTOpOM pa6oTa O)J;HOrO II3 

12 ceKTopoB TPC 6biJia Hecm6IIJihHOfi (2000 ro.n;) II II3MepeHIIe 

dEidx, cyiiJ;eCTBeHHOe B 3TOM aHaJIII3e, 6hiJIO HeHa)J;e)KHbiM, 
~ 

C06hiTII5l C XOT5l fihi O)J;HIIM TpeKOM B 3TOM CeKTOpe IIJIII p5I)J;OM C 

HIIM (6JIII)Ke qeM 10° HO </>) J)1;aJI5lJIIJCb. 
J 

~ 

e l-JTofibi o6eCIIeqiiTb 6aJiaHC IIOIIepeqHOrO IIMIIJJibCa // CIICTeMhi, 

IICIIOJib3JIOIIJ;IIHC5l B O)J;HOM II3 BbiiiieiiepeqiiCJieHHbiX KpiiTepiieB, 

OTfipaCbiBaJIIICb C06biTII5l, B KOTOpbiX CTaJIKIIBaiOIIJ;IIeC5l 

3JieKTpOH IIJIII II03IITpOH OTKJIOHIIJIIICb HaCTOJibKO, qTO fihiJIII 

3apemcTpiipoBaHbi IIepe.n;HIIMII KaJIOpiiMeTpaMn (STIC II FEMC) 

II 3HeprOBbi)J;eJieHIIe B O)J;HOM II3 3TIIX KaJIOJ''IIMeTpOB IIpeBbiCIIJIO 

60% 3Hepriiii IIyqKa. 

8¢$eKTIIBHOCTb 3TOrO 3Taiia OTfiopa COCTaBIIJia OKOJIO 5%. 
Ha BTopoM sTaiie co6biTIIe IIpoxo.n;IIJIO OT6op, eCJIII o.n;Ha II3 IIapbi 

3ap5l)KeHHbiX qaCTIIIJ; 6biJia II)J;eHTIIcPIIIJ;IIpOBaHa KaK 3JieKTpOH, a .n;pyraH 

- KaK He-3JieKTpOH. 9TOT STall OT6opa fihiJI OCHOBaH Ha-II3MepeHIIII 

IIOHII3aiJ;IIOHHhiX IIOTeph dE/dx B TPC, II3 KOToporo KOHCTpyiipOBaJIOCb 

IIpaB)J;OIIO)J;06IIe 3JieKTpOHHOH, MIOOHHOH, IIIIOHHOH II KaOHHOH riiiiOTe3bi, 

OIIpe.n;eJieHHOe KaK 

I1 = (dEjdx)meas- (dEjdx)exp' (9) 
adE/dx 

r.n;e (dE/ dx )exp - O)KII)J;aeMoe 3HaqeHIIe )J;JIH qaCTHIJ;hi c .n;aHHhiM 

IIMIIJJibCOM, II adE/dx- IIOrpeiiiHOCTb II3MepeHII5l IIOHII3aiJ;IIOHHbiX IIOTepb 

(dEjdx)meas· 
TpeK II)J;eHTII$IIu;IIpOBaJIC5l KaK 3JieKTpOH, eCJIII niL > 3 II KaK 

He-3JieKTpOH, ecim fie < -3. 8¢¢eKTIIBHOCTb 3TOro 3Taiia OTfiopa 

COCTaBIIJia OKOJIO 16%. fiOJIHa5l s¢¢ekTIIBHOCTb OTfiopa COCTaBIIJia 

OKOJIO 1%. •·. 
OcHOBHofi BeJIIIqiiHofi, IIo KoTopofi ·tJpOBO)J;IIJiacb II)J;eHTIIcPIIKaiJ;IIH 

qacTIIIJ; B aTOM aHaJIII3e HBJIHeTcH II3MepeHHbie TPC IIOHII3aiJ;IIOHHhie 
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l 

IIOTepii. 8¢¢eKTIIBHOCTb 3KCIIepiiMeHTaJibHOrO OT6opa COfihiTIIH 

e+ e- -t e+ e-T+ T- OIIpe.n;eJIHJiaCb II3 M0)1;eJIIIpOBaHII5l, II03TOMJ )1;JI5l ee 

KOppeKTHOrO OIIpe.n;eJieHII5l cyiiJ;eCTBeHHO, qT06hi MO)J;eJIIIpOBaHIIe 

ycTaHOBKII ToqHo OIIIIChiBaJIO. II3MepeHIIe dE I dx . I1MeeTcH .n;Ba 

IICTOqHIIKa B03MO)KHbiX paCXO)K)J;eHIIH Me)K)J;Y peaJihHbiMII II 

MO)J;eJIIIpOBaHHbiMII C06biTII5lMII. fiepBblll IICTOqHIIK CB5l3aH C TeM, 

qTo He BCe TpeKII IIMeiOT II3MepeHIIe IIOHII3aiJ;IIOHHbiX IIOTepb, 

IIOCKOJibKJ IIpOrpaMMa peKOHCTpJKIJ;IIII IIpiiiiiiCbiBaeT TpeKy II3MepeHIIe 

dEidx TOJibKO B CJiyqae cpa6aTbiBaHII5l 6oJiee 30 IIpOBOJIOqeK. 

HeToqHOCTII B MO)J;eJIIIpoBaHIIII ycmHOBKII MoryT IIpiiBeCTII K TOMy, qTo 

s¢¢eKTIIBHOCTb II3MepeHII5l IIOHH3aiJ;IIOHHbiX IIOTepb B MO)J;eJIIIpOBaHIIII 

6y.n;eT OTJIIIqaeTCH oT s¢¢eKTIIBHOCTII B peanhHhiX co6hiTIIHX. BTopofi 

IICTOqHIIK pacxo)K.n;eHIIfi CBH3aH c BeJIIIqiiHOfi II3MepeHIIH dE I dx , 
KOTOpa5l II3-3a HeToqHOCTII KaJIIIfipOBKII MO)KeT IIMeTb 3aBIICIIMOCTb 

OT IIMIIJJibCa qaCTIIIJ;bi, OCTaBIIBIIIefi TpeK, a TaK)Ke OT IIOJI5lpHOrO II 

a3IIMyTaJibHOrO yrJia TpeKa. ,Il,anee, 9TII HeTOqHOCTII pa3JIIIqHbi · )1;JI5l 

MO)J;eJIIIpOBaHHbiX II peaJibHbiX COfihiTIIH, qTo IIpiiBO)J;IIT K HeBepHOMJ 

OIIpe.n;eJieHIIIO s¢¢eKTIIBHOCTefi KpiiTepiieB · OT6opa, CB5l3aHHbiX C 

IIOHII3aiJ;IIOHHbiMII IIOTepHMH.. 

BhiJIII IIpoBe.n;eHbi IIpoBepKII KaK s¢¢eKTIIBHOCTII II3MepeHIIH, TaK 

II KaJIIIfipoBKII BeJIIIqiiHbl dEjdx . ,Il,JIH s¢¢eKTIIBHOCTII II3MepeHII5l 

IIOHII3aiJ;IIOHHbiX IIOTep He 6biJIO Hafi.n;eHO cyiiJ;eCTBeHHOrO pa3JIIIqii5l 

Me)K)J;Y peaJibHbiMII II MO)J;eJIIIpOBaHHbiMII )J;aHHbiMII, O)J;HaKO fihiJIII 

06Hapy)KeHbl II IICIIpaBJieHhi HeTOqHOCTH KaJIII6pOBKII BeJIIIqiiHbi dEjdx 

PaccMaTpiiBaJIIICh CJie)J;YIOiu;IIe IICToqHIIKII ocTaToqHoro ¢oHa: 

• OcTaToqHhifi ¢oH oT e+e- -t e+e-Jlij co6hiTIIfi, B ocHOBH<lM OT 

co6hiTIIfi c IIpoTOHa~il II KaoHaMII B KOHeqHoM eocTOHHIIII; 

• OcTaToqHbiH ¢oH OT e+e- -t e+e-e+e- II 

e+ e- -t e+ e-Jl+ Jl- C06biTIIH BCJie)J;CTBIIe '.'XBOCTOB" B 

paCIIpe.n;eJieHII5lX npaB)J;OIIO)J;Ofiii5l )1;JI5l 9JieKTpOHHOH II MIOOHHOH 

riiiiOTe3; 

• OcTaToqHhifi ¢oH Bbi3BaHHbiH qeTbipex-¢epMIIOHHbiMII 
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C06biTIHIMH: He-MyJihTHIIepH<}>epHqecKHe rrpo~eCCbl (BKJIIOqa5I 

e+e-T+T- KOHeqnoe COCT05IHHe) H MYJihTHIIepM<f>epMqecKHH 

rrpo~ecc e+e.- :-+ e+e-,+,- , ne y,n;oBJieTBOp5IIO~Hil: orrpe,n;eJienH:IO 
CHrHaJia; 

• I1po~ecc e+e- :-+ ,+,- (ocTaToqnhiil: <f>on OT .n;pyrHx rrpo~eccon 
JJ;Byx-<f>epMHOHHOrO p0)KJJ;eHH5I 6biJI IIpene6pe)KHMO MaJI). 

YpoBeHb <f>onOBbiX C06biTHH COCTSJ.BIW OKOJIO 12%, HaH60JihiiiHH 

BKJia,n; nnec rrpo~ecc e+e- :-+ e+e-qij- OKOJIO 4%. 

HH3KHe HMIIYJihChi rrpo.n;yKTOB pacrra.n;a Tay-JierrTona B rrpo~ecce 
e+e- :-+ e+e-,+,- , a TaK)Ke HaJIHqHe TOJihKO ABYX TpeKOB B 

co6biTHH MOryT C)J;eJiaTb Bep05ITHOCTb cpa6aTbiBaHH5I TpHrrepa ,LJ.E.JT<!>J1 
n TaKOM co6biTHH cy~ecTnenno MeHhiiie 100%. TaKHM o6pa3oM, 

HeKOTOphie CHrHaJibHbie C06biTH5I MOrJIH 6biTb yTep5Ifihi e~e Ha 9Tarre 

na6opa .n;annhiX. ,LI.JIR KoppeKTnoro orrpe,n;eJieHH5I ceqeHH5I neo6xo,n;HMO 

6biJIO O~eHHTb KOJIHqeCTBO TaKHX C06biTH~, TO eCTb OIIpe,n;eJIHTb 

a<f><f>eKTHBHOCTb TpHrrepnoil: CHCTeMbl ,LJ.E.JT<!>J1 K 0T06paHHbiM 

co6biTH5IM. MeTo,n; H3MepeHH5I a<f><f>eKTHBHOCTH TpHrrepa ,LJ.E.JI<I>M ,n;JIR 

OT06paHHbiX C06biTHH OCHOBbiBaJIC5I Ha B03M0)KHOCTH Cpa6aT!>IBaHH5I 

H€CKOJihKHX He3aBHCHMbiX <f>yHK~HH peiiieHH5I TpHrrepa )J;JI5I O)J;HOro H 

roro~oo~~- · 

BbiJIH H3MepeHbi a<f><f>eKTHBHOCTH TpHrrepnoil: CHCTeMhi K TpeKy, 

OCTaBJieHHOMy 9JieKTpOHOM H He-aJieKTpOHOM B ~eHTpaJibHOH H 

Top~eBhiX qaCT5IX ycTaHOBKH ,LJ.E.JI<I>M. 9<f><f>eKTHBHOCTh pemcTpa~HH 
IIapbl Tay-JieiTTOHOB COCTaBHJia OKOJIO 95%. 

Ocnonnhie HCTOqHHKH CHCTeMaTHqecKoil: rrorpeiiinocTn TaKOBhi: 

ITOrpeiiiHOCTb1 CB5I3aHHa5I C Orrpe,n;eJieHHeM TpHrrepHOH a<f><f>eKTHBHOCTH, 

ITOrpeiiiHOCTb, CB5I3aHHa5I C H3MepeHHeM HOHH3a~HOHHhiX ITOTepb, 

a -.TaK)Ke neorrpe,n;eJiennoCTh ypoBH5I OCTaToqnoro <f>ona. 06~a5I 
OTHOCHTeJibHaa CHCTeMaTHqecKa5I OIIIH6Ka BapbHpOBaJiaCb OT 8.9% )J;O 

4.3% B 3aBHCHMOCTH OT rrepHO)J;a Ha6opa ,n;aHHbiX. 

CeqeHH5I rrpo~ecca e+e- :-+ e+e-,+,- BhiqHCJI5IJIHCh no <f>opMyJie 

Nobs- Nbg u = --..:...:;..:_ _ ___:..:!. 

EselEtrig£ 
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r.n;e Nobs - qHCJIO o~o6paHHbiX co6hiTHH, Nbg - qHCJIO <f>oHOBhiX 

C06biTHH B rrpe)J;IIOJIO)K€HHH1 qTO HX TpHrrepHa5I a<f><f>eKTHBHOCTb 

panna TpHrrepHOH a<f><f>eKTHBHOCTH CHrHaJihHhiX C06hiTHH 1 Esel -

a<f><f>eKTHBHOCTh OT6opa, Etr - a<f><f>eKTHBHOCTb Tpnrrepa H £ -
HHTerpaJihHaa cneTHMOCTh. CeqennR BhiqHCJI5IJIHCh oT,n;eJihHO JJ;JI5I 

Ka)K.n;oro ro.n;onoro rrepHo,n;a na6opa .n;annhiX. 

l..JHCJIO OT06paHHbiX H O)KH)J;aeMhiX C06biTHH, H3MepeHHbie ceqeHH51 

n ceqenna, rrpe,n;cKa3hiBaeMbie renepaTopoM BDKRC, a TaK)Ke 

nx OTHOIIIeHHa rrpe.n;cTaBJieHhi B Ta6Jin~e 1. O)Kn.n.aeMoe qifCJIO 

C06biTHH BhlqHCJI51JIOCb H3 MO,IJ.eJIHpOBaHH5I cnrHaJibHhiX C06hiTUH H 

<f>oHOBbiX C06biTHH C yqeTOM Tpnr:_repHOH a<f><f>eKTUBHOCTH. 113MepeHHhie 

ceqenHa corJiacyiOTC5I c rrpe,D.CKa3aHH51MH CTan.n;apTnoil: Mo,n;eJin, 

BhiqnCJiaeMhiMH c IIOMO~hiO renepaTopa BDKRC. 

ro,n; OT06paHO O.lKII,ll;aJIOCb Umeas,II6 aMc, rr6 Umeas/aMc 

1997 211 224 ± 18 401 ±32±36 428.2±0.5 0.94 ± 0.11 
1998 629 652±24 419± 19± 18 436.7±0.5 0.96±0.06 
1999 909 937±39 436± 16±21 448.5±0.5 0.97±0.06 
2000 641 665"± 32 443 ± 20 ± 24 459.4± 0.5 0.97±0.07 

Ta6JIII~a 1: KoJIII'leCTBO oTo6paHH?IX II O.lKII,n;aeMbiX co6biTIIii, II3MepeHHhre ce'leHIIH, 

ce'!eHIIH, rrpe,n;cKa3biBaeMbre K9,ll; II IIX OTHorrreHIIH. ITepBaH rrorperrrHOCTb Ha 

II3MepeHHOe Ce'!eHIIe - CTaTIICTII'!eCKaH, BTOpaH - CIICTeMaTII'!eCKaH. 

Cpe.n.nee ceqenHa ,IJ.JI51 LEP2 cocTannJio 

ULEP2 = 429 ± 17 rr6, 

qTO COOTBeTCTByeT ycpe,IJ.HeHHOH 110 CB€THMOCTH 9HeprHH 197.1 raB. 

CeqenHe, rrpe,IJ.CKa3hiBaeMoe·CTan,IJ.apTnoil: Mo,IJ.eJihiO ,IJ.JI5I 9TO:il: aneprHH 

COCTaBJI51eT 447.7 ± 0.3 rr6. 

B qeTBepToii rJiaBe orrHchmaeTC5I <f>opMaJIH3M, .n.orrycKaiO~Hil: 

aHOMaJihHbl€ 9JieKTpOMarHHTHhl€ MOM€HThl 3ap51)KeHHOrO JieiTTOHa, 

qyBCTBHT€JibHOCTh 9KCITepHM€HTa K BKJia,Izy B ceqenHe p0)K)J;eHH51 nap 

Tay-JieiiTOHOB, o6yCJIOBJI€HHOMY aHOMaJihHhiMH 9JI€KTpOMarHHTHbiMH 

MOMeHTaMH, a TaK)Ke IIpHBO)J;HTC51 rrpo~e.n.ypa Orrpe,IJ.eJieHH5I 

aHOMaJihHOPO MarHHTHOPO H 9JI€KTpHqeCKOrO )J.HITOJibHOrO MOMeHTOB 

my-JierrTona. 
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B npe,n;nono:m:emm, 'ITO Cmn,n;apTnaa Mo,n;enh aBnaeTca 
3¢<}>eKTHBHOil: TeOpHeil: ,ll;JI5I HH3KHX 3HeprHil:, o6~aa ¢opMa BeplliHHbi 
rr"( Mo:m:eT 6biTh napaMeTpH30Bana B cne,n;yiO~eil: ¢opMe: 

-ieu(p'){F1(q
2
)'YJ1.+iF2(q2)uJJ.v

2
qv +F3(q2)'Y5uJLv

2
qv }u(p)EJL(q) (11) 

· mT mT 
r,n;e Ep.(q)- BeKTOp llOJI5IpH3aqHH <}>OTOHa C HMllYJibCOM q. <l>OpM-<}>aKTOp 

F1 onnchmaeT pacnpe,n;enenne 3JieKTpnqecKoro 3apa,n;a H eT = eF1(0), 
Tor,n;a KaK F2 H F3 - ¢opM-<}>aKTOphi, cBa3aHHhie c aHOMaJihHhiM 

MarHHTHbiM MOMeHTOM aT H 3JieKTpH'IeCKHM ,ll;HllOJibHbiM MOMeHTOM dT; 

_ 9T - 2 = F2(0) aT= 2 (12) 
H 

2mTdT F3(0) = (13) eT 
B CTan,n;apTnoil: Mo,n;enn 6e3 yqem neTJieRhix•,n;narpaMM aT = 0 H 

dT = 0. Y'IeT neTJieBbiX ,n;narpaMM ,n;aeT nenyneBoe 3Haqeune ,n;na aT = 

11773(3) ·10-
7
, B To BpeMa KaK nenyneBoe.3naqeune dT 3anpe~eno KaK 

T-HHBapnaHTHOCThiO, TaK H P-HHBapnaHTHOCThiO. 

,lJ;na MO,lJ;eJIHpOBaHH5I BKJia,n;a aHOMaJibHOrO MarHHTHOrO H 

3JieKTpH'IeCKOrO ,ll;HllOJibHOrO MOMeHTOB ,ll;JI5I HX 3Ha'IeHHil:, OTJIH'IHbiX OT 

3Ha'Iennil:, npe,n;CKa3hiBaeMi.Ix Cmn,n;apTnoil: Mo,n;enhiO, ncnonh30Banocb 

Bbi'IHCJieHHe, npo,n;enaimoe B pa6oTax Cornet H Illana. cho Bbi'IHCJieHHe 

ocnoBano na pac'IeTe MaTpnquoro 3JieMeHTa npoqecca 'Y'Y ~ r+r­
B nn,n;npyiO~eM nopa,n;Ke K9,LJ; H ero nepeBo,n;e B ceqeune npoqecca 

e+e- ~ e+e-r+r- npH llOMO~H llpH6JIH:m:eHH5I 3KBHBaJieHTHbiX 
<}>OTOHOB. 

· Bhma oqenena 'IYBCTBHTeJibCTb 3KcnepHMeHTaJihHoro oT6opa 

co6biTHil: K BKna,n;y anoManhnoro po:m:,n;enna. Pe3yJihTHpyiO~Hil: 3¢¢eKT, 

Y'IHThiBaiO~Hil: H3Menenne KaK pacnpe,n;enenna HHBapnanTnoil: Macchi, 

. TaK H yrJIOBOrO pacnpe,n;eneHH5I, yBeJIH'IHBaeT 3¢¢eKTHBHOCTb K 

anoManhHOMy po:m:,n;enmo, o,n;naKo B 3Toil: pa6oTe i<:oncepBaTHBHO 

npe,n;nonaranacb paBHCTBO 3¢¢eKTHBHOCTeil: OT6opa ,ll;JI5I C06biTHil:, 

COOTBeTCTByiO~HX CTaH,n;apTHOMy H aHOMaJibHOMy po:m:,n;eHHIO Tay-nap . 

. . Ha ocnoBe H3MepeHHbiX ceqeunil: 6biJIH Bhi'IHCJieHbi npe,n;enbi na 
H3yqaeMbie MOMeHTbi: 

~4 

--..t::l 
~ --~ 
IU 
IU 

i 
IU 
IU -b 

DELPHI 

• Measurements 
• Mean 

Standard Model 

~ ax allowed (95% CL) 
~ d_ allowed (95% CL) 

30
970 175 180 185 190 195 200 205 210 215 220 

~s (GeV) 

Pnc. 2: I13MepeHHbie ce<JeHHH · (KPY*KH), ce<Jemie, ycpe,n;HeHHoe AJIH LEP2 

(Ksa.n;paT), H ce'leHne, npe,n;CKa3biBaeMoe CmH,n;apTH:oit Mo,n;errhro KaK <PYHKIJ,HH 

OT Vs· )J,se llOJIOCbl · 0603Ha'laiOT li3MeHeHHe Ce'leHHH, Bbi3BaHHOe aHOMaJibHbiM 

MarHHTHbiM li 3JieKTPH'leCKliM ,ll;lillOJibHbiM MOMeHTaMli. 

-0.052 < aT < 0.013, 95% CL 

ldTI < 3.7 ·10-16 e ·em, 95% CL. 

Ha pnc. 2 nOKa3aHbi H3MepeHHhie ceqenna, ceqenne, ycpe,n;nennoe 

,n;n.a LEP2 H ceqenne, npe,n;cKa3biBaeMoe Cmn,n;apTnoil: Mo,n;enhiO 

KaK <f>ynKqH.H OT Vs· ,lJ;Be llOJIOCbi Ha pHCYHKe npe,n;CTaBJI.HIOT 

pa3perneHHhie o6nacTH ,n;n.a H3Menemui ceqenHil:, Bhi3Bannoro 

aHOMaJibHblM MarHHTHbiM H 3JieKTpH'IeCKHM ,ll;HllOJibHbiM MOMeHTaMH. 

B IlliTOii rnaBe onHChiBaeTca TeopH.H c cy6MHJIJIHMeTpOBhiMH 

npOCTpaHCTBeHHbiMH H3MepeHH5IMH, npHBO,lJ;HTC.H OllHCaHHe 

HCllOJih3yeMbiX ,ll;H<}>¢epeHqHaJibHbiX Ce'IeHHil: po:m:,n;eHH.H JiellTOHOB 
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H npou;e,nyphi Hx HHTepnpemu;HH. Oco6oe BHHMa~He y.u;enfleTcf! 

BhiqHCJieHHIO BKJia)J;a pa,u;HaiJ;HOHHhiX nonpaBOK B ,IJ;HcPcPepeHIJ;HaJihHOe 

ceqeHHe pmK)J;eHHf! JiellTOHOB C yqeTOM )J;OllOJIHHTeJihHhiX H3MepeHHit 

BoJihlllaf! pa3HHu;a MmK,ny xapaKTepHoii lliKanoii aneKTpocna6oro 

B3aHMO)J;eMCTBHf! (MEW ~ 102 
faB) H 9HeprHeii, npH KOTOpoii 

rpaBHTaiJ;HOHHOe B3aHMO)J;eMCTBHe CpaBHHBaeTCf! C 9JieKTpOCJia6hiM 1 

TO eCTh Macca ITnaHKa (MPlanck ~ 1019 
raB) npHBO)J;HT K 

TaK Ha3hmaeMoii npo6neMe HepapxHH. PellleHHe aTOM npo6neMhi, ... 
He OCHOBaHHOe Ha cynepCHMMeTpHH H TeOpHH TeXHHKOJIOpa, 6hiJIO 

npe.u;nmKeHo B pa6omx Arkani-Harned, Dirnopoulos n Dvali H 

6a3HpyeTCf! Ha BBe)J;eHHH HeCKOJihKHX )J;OllOJIHHTe.rihHhiX KOMllaKTHhiX 

llpOCTpaHCTBeHHhiX H3MepeHnif, B KOTOphiX MO)KeT pacnpOCTpaHf!ThCf! 

rpaBHTOH co cnHHOM 2. B aneKTpOH-no3HTpOHHhiX CTOJIKHOBeHHf!X 

Ha JI9I1 n .u;pyrnx Konnaii.u;epax TeopHfl np~.n;C{S:a3hiBaeT H3MeHeHHe 

,IJ;IIcPcPepeHIJ;HaJihHOrO ceqeHHf! npou;ecea e+ e- -+ t+ z- 1 l = J-L, T, 

CBf!3aHHOe c o6MeHOM BnpTyanhHhiM rpaBHTOHOM. I1oMHMO o6hiqHoii 

)J;HarpaMMhi, BKJIJOqaJOiu;eif B ce6fl o6MeH cPOTOHOM H Z0-6030HOM
1 

nof!BJif!eTCf! ,u;HarpaMMa c o6MeHOM BHpTyanhHhiMH rpaBHTOHaMH co 

cnHHOM 2 H co cneKTpoM Mace k/ R, k = 0, 1, 2, .... Ka)K)J;hiii n3 

rpaBHTOHOB HMeeT oqeHh MaJieHhKYIO KOHCTaHTY CBf!3H C JiellTOHaMH 

H3-3a MaJIOCTH MaCChi ITnaHKa, o.u;HaKo aTa KOHCTaHTa He 3aBHCHT OT 

MaCChi rpaBHTOHa, ll09TOMY CYMMHpOBaHHe BKJia)J;OB 06MeHOB BCeMH 

B03M0)KHhiMH rpaBHTOHaMH ,u;aeT 3aMeTHhiM 9cPcPeKT. 

YrnoBoe pacnpe.u;eneHne <PepMHOHOB B KOHeqHoM cocTOf!HHH 

npou;ecca e+ e- -+ JJ c yqeTOM o6MeHa BHPTYaJihHhiMH rpaBHTOHaMH 

HMeeT BH)J;: 

dCJ 1rCi.
2 

2 ( 2) 2 -=-R·[A-·l+z +2B .. z] dz 2s ~3 ~3 ~3 

A sa Pi 3 2 2 2 .\ 
2 

S
3 

[ 2 4 ---[2z V· - (1- 3z )A.]+-- 1- 3z + 4z J M 4 4 ~ ~ MB 327r s s 

r,u;e HH)J;eKChl i = 1 COOTBeTCTByeT 06MeHy cPOTOHOM, a i 
COOTBeTCTByeT 06MeHy Z0-6030HOM (aHaJIOrHqHO )J;Jif! j), 
z = cos() - KOCHHyc nonf!pHoro yrna <PepMHOHa, 

J{j H [{ - nponaraTOpHhie cPYHKIJ;HH, 
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(14) 

- 2 

~ 4 -:e, t ....... 11VITJ I 
<f!J.5 
C) 

,g 
~ 3 

2.5 ' ..... 91'1oCL1.--I 

-- , .. Cl..:L-1 

1.5 

0.5 t-.-.....--~ ,Jr>0.85./s 

o.1 .0.8 .0.6 .0.4 .0.2 0 0.2 0.4 0.6 0.8 1 
co sa 

:;;- 4 t 
.e, ••........ i(y) 

<tfJ.S 
C) 

,g 
~ 3 

•••.• 9:'S .. C.L.),...-I ~- ~ 
2.5 -··-- -9.7'1oc.L~I 

2 

1.5 

1 f / . 

. 

,Jr>O.BJ,Js 

I I I I 
0 0.2 0.4 0.6 0.8 1 

cosa 

Puc. 3: Y rJIOBbie pacnpe.n;eJieHRSI npoiJ,eccoB e+ e- -+ p.+ ,.,.- ('y) ( BBepxy) n 

e+e--+ T+T-('y) (BHII3y), ycpe.n;HeHHbie ,ll;J:ISI .n;a:ltHbiX1 IIOJ:Iy'leHHbiX npu 3Hepriiii 

CTO.TIKHOBeHnii 183-207 raB. JlnHRSIMll IIOKa3aHbi npe.n;cKa3aHRSI Onm.n;apTHOii 

Mo.n;eJin, Bhi'lRCJ:IeHHhie .n;.rm cpe.n;Heii no IIHTerpa.rihHOil CBeTRMOCTR aHepmu 

coy.n;apeHIIii Vs = 195.3 faB, a TaiOKe npe.n;CKa3aHmi MO,ll;eJill C ,ll;OIIO.TIHllTeJibHbiMll 

cy6Mll.TIJ:IllMeTp0BbiMll IIpOCTpaHCTBeHHbiMll ll3MepeHRSIMll1 Bbi'lllCJ:IeHHhie IIpll 

3Ha'leHnHx MaccoBoro napaMeTpa Teopnn CTPYH Ms paBHbiX nOJ:Iy'leHHhiMR 

rrpe.n;eJiaM c AJ:ISI A = -1 n A = + 1. 
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{3 = .)1- 4m]ls, 
A _ i i + i i B· . _ i i + i i ij - gvgv gaga, tJ - gvga gvga, ga H gv - aKCHaJibHaf! H B€KTOpHa5I 

KOHCTaHThi CBfi3H. Be3pa3MepHhiH napaMeTp ). BKJIIoqaeT B ce6f! 

Macey IInaHKa ,IJ;Jif! npocTpaHCTBa 4+n H3MepeHHii Mj,tn H pa,n;nychr 

KOMnaKTH3ai.J;HH ,IJ;OnOJIHHT€JibHbiX H3MepeHHH H He M0:)1(€T 6hiTb TOqHo 

BhrqnCJieHa 6€3 3HaHHf! nonHoii TeopHH KBaHTOBOii rpaBHTaii;HH. O,n;HaKo, 

cqHTa€TCfl 7 qTO 9TOT napaMeTp no nOpfi,D;KJ BeJIHqHHbi paBeH €,IJ;HHHI.J;€. 

B sToii pa6oTe BhrqHCJif!JIHCh npe,n;eJihi Ha MaccoBhiii napaMeTp TeopHH 
. ..J 

CTpyH Ms ,IJ;Jif! ,n;Byx 3HaqeHHii napaMeTpa: ). = + 1 H ). = -1. 
,[l;nfl BhrqnCJieHHfl BKJia,n;a o6MeHa BHPTYaJihHhiM rpaBHTOHOM c 

yqeTOM pa,n;nau;noHHhiX nonpaBOK ncnoJib30BaJICfl naKeT ZFITTER. 
,[I;Jifl 9TOrO B nporpaMM€ ¢JHKII;Hf! BblqHCJI€HHf! ceqeHHf! B 6opHOBCKOM 

npn6nmKeHHH (nepBbiH qJieH B ¢opMyJie (15)) 6bma 3aMeHeHa Ha 

¢YHKII;HIO, BblqHCJif!IOII.J;YIO BKJia,IJ; 06MeHa rpaBH~OHOM (BTOpOH H TpeTHH 

qJieHhi B ¢opMyne (15)). 
Pa,n;nau;noHHhie nonpaBKH K BKJia,n;y, o6yCJIOBJieHHOMY o6MeHOM 

BHPTYaJihHhiM rpaBHTOHOM cocTaBHJIH OKOJIO 15% OT caMoro BKJia,n;a. 

B 9TOM aHaJIH3e ncnoJib30BaJIHCh ,n;n¢¢epeHII;HaJihHhre ceqeHHfl 

npou;eccoB e+e- ~ e+e-(T) H e+e- ~ e+e-(T) , H3MepeHHhre npn 

9H€prHM CTOJIKHOB€HHH OT 183 )1;0 208 fsB. ,[I;Jifl HHTepnpeTaii;HH ,n;aHHbiX 

B paMKaX OnHCaHHOH MO,IJ;€JIH 6biJia nOCTpOeHa H MHHHMH3HpOBaHa 

¢YHKII;Hf! x2 
c napaMeTpOM E =>./Mi. YrJIOBOe pacnpe,n;eJieHHe, 

OnHChiBaeMoe ¢opMJJIOH (15) 6hiJIO CKOppeKTHpOBaHO C yqeTOM 

pa,n;nau;noHHhiX nonpaBOK. CTaTHCTHqecKne orrm6KH, ncnoJib3JIOIII;Hecf! 

B ¢YHKII;HH x2 
onpe,n;eJif!JIHCb H3 npe,n;CKa3aHHf! CmH,n;apTHOH 

Mo,n;enn, BhrqHCJif!eMoro nporpaMMOii ZFITTER. <l>yHKII;Hf! yqnThiBaJia 

KOppeJif!I.J;HH CHCTeMaTHqecKHX norpeiiiHOCTefi Me)I(,IJ;y 6HHaMH B 

pacnpe,n;eJieHHH no COS(), a TaK:>Ke KOppeJif!I.J;HH Me)I(,IJ;y H3MepeHHf!MH 

· c· Pa3JIHqHhiMH sHeprHf!MH CTOJIKHOBeHHii H KoppeJif!I.J;HH Me)l(,n;y 

H3Mepeimf!MH ceqeHHH pO)I()J;eHHf! nap MIOOHOB H nap Tay-JienTOHOB. 

B m6nnu;e 2 npe,n;cTaBJieHbi 3HaqeHHf! napaMeTpa E, 

MHHHMH3HpyiOIII;He <J>yHKII;HIO X2, noCTpOeHHJIO OT,IJ;eJibHO 

,IJ;Jif! pe3yJihTaTOB H3MepeHHf! npou;eccoB e+ e- ~ f.L+ f.L- (T) H 

e+e- ~ T+T-(() , a TaK:>Ke )J;Jif! ,n;aHHbiX, 06'be,IJ;HHf!IOII.J;HX 9TH ,IJ;Ba 

npou;ecca. B Ta6nnu;e · TaK)I(e npe,n;cTaBJieHbi HH:>KHHe npe,n;enhi c 

18 

ypoBHeM ,n;ocToBepHOCTH 95% Ha MaccoBhiii napaMeTp . Teopnn cTpyH 

M8 , COOTBeTCTBJIOIII;He 3HaqeHHf!M >. = -1 H ). = + 1. 

Ilpou,ecc fmin .X M., TaB 

1 0.76 
e+e- ~ J.L+J.L-(1) +L4o:g~ +1 0.69 

-2.72:g~ 
1 0.59 e+e- ~ T+T-('y) 

+1 0.69 

+0.44:~:~ 
1 0.79 e+e- --> z+z-('y) 

+1 0.73 

Ta6Jinu,a 2: 3HaqeHIIH rrapaMerpa E, cooTBeTCTBJIOIU,IIe MIIHIIMYMY <l>YHKU,IIII 

x2 II Hll2KHlle rrpe,n;eJihl Ha MaCCOBblll rrapaMeTp TeOpllll CTpyH B MO)l;eJill C 

cy6MIIJIJIIIMeTp0BbiMll )l;OIIOJIHllTeJibHb!Mll ll3MepeHIIHMll7 IIOJiyqeHHbie ll3 yrJIOBbiX 

pacrrpe,n;eneHnit rrpou,eccoB e+e---> f:L+J.L-(1) , e+e---> T+T-('y) , a TaK2Ke II3 

aHaJIII3a, BKJIIoqaiOIIl,ero B ce6H o6a rrpou,ecca (e+e- --> [+[-(!) ). 

Ha pnc. 3 npe,n;cTaBJieHhi yrnoBhre pacnpe,n;eneHHfl oTpnu;aTeJibHO 

3apf!:>K€HHOrO JienTOHa B KOHeqHOM COCTOf!HHH npou;ecCOB 

e+ e- ~ f.L+ f.L- (T) H e+ e- ~ T+ T- (T) , ycpe,n;HeHHhre ,IJ;Jif! ,riaHHhrx, 

nonyqeHHbiX npH 9HeprHH CTOJIKHOB€HHH 183-207 fsB, a TaK)Ke 

npe,n;cKa3aHHfl CTaH,n;apTHOii Mo,n;enn H npe,n;cKa3aHHf! MO,IJ;eJIH c 

cy6MHJIJIHMeTpOBbiMH ,IJ;OnOJIHHT€JibHbiMH H3MepeHHf!MH paccqHTaHHhie 

)J;Jlf! 3HaqeHHH MaCCOBOrO napaMeTpa TeOpHH CTpyH, paBHbiX 

nonyqeHHbiM 3,IJ;eCh HH:>KHHM npe,n;eJiaM. 

B 3aKJnoqeHHH KpaTKO cyMMHpyroTCfl pe3JJihTaThi pa6oThr: 

1. ABTopoM pa3pa6oTaH MeTo,n; oT6opa co6biTHii pO)K,IJ;eHHfl nap my­

nenTOHOB B ,n;Byx¢oTOHHhiX coy,n;apeHHf!X. B npe,n;enax aKcenTaHca 

M€TO,IJ; HMeeT 9cPcP€KTIIBHOCTb OT 52% ,11;0 56% B 3aBHCHMOCTH OT 

9HeprHH CTOJIKHOBeHHH npH HH3KOM ypOBHe OCTaTOqHoro cPOHa 

"-' 12%. 

2. YnyqrneHa ToqHOCTh H3MepeHHfl HOHH3aii;HOHHhiX noTeph ,IJ;Jif! 

qaCTHII; C HH3KHMH HMnJJibCaMH C 6.8% ,11;0 5.4% npH nOMOIII;H 

pa3pa6omHHoro aJiropHTMa H3MepeHHfl dE/dx BKJia,n; B 

CHCTeMaTHqeCKJIO norpeiiiHOCTh, CBfl3aHHbiH C H3MepeHHeM 

HOHH3ai.J;HOHHbiX nOTepb COCTaBHJI 2.9%. 
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Pa3pa6omH MeTo.n; onpe.n;eJieHHR TpurrepHoii a<f>cpeKTHBHOCTH 
,n;eTeKTopa. BKJia.n; B cncTeMaTnqecKyiO norpeiiiHOCTh, CBR3aHHhiii 
C H3MepeHneM TpnrrepHOH acp<f>eKTHBHOCTH COCTaBHJI 2.8%. 

3. BnepBhie c BhiCOKoii ToqHOCThiO H3MepeHo ceqeHne npo~ecca 
e+e- ----+ e+e-T+T- )J;JIR aHepruif B .IJ;Haiia30He 183 - 206 faB. 
.lii3MepeHHhie ceqeHna corJiacyroTca c npe.n;cKa3aHneM CmH.n;apTHoii 
Mo.n;eJin. Ycpe.n;HeHHoe .D;JIR ncex aHeprnii OTHOIIIeHne H3MepeHHhiX 
n O)Kn.n;aeMhiX ceqeHnii 

.J 

RLEP2 = 0.96 ± 0.04. 

Cpe.n;Hee ceqeHne )J;JIR LEP2 cocmnnJio 

lJLEP2 = 429 ± 17 n6, 
.. 

qTo COOTBeTCTByeT ycpe,n;HeHHOH IIO HHTerpMhHOH CBeTHMOCTH 
aHeprnn 197.1 raB. CeqeHne, npe,n;CKa3hiBaeMoe CTaH.n;apTHOH 
Mo.n;eJihiO .D;JIR aToii aHeprnn cocTa.BJIReT 447.7 ± 0.3 n6. 

4. YcTaHOBJieH Jiyqiiinii B Mnpe npe.n;eJI Ha aHOMMhHhiH MarHHTHhiH 
MOMeHT Tay-JieiiTOHa: 

-0.052 < a7 < 0.013, 95% CL 

II YCTaHOBJieH npe,n;eJI Ha aJieKTpnqeCKHH )J;HIIOJihHhiH MOMeHT Tay­
JienTOHa, CpaBHHMhiH C ,n;pyrHMH COBpeMeHHhiMH npe,n;eJiaMn: 

ldrl < 3.7 · 10-16 e ·em, 95% CL. 

5. llpone.n;eHa nponepKa 
cy6MHJIJIHMeTpOBhiMH 

Teopnn CTpyH C .IJ;OnOJIHHTeJihHhiMH 
IIpOCTpaHCTBeHHhiMH H3MepeHHRMH H 

YCTaHOBJieH npe,n;eJI Ha MaCCOBhiH napaMeTp aTOH Teopnn 

Ms > 0.79 TaB, A= +1 95% CL, 
Ms > 0.7~ TaB, A= -1 95% CL. 

2D 
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