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8 Y'IC6HOM ITOC06HH npCJICTUBJICH MCTO)l TCOpCTH'ICCKOro OIIHCUHHll npol{CC

COB CHJ!bHOro B3UHMO)lCHCTBHll, OCHOBbiBUIOIUHHC.ll HU )lHCITCpCHOHHbiX COOTHOlliC

HH.llX. 8 'IUCTHOCTH, B paMKUX )lHCITCpCHOHHOro ITOJlXO)la B KBUHTOBOH XpOMOJlHHa

MIIKC paccMOTpeno no)lpo6noe Bbi'IHCJICHHC ljlyHKl{HH AJlJ!cpa 11 R-OTHOlliCH11ll 

'.)J]CKTpOH-IT0311TpOHHOH UHHHrHJ!lll{HH B UJlpOHbl. flp11BCJlCHO JlCTaJibHOC OITI1CU

HHC 3ljlljlcKTOB, ~6yCJIOBJICHHbiX 11pO.llOJIIKCHI1CM pe3yJibTUTOB TCOp1111 B03MYIUCHI1H 

BO BpCMCHIIITOJl06Hy!O o6naCTb, 11 JljlljlcKTOB, o6yCJIOBJICHHbiX HCHYJICBOH MUCCOH 

JICf'IUHlliCro UJipOHHOro COCTO.l!Hit.ll. Y'IC6HOC ITOC06He TUKIKC COJICpiKHT ITOJlp06-

HOC Bbi'111CJICHHC UJlpOHHOJV TCH30pa ITOJillp113Ul{HHBaKyyMa ll 6erymeii KOHCTUH

Tbl CBll3H CI1JibHOro ,B3UI1MO)lCHCTBll.ll B paMKUX TCOpll11 B03MYIUCHHH. 

.[{n.ll cryJlCHTOB cTaplliHX eypcos H acnnpaHTOB, cnel{HanH3Hpy!Oml1xcll s ljJH-

311Ke JJICMCHTapHbiX 'IUCTI1l{. 
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Annihilation into Hadrons: Textbook.- Dubna: JINR, 20 I I.- I 44 p. 

ISBN 978-5-9530-03 I 0-0 

The textbook presents the method of theoretical description of strong 
interaction processes, which originates in the dispersion relations. 
Specifically, the calculation of the Adler function and R-ratio of electron
positron annihilation into hadrons within Dispersive approach to Quantum 
Chromodynamics is presented and discussed in detail. The effects due to 
continuation of perturbative results into timelike domain as well as the 
effects due to nonvanishing mass of the lightest hadronic state are 
thoroughly studied. The textbook also contains perturbative descriptions of 
hadronic vacuum polarization tensor and strong running coupling. 

For graduate and postgraduate students specializing in elementary 
particle physics. 
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II pe,n;HCJIOBMe 

Iby'!eHHe npoii,eccoB CIIJibHoro ~3aiiMo.n;eitCTBII51 BO BpeMeHIIno.n;96-

HOii 06JiaCTH 51BJI51eTC51 O)J;HHM II3 llpiiHIJ,HITHaJibHO Ba:»<:HbiX Hanpai3JieHHii 
. . . . ' . ' 

IIccne.n;oBaHIIii B coBpeMeHHoii a.n;poHHoii ¢II3IIKe. AKTJaJibHOCTh. TaKIIX 
' . ' . 

IICCJie)J;OBaHIIii o6yCJIOBJieHa TeM, 'ITO TeOpeTII'IeCKOe OITIICaHIIe pa.n;a npO-. . . . . ' 

II,eCCOB CIIJibHOrO B3aiiMOp;eiiCTBH51 BO BpeMeHIIITO,LI;06HOii o6JiaCTII, He Tpe-

6yeT npHBJie'IeHII51 ¢eHOMeHOJIOI'II'!eCKIIX MO,ll;eJieit a.n;pOHII3aiJ,HII. .9TOT 

¢aKT , ll03BOJI51eT II3BJieKaTb 3Ha'!eHII51 HeKOtOpbiX 13aR<HbiX napatieTpOB 

TeOpiiii H3 3KCITepiiMeHTaJibHbiX .n;aHHbiX MO,LI;eJibHO-He3aBIICHMbiM CITOC0-

60M1 qTo, B CBOIO oqepe.n;b1 Hrpa~T onpe.n;enaiOrn,yiO. poJih npii npoBepKe 
·- ' . . . ' . 

CaMOCOI'JiaCOBaHHOCTII KBaHTQBOii XpOMO,ll;IIHaMIIKH. , IJocJie,LI;OBaTeJibHbiit 
·,, ' . . • I ; • • ' ' 

aHaJIII3 npoiJ,eCCOB CIIJibHOI'O B3aHMO,LI;eiiCTBII51 BO BpeMeHIIITO,LI;06Hoit o6-. . \ . '· . . ,·' 

JiaCTII MO)KeT 6biTb BbiiTOJIHeH TOJibKO C llpiiBJie'IeHHeM COOTBeTCTBJI<;np,~X 

.n;IIcnepciiOHHhiX cooTHorneHIIii. B coBpeMeHHOii uay'IHOii JIIITepaType .n;aH

uoit TeMaTIIKe y.n;eJiaeTca 3Ha'IHTeJihHOe BHIIMaHIIe. O.n;HaKo yqe6Haa JIII

TepaTypa, CO,LI;ep)KaiiJ,a51 ITOJIHOe CHCTeMaTII'IeCKOe H3JIO)KeHHe paCCMaTpH

BaeMbiX BOllpOCOB1 npaKTH'IeCKH OTCJTCTBJeT. 

,lJ,aHHOe yqe6Hoe noco6He co.n;ep)KIIT no.n;po6Hoe II3JIO)KeHIIe MeTo.n;a 

TeOpeTII'!eCKOI'O OITIICaHH51 llpOIJ,eCCOB CHJibHOI'O B3aiiMO,LI;eitCTBII511 OCHO

BbiBaiOIIJ,ei'OC51 Ha )J;IICITepciiOHHbiX COOTHOIIIeHII51X. IJpii 3TOM OC060e BHH-

' MaHIIe y.n;eJI51eTC51 paCCMOTpeHIIIO BOllpOCOB1 CB513aHHbiX C llpiiMeHeHIIeM 

)J;IICITepCIIOHHOI'O ITO)J;XO)J;a B pa3JIH'IHbiX 3a,LI;a'!aX COBpeMeHHOii ¢li3liKli 

3JieMeHTapHbiX qacTIIIJ,. B qacTHOCTII, yqe6Hoe noco6ne BKJIIO'IaeT B ce-

6a .n;eTaJibHOe Bbi'IIICJieHne ¢YHKIJ,IIII A.n;nepa II R-oTHOIIIeHna 3JieKTpoH

no3HTpOHHOii aHHlii'liJI51IJ,liii B a.n;pOHbl B paMKax )J;IICITepCIIOHHOI'O ITO)J;XO)J;a 

B KBaHTOBOit XpOMO)J;IIHaMIIKe, a TaK)Ke CO,LI;ep)KHT no.n;po6Hoe OITIICaHIIe 

3¢¢eKTOB1 o6ycJIOBJieHHbiX npO,LI;OJI)KeHIIeM pe3JJibTaTOB TeOpiiii B03MJ-
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III,eHMH BO BpeMeHIIIIO)J,06HyiO o6JiaCTb1 II 3¢<l>eKTOB1 o6ycJIOBJieHHbiX He

HyJieBOH MaCCOH Jierqaii:rnero a)J,pOHHOrO COCT05IHM5I. 

B ocHOBY .rr.aHHoro yqe6Horo rroco6MH 6hiJIII rroJIO)KeHhi Kypchi JieK

II,Mii, qJITaeMbiX aBTOpOM Ha IIpOTmKeHMM HeCKOJibKMX JieT )J,Jl5I CTy)J,eHTOB 

6-ro Kypca Ka<l:>e)J,pbl <l>YH)J.aMeHTaJibHbiX II rrpH~Jla,Jl.Hb~X rrpo6JieM .<l>Il3M

KM MMKpOMMpa <l:>aKyJihTeTa o6III,eii II rrpHKJia)J,~oii '¢n3n'Kn M6cKo~cKo~o 
<l:>M3MKO-TeXHJiqeCKOrO JIHCTMTyTa (yqe6HO-HayqHblll IJ,eHTp 06'be)J,MHeHHO

ro JIHCTMTyTa H)J,epHbiX MCCJie)J,OBaHMH, ,IJ,y6Ha) II )J,Jl5I CTy)J.eHTOB 5-rO Kyp

ca ~a<l:>e.rr.pi.i TeopeTII<lecKoii <l:>H3IIKII <l:>H3IIqecKoro <l:>aKyJibTeTa MocKOB

'c~oro rocy.rr.apcTBeHHOrO ymi:BepcHTe~a liM. M.B.'JloMOHOCOBa, a TaK)Ke 

pH1 opnrHiianhHhiX pa6oT aBTopa. Y qe6Hoe rroto6He HBJIHeTCH rrepepa6o

T'aHHhiM II paCiliiipeHHbiM BapHaHTOM pa60Tbi [1). 

·· · : Yqe6Hoe rroco6He rrpe.rr.lia3JiaqeHo )J.JIH cTy)J.eHTOB cTaprnHx KypcoB 

~- aCIIHpaHTOB, crreii,HaJIM3IIpyiOIII,IIXC5I B o6JiaCTM, ¢II3ii:i<II 3JieMeHTapHbiX 

qac~iiiJ,. : I1oco6He W))KeT· IICIIOJib30BaTbCa KaK )J,OIIOJIHeHMe K CTaH)J,apT

HbiM KypcaM no KBaHTOBoii·TeopHH rroJIH [2.:...14],-·ImanToBoii xpoMO)J.IIHa

unK:e [15-20] II TeOpHH 3JieMeHTapHbiX qaCTMII, [21.:_29]: · l1pHBe)1.eHHblll B 

rr6~o6JIM o6rniipHhiH II ,U:ocTaToqHO TIOJIHblll CIIMCOK OpHrMIIaJihHbiX CTaTeii, 

o63opo~ n MOHorpa:¢nii: MO)KeT 6hiTh rroJie3HhiM )J.JIH HccJie)J.oBaTeJieii, pa- , 

6oTaiOIII,MX B )J,aHHOH o6JiaCTM. 

BBe,n;eHHe 

B ocnoBe TeopeTHqecKoro onncaHMH rrpoii,eccoB CIIJihHoro B3aiiMo

)1.eiicTBMH Jie)KJIT lmaiiTOBaH !Iea6eJieBa TeOpiiH IIOJIH - KBaHTOB.aH xpo

MO)J,JIHaMMKa (KX)J;) ~ 9Ta TeopnH 6a3npyeTcH na rrpe.rr.cmBJieHnk o KBap

Kax, COCTaBHbiX qaCTHX. a.rr.pOHOB, H rJIIOOHax, KBaHTaX KaJIM6pOBOqHo

ro BeKTopHoro rroJIH, rrepeHOCHIII,ero B3anMo)1.eiidrBne Me)K.rr.y KBapKaMII. 

)J;aHHbie 06'beKThi o6J1MaiOT. KJIIOqeBbiM AJl5I a)J,pOHHOH <l:>M3MKII KBaHTO

BbiM qliCJIOM, K(:>Topoe 6biJi:O BBe)J,eHO B cepe)J,IIHe 1960-x ro1I.on B pa6o

TaX [30, 31] II IirrocJie)J.CTBMII Ha3BaHo II,BeToM1
• · TeopeTnqecKHe II 3Kc

rrepn:MenTaJihHbie ilccJie~oBimHH Bhl5IBM.im )J.Be xapaKi'epHbie oc66eHHOCTII 

cHJihHhiX B3aHMo.rr.eiicTBMii. Bo-rrepBhix, rrpn yBemiqeHMM 3Heprnn i:q)oii,ec

ca HMeeT · M:ecTo · ''yMeHbineHHe" HHTeHcii'imocTM B3aMMo.rr.'eiicTBHH Me)K.rr.y 

KBapKaMII im'yTpH a)J,pOHOB. ')J;pyrHMII CJIOBal\m, rrpM 6oJibiiiiiX xapaKTep

HbiX 'rrepe.rr.aHHhiX MMrry.ribcax Q2 IIHBapHaHTHhiii 3ap5!)J. Teopmt2 a~(Q2 ) 
dpeMHTC5! K: Hymo. 9To Himeliiie rroJiyqnJio Ha3BaHne acHMIITOTIPiec- · 

Koii cBo60)J,hi. · Bo-BTopi:.Ix, KBapKH II rmooHbi .rr.o HaCTOHIII,ero Bpe:Memi 

He 6biJIH aKcnepHMeHTMbHO 06Hapy)KeHbi B CB060)J,HOM COCT05JHMM.' )J;aH

HOe HBJieHHe rioJiyqiiJ1o· Ha3BaHHe KoH'<l:>aiiHMeHTa II,BeTa. B cBmo oqepe,II,b, 

3TH )J,Ba 5!Bm~IIM5! CBa3aHbi c a,n;po:fmoii ,iJ;imaM~Koii .B pa3JIJiqHbiX o6Jiac

T5IX :=meprliii. 'B rrepBOM 'c.iJyqae 3To Tal< H3.3biBaeMaH YJibTpa<l>Ho~eToBa5! 
o6JiaCTb 1. xapaKTepM3yeMa5I 6oJibillHM~ 3Ha~eHM5!MM KiiHeMaTnqecimx ne

peMeHHbiX. STa' o6naCTb COOTBeTCTBYeT MMbiM Me)KKBapi<(ml,u.i paCCT05!-' 

miHM, i{i:IMeiilio'r ;s o.1¢M: (l<l:>M ~ 10-15 M). Koii<l:>aiiiiMeHT II,BeTa, Ha.: 

1 B rpeqecKoM H3biKe "u.mrr',' o6o3uaqaeTCH CJlOBOM "xpoMa" ("xpwp,a"). 
2 B ,neKoTophlx,CJlyqaax a.( Q2),;=; g2 ( Q2) / ( 47r) TaKlKe !la3hiBaeTCH 3<P¢eKTUBHoii (6~~ 

rylJJ.eii} "Kou~anToii" CBH3ll Kaau'Toaon' xpoMO)I.HH.~MnKn. 3)I.eCh HlllKHnii nn.zi.eKc "s" 

YKa3biBaeT Ha TO, q'fo 6ery1JJ.aH KOHCTaHTa CBH3ll 0!8 (Q2) xapaKTepn3yeT.llHTeiiCIIBHOCTb 

Cl!JlbHOrO B3allMO)I.efiCTBl!H. 
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npOTIIB, CB.H3aH C HII3K03HepreTIIqeCKOfi, IIJIII IIH¢paKpaCHOfi, 06JiaCTbiO, 

KOTOpa.H COOTBeTCTByeT 60JibliiiiM xapaKTepHbiM Me)KKBapKOBblM paCCTO

.HHII.HM: r ,2: 1 cPM. 

AciiMllTOTIIqecKa.H cBo6o.n;a B Hea6eJieBofi KaJIII6poBoqHofi Teopiiii no

JI.H 6biJia OTKpbiTa3 B HaqaJie 1970-X ro,n;OB B pa60TaX [32-:--34]., 9TO OTKpbl

TIIe llOCJIY:IKIIJIO OCHOBOfi ,li;JI.H IIIIIpOKOrO npiiMeHeHII.H TeOpiiii B03Myiii;eHIIfi 

B anaJIII3e npou;eccoB CIIJihHoro B3am.m.n;efiCTBII.H B aciiMnTOTIIqecKofi YJihT

pa¢IIoJieTOBofi 06JiaCTII •. Q_,n;HaKO pe3yJI~TaTbl nepTyp6aTIIBHbiX BblqiiCJie

HIIfi B. KBaHTOBOfi XpOM,O,li;IIHaMIIKe IIMeiOT p.H,ll; llpiiHIJ;IIlliiaJibHblX orpaHII-. 

qeHIIfi. ,Il;efiCTBIITeJibHO, BeCb cPOpMaJIII3M TeOpliii B03Myiii;eiiiiH. B KBaH

TOBOfi TeOp~III.:llOJI.H OCHOBb!BaeTC.H Ha npe,n;nOJIO:IKeHIIII MaJIOCTII BeJIIIqii

Hbl COOTBeTCTBYIOIIJ;ero IIHBapiiaHTHOrO 3ap.H,n;a. ,Il;JI.H "6eryiii;efi KOHCTaHTbl . . . 
CB5I3II CIIJibHO~O B3aiiMO,ll;eHCTBII.H a8 ( Q

2 ) 3TO yCJIOBIIe BblllOJIH.HeTC.H TOJib-

KO. B o6JiacTII 6onhiiiiiX aHepriifi. B IIH¢paKpacHo:i;l Q6JiaCTII KBaiiTOBa.H 

XpOl\10,11;IIHaMIIKa BbiXO,li;IIT II3 pe:IKIIMa CJia6ofi CB5I3II, II TeOpii.H B03Myiii;e

HIIfi. ~TaHOBIITC.H HellpiiMeHIIMOfi )J;JI.H IICCJie,n;oBaHII.H npOIJ;efCOB CIIJibHOrO 

B3aiiMo.n;eficTBII.H. TaKIIM o6pa3oM, aHaJIII3 a.n;ponHoil ,n;IIHaM;III~II B o6Jiac

TII ~IaJibiX 3Hepriifi Bceu;eJIO OCTayTC.H BHe paM OK TeOpiiii . B03MyiiJ;eHIIfi II 

MO:IKeT 6biTb BblllOJIHeii TOJibKO B paMKaX HenepTyp6aTIIBHbiX llO,li;XO,li;OB. ' 
i ' ' ' ... 

TeopeTIIqecKoe oniicaune npou;eccoB CIIJibHoro B3aiiMo.n;eficTBII.H B 

IIn¢p_aKpacnofi o6JiacTII ocTaeTc.H o.n;uofi II3 aKTyaJibHhiX npo6JieM ¢n-

3IIKII 3JieMeHTapHbiX qaCTIIIJ; Ha npOT.H:IKeHIIII . y:IKe MIIOriiX. JieT, ,Il;JI.H 

IICCJie,n;oBaHII.H uenepTyp6aTHBHbiX acneKTOB CIIJibHOrO B3aiiMO,n;efiCTBII5I 

IIIIIpOKO llpiiMeH.HIOTC.H TaKne MeTO)l;bi, KaK CTpyHHbie MO,ll;eJIH. a,n;pOHOB. 

(eM. KHIIry [35], pa3,n;eJI 14.2 KHIIr~ [28], a TaK:IKe pa6oTy [39,]), npamrJia 

CYMM [37-45], ¢eHOMeHOJIOriiqecKIIe llOTeiiiJ;IIaJibHbie MO,ll;eJIII KBapK-aHTII

KBapKOBOrO B3aHMO,n;efiCTBII5I [46-51], MO,ll;eJIH MeiiiKOB [52-54), KIIpaJibHa.H 

Teopii.H B03Myiii;eHIIfi [55-:-58] II pacqeThi na peiiieTKe [59-94]. O,n;HIIM II;3 

B,i~:IKHbiX. IICTOqHIIKOB HenepTyp6aTIIBHOfi IIIIcPOpMaiJ;IIII 06 a.n;pOHHOfi ,li;II

HaMIIKe B o6JiaCTII MaJibiX 3Hepriifi TaK:IKe .HBJI.HIOTC.H ,li;IICnepCIIOHHbie CO

OTHOIIIeHII.H, KOTOpbie IIrpaiOT KJIIOqeByiO pOJib B TeopeTIIqeCKOM aHaJIII-

3e npou;ecccm cPII3IIKII 3JieMenTapHbiX qaCTIIIJ; (eM., naiiJliiMep, rJiaBy 10 

/ 
. a AaTOp 6Jiaro.n.apen Prof. G. 't Hooft (Utrecht University, the Netherlands} 3a o6cy)l(-

.n.enne 3Toro aonpoca n no.n.po6nbie KOMMeiiTapnn. 
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KHIIrii [2], a TaK:IKe KHIIrii [65-70]). B qacTHOCTII, TeopeTIIqecKoe ormca

HIIe npOIJ;eCCOB CIIJibHOrO B3aiiMO,ll;efiCTBII5I BO BpeMeHIIllO,li;06Hofi 06JiaCTII 

MQ)KeT.6biTb BblllOJIHeHo TOJibKO C npiiBJieqeHIIeM COOTBeTCTBYIOIII;IIX ,li;IIC

nepCIIOHHbiX COOTHOIIIeHIIfi. 

OcHOBHofi u;eJibiO .n;annoro yqe6Horo noco6II.H .HBJI.HeTc.H .n;eTaJibHoe II3-

Jio:IKeHIIe · MeTo.n;a TeopeTIIqecKoro oniicanii.H npou;eccoB CIIJihnoro B3aiiMO

.n;eilcTBII.H, OCHOBhiBaiOIIJ;erOC.H Ha ,li;IICnepCIIOHHblX COOTHOIIIeHII.HX •. IJpii 

·3TOM oco6oe BHIIMaHIIe 6y,n;eT y,n;eJieHO no.n;po6HOMY aHaJIII3Y BOllpOCOB, 

CB.H3aHHbiX C llpiiMeHeiiiieM ,li;IICnepCIIOHHOrO llO,li;XO,ll;a B pa3JIIIqHbiX 3a,n;a

qaX. COBpeMeHHOfi cPII3IIKII ::lJieMeHTapHbiX qaCTIIIJ;, a TaK:IKe HenepTyp6a

TIIBHbiM acneKTaM paccMaTpiiBaeMoro no.n;xo.n;a. 

,Il;annoe noco6IIe IIMeeT· cJie.n;yiOru;yiO CTPYKTYPY· fJiaBa 1 nocB.HIII;e

na OlliiCaHIIIO npou;ecca 3JieKTpOH-ll03IITpOHHOfi aHHIIriiJI.HIJ;IIII B a,n;pOHbi. 

B qacTuocTII, B .pa3.n;eJie 1.1 · paccMoTpena ·KIIHeMaTIIKa 3Toro npou;ecca, 

a B pa3,n;eJie 1.2 npiiBe,n;eH llO.n;p06Hbifi BbiBO,ll; ,li;IICnepCIIOHHOrO COOTHOIIIe

HII.H ,li;JI.H a.n;pounofi cPYHKIJ;IIII noJI.Hpii3aiJ;IIII BaKyyl\ta. B pa3,n;eJie 1.3 .n;ano 

onpe.n;eJieHIIe R-oTHOIIIeHII.H 3JieKTpon-no3IITponnofi aHHIIriiJI.HIJ;IIII B a.n;po

Hbi, llpiiBe,n;eHbl COOTBeTCTBYIOIII;IIe 3KCnepiil\IeHTaJibHbie ,n;aHHbie, a TaK:IKe 

no.n;po6no paccMOTpeno BhrqiicJieHIIe ceqeHII.H 3JieKTpon-n03IITponuofi· an

IIIIriiJI.HIJ;IIII B MIOOH II anTIIMIOOH. fJiaBa 2 nocB.HIII;eHa cPYHKIJ;IIII A.n;Jie

pa D( Q2
). A IIMenno B pa3,n;eJie 2.1 .n;auo onpe.n;eJieniie cPYHKIJ;IIII A.n;Jiepa 

II BbiBe,n;eHO COOTBeTCTBYIOIII;ee ,li;IICnepCIIOHHOe COOTHOIIIeHne, a B pa3,n;e

Jie 2.2 llpiiBe,n;eHO BblqiiCJieHIIe a.n;pOHHOrO TeH30pa llOJI5Ipii3aiJ;IIII BaKyyMa 

II cPYHKIJ;IIII D( Q2
) B paMKax TeOp}III B03l\IYIII;e~mfi. 9KcnepiiMeHTaJihHOe 

npe.n;cKa3aHIIe ,li;JI.H cPYHKIJ;IIII A.n;Jiepa paccMOTpeno B pa3.n;eJie 2.3. fJiaBa 3 

llOCB.HIIJ;eUa OlliiCaHIIIO IIHBapiiaHTHOrO 3ap.H,n;a KBaHTOBOfi XpOMO,li;IIHaMII

KII B paMKax Teopiiii B03Myiii;eHIIil. B qacTHOCTII, B pa3.n;eJie 3.1 paccMoT

peHa nepTyp6aTIIBHa.H annpOKCIIMaiJ;II.H .8-cPYIIKIJ;IIII KBaHTOBOfi XpOMO,li;II

HaMIIKII. B pa3.n;eJie 3.2 .n;aHo peiiieniie ypaBHeHII.H penopMaJIII3au;IIonnofi 

rpyllllbl ,li;JI.H 6eryiii;efi KOHCTaHTbl CB5I3II CIIJibHOrO B3aiiMO,n;efiCTBII5I B O,li;HO

lleTJieBOM npii6JIII:IKeHIIII II npiiBe.n;eno o6cy:IK.n;eniie ee cBofiCTB. B pa3.n;e

Jie 3.3 paCCMOTpeUbi peiiieHII.H ypaBHeHII.H penOpMaJIII3aiJ;IIOHHOH rpynnbi 

,li;JI.H HHBapiiaHTIIOrO 3ap.H,n;a KBaHTOBOfi XpOMO,li;IIHaMIIKII Ha BbiCIIIIIX neT

JieBbiX ypOBH.HX. fJiaBa 4 llOCB.HIIJ;eUa TeOpeTIIqecKOMY OlliiCaHIIIO cPYHK-
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:u.nn A.n,Jiepa n R-oTHOIIIeHH5I 3JieKTpOH-rr03HTpOHHOi1 aHHHrHJI5IIJ;HH B a.n,

poHhi B paMKax ,li.HCITepCHOHHOrO llO,li.XO,ll.a B KBaHTOBOH XpOMO,li.HHa:MHKe. 

A n~IeHHO B pa3.n,eJie 4.1 rrpnne.n,eH .n,eTaJibHbiii Bhmo.n. HHTerpaJibHhiX npe.n,

cTanJieHnit ,li.JI5I <PYHKIJ;HH D( Q2) n R( s) B 6e3MacconoM npn6Jin)KeHnn. 

· B pa3.n,eJie 4.2 paccMOTpeHo BhJqncJieHne cooTBeTCTByiOII.I,eit cneKTpaJib

HOii <PYHKIJ;HH H .n,aHO llO,ll.p06HOe OllHCaHHe s<P<PeKTOB, o6yCJIOBJieHHbiX 

'llpO,li.OJI)KeHHeM nepTyp6aTHBHbiX pe3yJibTaTOB BO BpeMeHHITO,li.06HyiO 06-

JiaCTb. B pa3.n,eJie 4.3 npnne.n,eH BhiBO.LI. HHTerpaJibHhiX npe.n,cTaBJieHHH.LI.JI5I 

<PYHKIJ;HH A.n,Jiepa n R-oTHOIIIeHH5I 3JieKTpoH-rr03HTpOHHOi1 aHHnrHJI5IIJ;HH 

B a.n,pOHbl B CJiyqae HeHyJieBOH MaCChi Jierqaifiiiero a.n,pOHHOrO COCT05IHH5I, 

a TaK)Ke npe.n,cmnJieHo BbJqncJieHne <PYHKIJ;nit D(Q2) n R(s) n paMKax 

paccMaTpnnaeMOJ''o no.n,xo.n,a. B npHJIO)KeHH5I BbiHeceH ncrroMoraTeJihHhiH 

MaTepnaJI. B qacTHOCTH, B npHJIO)KeHHH I . .n,aHhi nepTyp6aTHBHhie Bhi

pa)KeHH5I ,li.JI5I <PYHKIJ;HH A.n,Jiepa n R-oTHOIIIeHH5I 3JieKTpoH-rr03HTpOHHoi1 

aHHHrHJI5IIJ;HH B a.n,poHhi. B npnJIO)KeHnH II npnne.n,eHbi 5IBHhie Bbipa)Ke

HH5I ,li.JI5I nepTyp6aTHBHOH ClleKTpaJibHOH <PYHKIJ;HH, HCITOJih3yeMOH llpH 

nocTpoeHnn <PYHKIJ;HH D( Q2) H R( s) B paMKax .n,nCIIepcnOHHoro no.n,xo.n,a 

B KBaHTOBOH XpOMO,li.HHaMHKe. Y qe6HOe ITOC06ne TaK)Ke. CO.n,ep)KHT ITOJI

HYIO nporpaMMY BbiiiieynOM5IHYTOrO Kypca JieKIJ;HH H CITHCOK 3a.n,aq. 

' ... 

rJiaBa 1 

9JieKTpOH-IT03HTpOHHaH 
•. I 

aHHHrHJI.HIJ;H.H B a,n;pOHbl 

J1CCJie,li.OBaHHe npou;ecca :;meKTpOH-ll03HTpOHHOit aHHHrHJI5IIJ;HH B a.n,

pOHbL HrpaeT Cyii.I,eCTBeHHyiO pOJib B COBpeMeHHOfi. <PH3HKe 3JieMeHTap

HbiX qacTnu;. ,LI:eitcTBHTeJibHO, TeopeTnqecKoe onncaHne 3Toro npou;ec

ca· He Tpe6yeT rrpHBJieqeHH5I <PeHOMeHOJIOrnqeCKHX MO,ll.e{IeH a.n.pOHH3a-:

IJ;HH. 9TOT <PaKT ll03BOJI5IeT .H3BJieKaTb 3HaqeHH5I p5I,ll.a Ba)KHbiX rrapaMeT-
, 

pOB TeOpHH H3 COOTBeTCTBYIOII.I,HX3E:CrrepHMeHTaJibHbiX .n,aHHblX MO,ll.eJibHO-

He3aBHCHMbiM cnoco6oM, .· qTo, B. cnoro oqepe.n,h, nrpaeT onpe,n;eJI5IIOII.I,yiO 

pOJib ·rrpH nponepKe:CaMOCOrJiaCOBaHiiOCTH ·KBaHTOBOH. XpOMO,li.HHaMHKH~ 

1.1 Ceqenue rrpoiJ,ecca e+e--aHHMI'MJHIII,MM B a,r~;poHbi 

B Jin.n,npyroii.I,eM nop5I.n,Ke Teopnn B03Myii.I,eHni1 no KOHCTaHTe CB5I3H 

3JieKTpOMarHHTHoro B3alil\io.n,eitcTBH5I aem = e2 / ( 47r) npou;ecc 3JieKTpOH

no3nTpOHHOit aHHHrHJI5IIJ;HH B a.n,pOHbl Orrpe.n,eJI5IeTC5I .n,narpaMMOH, npe.n,

CTaBJieHHOit Ha pncyHKe 1.1. ,LI:aHHbiit npou;ecc MO)KeT npoTeKaTb KaK qe:. 

pe3 llpOMe)i(yToqHblit <POTOH (3TOT BKJia,ll. 5IBJI5IeTC5I ,LJ;O~HHHpyiOII.I,HM), TaK 

H qepe3 npoMe)KyToqHbiit Z0-6o30H. TaKHM o6pa3md, MaTpnqHbill 3Jie

MeHT paccMaTpnnaeMoro npou;ecca MO)KeT 6biTb npe.n,cTanJieH n cJie.n.yro

II.I,eM nn.n;e: 

. Mir=iv(P2,a2)e-y11 u(phat) 9;;(rlt(q)IO}. (1.1) 

B 3TOM ypanHeH~~ g11v ~ diag (1, -:-:1,-1, -i) o6o3mtqaeT 1\IeTpnqecKnit 

TeH3op, e- 3ap5I.n; 3JieKTpoHa, -y11 - MaTpilu;a ;Il;IIpaKa, u(pliat) n v(p2, a2) 
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,e 

fJiaBa 1. 9JieKTpOH-n03HTpOHHaR aHHHrHJIR~HR B a,LQJOHbl 

ry,zo 

,.·, ,, 

a 

A 
p 
0 
... : . . ""..; 

H 

,bl 
\ ' 

PncynoK 1.1. )J.narpaMMa npo~ecca 3JICKTpon-no3nTpouuoli annnrn;UJunn n a.n.ponbl 
~,' f ~ ':. '; ·,~} t" -, ; ,,: ;. • I., I ' • .. ·: ~ • ·. ~· :. 

npe,rr.cTaBJIHIOT co6ofi ,rr.npaKOBCKHe cnHHopbi 3neKTpoHa c HMnyJihCOM Pl 
H CllHHOM Ill H ll03HTpOHa C HMnJJibCOM p2 H CnHHOM 172 COOTBeTCTBeHHO, 

r o6o3iia9:aeT KOHeqHoe a,rr.pOHHOe COCTOHHHe,·Jv = E/~l·:iiJQrrvqj: HB

nHeTCH 3JieKTpOMarHHTHbiMTOKOM KBapKOB, QJ0603HaqaeT 3apH,rr. KBapKa 

apoMaTa jB e,n;HHH~aX•3apH,z:r.a n03HTpOHa, nf- "'HCJIO aKTHBHbiX apoMa

TOB\ aq2 =:(p1 +P2)2 :=:s > 0 HBJIHeTCH ::meprnefi npo~ecca aHHHrHJIH~HH 

B cncTeMe ~eHTpa Mace. B ypaBHeHHH (L1) Bbipa:iKeHHe ,rr.nH ¢oTo:imoro 

nporiaraTOpa COOTBeTCTBJeT ¢efiHMaHOBCKOfi :Ka.7IH6pOBKe.' 

'IIonHoe ce"leHne npo~ecca··::weKTpoH-n03HTpOHHofi' aHHHrHJIH~HH B 

a,LQJOHbi, KOTOpoe nponop~HOHaJibHO'npOCJMMHpOBaHHOMynOBCeM KOHeq

HbiM a,LQJOHHbiM COCTOHHHHM KBa,z:r.paTy MaTpHqHoro 3JieMeHTa (1.1), MO

:iKeT 6biTh npe,rr.cTaBJieHo cne,n;yro~HM o6pa30M (cM.,,HanpHMep, pa3,rr.en4.1 

KHHrH [16]): 
lj:' .. . 2 

ll(e+e---+ a,rr.pOHhi; s) =' 81r2 ae~ L~vHj.tv· I 
~~ . . . :•:: ~ 

; :. ' '(1.2) 

·B 3TOM ypaBHeHHH Lp.v o6o3HaqaeT JienTOHHhiti TeH~op. 

Lp.v 
1 . fJ ' ' • ; -f ;_'!.I __ ;,~., '; ~ '·. :' 

= 4 L ii(p2, ll2)'Yp.u(pl, Ill) [ii(P2, ll2)'Yvu(pll q-1)] * ."7 
spin . ,. 

~ [qp.qv- 9p.vq2 - (Pl- P2)p.(P1- P2)v], 
:-- ,. \ ' . 

• • ·• ' ·- 4, 

(1'.3) 

4 qiiCJIOM aKTHD!IbiX apoMaTOD lla3biDaCTCH 'IIICJIO KnapKOD1 MaCca KOTOpblX MHOrO 

Menhiue, <~eM xapaKTepuaH 3iieprH.H paceMaTpnnaeMori> npo~ecca' (eM: rna8y 3, a TaioKe 

pa6oTw [71~ 72] 11 pa3,D,eJI 3.8 n Kimre [16]). <: 

1.1. CeqeHHe npo~ecca e+e--aHHHrHJIH~HH B a,LQJOHbi ,, 13 

a H p.v - a,rr.poHHhifi TeH3op (Pr o603HaqaeT HMnyJihC KOHeqHoro a,rr.poHHoro 

COCTOHHHH f) 

Hp.v(q2) = (21r)4 2: c5(Pl + P2 -Pr )(O!Jp.( -q)lr)(r!Jv(q)IO) = 
r 

= J d4xeiqx(OI [Jp.(x), Jv(O)] IO). (1.4) 

0TMeTHM1 qTQ ypaBHeHHe {1.3) 6hiJIO noJiyqeHO B 6e3MaCCOBOM npH6JIII:iKe

HHH, a npH BhiBO,z:r.e ypaBHeHHH {1.4) 6b!JIO HCnOJib30BaHO JCJIOBHe nOJIHOTbi 

Ha6opa a.z:r.pOHHbiX COCTOHHHfi I:r lr) (rj = 1. Cne,n;yeT TaK:iKe ynOMHHJTb 

0 TOM, qTO npH paCCMOTpeHHH npo~ecca 3Jie:KTpOH-n03HTpOHHOfi aHHHrH

JIH~HH. B a,rr.pOHbi npe,z:r.nonaraeTCH, qTQ pO:iK,z:r.eHHe KBapK-aHTHKBapKOBOfi 

naphi H3 BHPTYaJihHOro ¢oToHa H ee nocne,n;yro~aH a,LQJOHH3a~HH .HBJIH

IOTCH xoporno pa3,rr.eneHHhiMH no. BpeMeHH npo~eccaMH, · npoTeKaiO~HMH 

He3aBHCIIMO ,rr.pyr OT ,rr.pyra. 

3,rr.eCb y.z:r.o6HO BBeCTH TaK Ha3biBaeMhifi a,z:r.pOHHbifi TeH30p nOJIHpH3a

~HH BaKyyMa, KOTOpbifi onpe,rr.eJIHeTCH CJie,D;yiO~HM o6pa30M: 

IIp.v(q2) = ifd4,x eiqx (OI T { Jp.(X) Jv(O)} IO) = .
12

i7r2 ( qp.qv
1 
;-.~p.vq2 )II( q2}-

(1.5) 

B 3TOM ypaBHeHHH II(q2) o6o3HaqaeT a,rr.poHHyro ¢YHK~Hro. nonHpH3a

~HH BaKyyMa. B cnny Toro, "'TO CKaJIHpHaH qacTb a,n;pOHHoro TeH-

3opa flp.v(q2) {1.4) nponop~HOHaJibHa CKaqKy MHHMOfi qaCTH .¢JHK

~HH II(q2) Ha ¢n3nqecKoM pa3p~3e, nonHoe ceqeHHe npo~ecca:3neKTpoH

no3HTpOHHOfi aHHHrHJIH~HH B a,LQJOHbi (1.2) MO:iKeT 6hiTb Bbipa:iKeHOB ',l'ep

MHHax II(q2) (1.5). 

Heo6xo,rr.nMo no,z:r.qepKHJTh, qTo 3KcnepHMeHThi no 3JieKTpoH-n03H

Tpormofi aHHHrHJIH~HH B a.z:woHbi nrparoT pernaro~ro pOJih npH npo

BepKe CaMOCOrJiaCOBaHHOCTH nepTyp6aTHBHOfi KBaHTOBOfi. XpOMO.D.HHa:MH

KH (eM., HanpHMep, rJiaBy 3 KHHrH [73] H pa60Tbi [74, 75])< B nep

BJIO Qqepe,rr.h, 3TO o6yCJIOBJieHO TeM, qTQ TeopeTHqeCKOe OnHCaHHe pac

CMaTpHBaeMOrO npo~ecca . He Tpe~yeT npnBneqeHHH ¢eHoMeHonornqec

KHX Mo,n;enefi a.z:r.pOHH3a~HH ... Cne,n;yeT TaK:iKe OTMeTHTh, qTo cne~n¢n

Ka npo~ecca 3JieKTpOH-n03HTpOHHOfi aHHHrHJIH~HH B a.z:r.pOHbi HaKJia,rr.hi-:-
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BaeT ':iKeCTKOe. · KMHeMaTM'leCKOe · orpaHM'leHMe5 KaK Ha a,n;pOHHbiM TeH-

30p H11v(q2) (1.4), TaK II Ha a,n;pOHHYIO <i>YHKIJ;MIO IIOJI5.!pH3an;MM BaKy

yMa II(q2) (1.5). A MMeHHO H11v(q2
) cyr:u;ecTnyeT TOJihKO ,n;na 3Hep

rMii, rrpeB~IlliaiDril;MX IIOpOr pmK:,n;eHII5.! Jierqaii:rnero a,n;pOHHOrO COCT05.!

HM5.! q2 2:: 4m;. B qacTHOCTM, H11v(q2
) = 0 ,n;na rro,n;rroporOBhiX 3Ha'leHMii 

3HepriiM q2 < 4m; (3,n;ech II ,n;anee mn ~ 139.57 M3B o6o3Ha'laeT Macey 

3ap5.!:iKeHHOrO 7r-Me30Ha [79]). 0TCIO,LJ;a CJie,n;yeT, 'ITO a,n;pOHHaa <i>YHKIJ;M5.! 

rronapM3aiJ;MM BaKyyMa II(q2) (1.5) annaeTca aHaJIIITII'lecKoii: <PYHKIJ;IIeii: 

BO BCeii: KOMIIJieKCHOM q2-IIJIOCKOCTII C p~pe30M q
2 2:: 4m; B,LI;OJib IIOJIO:iKII

TeJihHOM qacTII ,n;eii:cTBIITeJihHOii: ocii Req2 (eM. pHcyHOK 1.2). 9To cBoiicT

BO '<PYHKD;MM II(q2) (1.5) rrpMBO,LJ;MT K pa,n;y Ba:iKHbiX HerrepTyp6aTMBHhiX 

orpaHM'leHMii Ha <PYHKIJ;MIO A.n;nepa D(Q2) (2.1) II Ha TaK Ha3hmaeMoe 

R.:.oTHomeHMe 3JieKTpoH-II03MTpOHHOii: aHHMrMna:u;MM B a,n;poHbi R(s) (1.13) 
(eM. pa3,n;eJibi 2.1 II L3 cooTBeTCTBeHHO). B CBOIO oqepe,n;h, 3TH orpaHM'le

HMa HrpaiOT cyr:u;eCTBeHHYIO pOJib IIpH MCCJie,LI;OBaHMM paCCMaTpMBaeMbiX 

BeJIM'lMH B o6JiaCTM MaJibiX 3Hepmii: ( CM. TaK:iKe pa60Tbi [80-82] II rJiaBy 4 
,n;anee). ' 

1.2 · A,n;poHHa.H cPYHKIJ;II.H rroJI.Hpii3au;IIII BaKyyMa 

· IIepeii:,n;eM · K BbiBO,LI;Y· ,n;McrrepcHOHHoro cooTHorneHMa ,n;na a,n;pOHHoii: 

<PYHKIJ;MM rronapM3aiJ;IIM BaKyyMa II(q2) (1.5). ,II;na,n;ocTM:iKeHMa 3TOii u;e

JIM 6y,n;eM MCIIOJih30BaTh <PopMyny KornM. A MMeHHO ,n;na <PYHKIJ;MM f(x) 
KOMIIJieKcHoii: rrepeMeHHoii: x, aHaJIIITM'lecKoii: B n-cBa3Hoii: o6nacTM G II 
HerrpepbiBHoii: B 3aMKHyToii: o6nacTM G, BhiiiOJIHaeTca · cooTHorneHMe 

f(x) = ~ j !(~) d~, 
27l"Z ~-X 

(1.6) 
c 

r.n;t; ~x - BHyTpeHHaa TO'lKa o6naCTII G, a C - rpaHM:u;a 3TOii: o6nacTM, 

rrJ~xo,n;MMaa TaK; 'ITO o6nacTb G ocTaeTca Bee BpeMa CJieBa (eM., HarrpM

M:ep, KHIIry [83]). B CIIJIY Toro, 'ITO II(q2) aBnaeTca norapii<i>MII'leCKII pac

Tyr:u;eii: <i>YHKIJ;IIeii: CBOero apryMeHTa IIpii q2 
-,-t 00 (eM. ypaBHeHIIe (2.39) 

- • ~ .ll,cni.JibiH)c o6cy)K,I\Cimc 3Toro Bonpoca · npnBe,n:eno Ii pa3.n;eJJax 5 H 35 imnm [76], a 

TaK)KC·B pa6oTaX [77, 78]. 

l 
' 

I 
1 
l 

1.2. A,n;poHHaa <PYHKD;IIH rronapii3aD;IIII BaKyyMa 15 

Im; 

Re; 

PncynoK 1.2. KonTyp HHTerpnpoBaHHH B KOMIIJieKCIIofi ~-IIJJOCKOCTH B ypaBIICIIllll (1.8). 
<l>nJnqecKnfi pa3pe3 ~ 2:: 4m; a,II,ponnofi q>yHKU.HH noJJHpH3ai\HH BaKyyMa II(O (1.5) 
noKa3all B,n:OJib noJJO)KHTCilhiiOfi qacTn ,n:eficTBHTeJJbiiOfi ocli Re ~ 

,n;anee), BMecTo ypaBHeHIIa (1.6) y.n;o6Ho IICIIOJib30BaTh <PopMyny Kornii c 

Bbi'liiTaHIIeM 

' ' 1 .. J f(~) d~ 
f(x) = f(xo) + 21ri (x- xo) (~- x)(~- x

0
) ' 

(1.7) 

c 

r,n;e xo- HeKOTopaa BHyTpeHHaa TO'lKa o6nacTII G. 

KaK y:iKe 6biJIO yrroMaHyTo B rrpe,n;hr,n;yr:u;eM pa3,n;ene, a,n;poHHaa <PYHK

:u;IIa rronapii3a:u;IIII BaKyyMa II(q2) (1.5) IIMeeT TOJihKO rrpaBhiii pa3pe3 

q 2 2:: 4m; B,LJ;OJib rroJIO:iKHTeJihHOii. qacTII .n;eii:CTBIITeJihHOii: ocii Re q
2 

B KOM

rrneKcHoii: q2-rrnocKOCTII. Cne;oBaTeJihHO, .<Po!n.;yna. Kornii (1.7) ,n;na 
<PYHKIJ;IIII II(q2) (1.5) c Bbi'liiTaHIIeM B HeKoTopoii: TO'lKe q5 rrpiiHIIMaeT 

BII,LI; .. .,. J . II(~), . 1 2 2 '•' d 
II(q

2
) = II(q5) + 21ri (q .. - qo) (~ _ q2)(~- q?' ~. 

.'.i .. ' ., ' . - c . . 
(1.8) 

r,n;e KOHTYP IIHTerpHpomiHIIa C rrpe,n;cTaBJieH Ha piiCJHKe 1.2. TaK KaK IIH

TerpiipoBaHIIe B,LI;OJlh OKpy:iKHOCTeii: 6eCKOHe'lHO 60JiblliOrO • (coo) H' 6eCKO:_ 

He'lHO MaJIOrO (Cm) pa,n;IIyCOB He ,n;aeT BKJI<t,n;a B ypaBHeHIIe (1.8), a,n;pOHHaH 

<PYHKIJ;IIH rronHpii3aD;IIII ~aKyyM~ II(q2)' MO:iKeT 6h~Th rrpe,n;cTaBJieHa cne,n;y-



16 rJmBa 1. 9JieKTpOH-ll03HTpOHHaSI aHHHrHJIHIJ;HH B a,Iij)OHbl 

IOIIJ;HM o6pa30M: 

2 2 q2 - q5 . II(~) df, II(~) d~ 

[ 

oo+ie: . 4m~-ie: ] 

rr(q l = rr(q,) + z~i ,':JJ. .J.Le- q')(e- rfol :L(e- q')(e- <Tol · 

(1.9) 

IIocne 3aMeHbi nepeMeHHOii HHTerpHpOBaHHH ~ = s + ic nepBoe cnaraeMoe 

B KBa,n;paTHbiX CK06KaX ypaBHeHHH (1.9) npHHHMaeT BH,ll; 

/

oo II(s + ic) ds + O(c). 
(s- q2)(s- q5) 

(1.10) 

4m; 

AHanorHqHo, BTopoe cnaraeMoe B KBa,Iij)aTHbiX CK06Kax ypaBHeHHH (!:9) 
C ITOMOIIJ;biO 3aMeHbl nepeMeHHOH ~ = S - ic MO)KeT 6biTb npe,D;CTaBJieHO 

CJie,D;yiOIIJ;HM o6pa30M: 

00 -j II(s- ic) 
. (s- q2)(s _ 2) ds + O(c). 

4m; qo · 
(1.11) 

TaKHM o6pa3oM, ,n;HcnepcHOHHoe cooTHOIIIeHHe (1.9) ,n;JIH a,Iij)OHHOii cPYHK

IJ;HH noJIHpH3an;HH BaKyyMa II(q2) (1.5) c BbiqHTaHHeM B ToqKe q5 npHHH

MaeT BH,ll; 

2 2 2 Joo R(s) ds, · 
II(q

2
) = II(qo) + (q - qo) (s- q2)(s- q5) (1.12) 

4m; 

r,n;e 

R(s) = 
2
1

. lim [II(s + ic)- II(s- ic)]. 
1f't e:-+0+ 

(1.13) 

Cne,n;yeT OTMeTHTb, qTo ,D;JIH Tex cPYHKIJ;Hii II(~), ,n;na KOTOpbiX BblllOJIHH

eTCH cooTHOIIIeHHe II(C) = II*(~), ypaBHeHHe (1.13) MO)KeT 6biTb TaK)Ke 
. . . . . 

np,e,D;CTaBJieHO B BH,D;e 

./, 
R(s) =.!. Im lim II(s + ic). 

1f e:-+0+ . . 
(1.14) 

:1.3. R-oTHOIIIeHHe e+ e- -aHHHrHJIHIJ;HH B a,n;poHbi 17 

1.3 R-oTHOIIIeHHe e+e--aHHHrHJHIIJ;Hll B a,n;poHhi 

IIonyqeHHaH B npe,D;bi,D;yru;eM pa3,n;ene BeJIH"IHHa • R( s) ( 1.13) MO)KeT 

6biTb OTO)K,n;ecTBJieHa c TaK Ha3biBaeMbiM R-oTHOIIIeHHeM :=meKTpOH-n03H

TpOHHOii aHHHmmiu;Hii B a,n;poHbr, Ko±opoe ~3M epa eTcH aKcrrepHMeHTaJib-

HO: 
R(s) = a(e+e----+ a,n;poHbi; s)_ 

a(e+e----+ JL+JL-; s) 
(1.15) 

IIpaBaSI qaCTb 3TOrO ypaBHeHHH npe,D;CTaBJIHeT co6oii: OTHOIIIemie6 ITOJIHOrO 

ceqeHHH' paccMaTpHB'aeMO~O npor:i;ecc~:rro CHJibHOMJ KaHaJIY (1.2) K ce..fe

HHIO aneKTpoH-rr03HTpoHHoii aHHHrHJIHIJ;HH no aneKTpocna6oM/KaHa.i:Iy n 
MIOOH H aHTHMIOOH, CM. pHCYHOK 1.3. 

~ 
~ 
~ 

e 

e+ 

f-t 

,,zo 
f.-t+ 

Pucynoi< 1.3. ,Il,uarpaMMa npotwcca 3JieKTpou-no3HTpmmofi annuruJIHI.(Iiu no 3JieKTpoc

Jia6oMy KaUaJIY 

MaTpHqHbiii aneMeHT npou;ecca aJieKTpOH-n03HTpOHHoii aHHHrHJIH

IJ;HH B MIOOH H aHTHMIOOH HMeeT BH,ll; 

2 

M - . -(JL)(k ) JL (JL)(k ) e -(e)( ') (e)( ') ir-'lU l>al 'Y v 2,a2' )2v P2,a2 'YJLU PI,al' 
PI+ P2 ' . 

(1.16) 

r,n;e u(ll(qi, Ai) H v(ll(qj, Aj)_ o603HaqaroT ,D;HpaKOBCKHe CIIHHOpbl JieiiTOHa z
c HMIIYJibCOM qi H. CIIHHOM: Ai H aHTHJieiiTOHa z+ c HMIIYJibCOM qj H CIIH

- HOM Aj cooTBeTCTBeHHO. CeqeHHe paccMaTpHBaeMoro rrpou;ecca rrporrop

u;noHaJibHO KBa,Iij)aTy MaTpHqHOrO 3JieMeHTa (1.16), KOT~pbiH MO)KeT 6bi;b 

6 3)l.ecb now8.3yMenaeTCH, qTQ o6a' ceqe!m~ ~ npanofi qacTu ypanminuH (1.15) cciOT

BeTCTBYIOT Jlll)l.Upy!Olll,eMy TIOpHdt.fb ~ll~ iWnnii IlO K,HCTaHTe CBH3ll 3JI~KTpo-
, Mal'HUTHOl'O' B3aliMO)l.eHCTBUH Qem = e !17!' .. ' . .HCTHTY: ' ' ' ' ' - ' 

SI,qepHLIX nccrre,qoBaHHH 
I Bl1Bnl10TEKA 
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npe,n;cTaBJieH: cne.rr,yrorn.nM o6pa3oM: 

. e4 · •IMir12 = 
2

v(P)(k2,u2)'{u(P)(kl!ul)u(l'){kl,CT1)'yllv(P)(k2,u2) X 
s 

: ' ~ :,. ; 
X u(e} (Pl! u~)'Yvv(e) (P2, u~)v(e) (P2, u~)'Ypu(e) (Pl' uD, {1.17) 

< < ~ ' • 

r,n;e s = q2 = (Pl + P2)2. 
,II.JIH CJIJ'IaH HenOJIHpH30BaHHbiX '!aCTHD; KBa,lij)aT MaTpH'IHOrO ::me-

MeHTa ( 1.17) He06XO,D;HMO npOCJMl\mpoBaTb no cnnHaM KOHe'IHbiX COCTOH-
. ' 

HHit H ycpe,D;HHTb no CnHHaM Ha'IaJibHbiX COCTOHHHit. BocnOJib30BaBIIIHCb 
', - I 

COOTHOIIIeHHHMH 

MO)KHO nOKa3aTb, 'ITO 

1 
4LIMil 

spin 

L ua(P, u)u13 (p, u) = (p + m)~, 
(f 

L va(P, u)v13 (p, u) = (p- m)~, 
(f 

4 
= ~Tr[(k2-mll)'Yv(k1+m1,)'Y~'] X 

4s 

X Tr[(Pl + me)'Yv(P2- me)'YJl], 

{1.18) 

(1.19) 

(1.2Q) 

r,n;~ me ~ 0.511 MaB, mp ~ 105.66 MaB [79]. IlpnHHMaH BO BHHMaHne, 

'ITO 

Tr(rJlfV) = 4gJlV> (1.21) 

Tr(/Jllv/p/a) = 4(gJlVgpa- gppslva + gwigvp), (1.22) 

[~+1 l Tr n lJlj = 0, (1.23) 

J=l 

.r,n;e' r = 0, 1, 2, 3, ... - u;enoe HeoTpnn;aTeJibHOe qncno (eM. TaK)Ke pa3-

l)I.en 2.2), npe,D;CTaBHM COMHO)KHTeJIH B npaBOit '!aCTH ypaBHeHHH {1.20) 

be.rr.Y~IIJ.HM o6pa30M: 

Tr[(k2 -;-mp)'Yv(kl +mp)'Y~'] = 4 [kfk2 +k~kl'- (k1k2)g1
w -m!g~'v], {1.24) 

/: . Tr [(PI +m~)'Yv(P2 ~ij:i~)!p) := 4 (~lpP2·~+~;.;i:- (PIP2)gp~-m~gpv]. (1.25) 

.. 

1.3. R-oTHOIIIeHne e+ e--aHHnrnnHn;nn B a,lU)OHhi 

T\.J.KHM o6pa30M, Bbtpa)KeHne {1.20) npHHHMaeT BH,D; 

1 
4LIMirl2 

spin 

8e4 · ·. • · -· ·. · · ·. 
- 2 [ (p1k1){P2k2) + (pik2) (p2k1) + 
s 

2 (k k ) . 2 (. ' ) 2 2] +me 1 't +mil P1P2 + 2memJl . 

19 

{1.26) 

,II.aJibHeitiiiHe Bbi'IHCJieHIIR y,il;o6HO npOBO~~Tb B CHCTeMe u;~irrpa ~race. 
·t} !'' : : ... I 

B 3TOM cnyqae 4-nMnyJihCbi qacTIIIJ;, yqacTByrorn.nx B paccMaTpHBaeMoM 

npou;ecce, HMeiOT BH,D; 

P1 = (E,p), P2 ~- (E, -if), . k1 ~ (E: k),· k2 == (E, -k). 

IlpH 3TOM 

s =(PI+ P2? = (k1 + k2? = 4E
2
, 

\ ~ ' . ' . ... 

'( . 2) 2 -+2 s -1- 4me . k-2 s ( . 4mw) p =- -- ' = __:' '1 _:_··-· : 
4 · S · ; 4 ·.: , .S '·•'. 

(PIP2) = E 2 + P2 = ~ - m;, (k1k2) = E
2 

+ f2 = ~ - m!, 

. . . 2.-- s(' '· -~--~·)•· 
(plkl) = (~2k2) =.E -~k = 4 1-,cosByl-? vl-T' , 

'( k) ' ( 'k )'' .. 2 . -- s'(' . ' ~4m;~-4m2) .. 
P1 2 == P2 i = E + p k = - 1+ co's (} 1 "'-' ..:.__ .. e · 1 ...:... _____:_!!:_ , 

,. . : 4 ' '. s' s .. _, ' ' .· ,·! ;'. ···. -·.!· 

(1.27) 

(1.28) 

{1.29) 

{1.30)' 

(1.3n 

(L32)1 

r,n;e (} 0603HaqaeT yrOJI Me)K.lzy HMnJJibCOM 3JieKTpOHa p H HMnJJibCOl\1 

MIOOHa k. B 3TOM cnyqae ypaBHeHne (1.26)- MO)KeT 6biTh npe,n;cTaBJieHo 

cne,n;yrorn.nM o6pa3oM: 

1"' ·· 2 4 [ 2 ·(·. 4m
2
)( .>4m

2
)· 4( 2 . 2)]. 4~1Mir1 :=·e 1t~?s (} 1-, •. s.e, 1-T ~,".; ine+m1,_. (1.33) 

spm · 

B clicT,eMe l.J;eH'rp'a Mace ,n;n¢¢epemi,HaJibHOe ce~e~ne pacc~IaTpimae-
Moro npou;ecca nMeeT BH,D; 

·du 

dO 

. •. . '\: 

= ·. 1 '1·lkl . .. (4~l' S IPI ~ l.:JM"I' ~ __e'__ i Jt-~ 
spm (47r)2 4s: v . X 1-4m~ 

, ' B 

.x. [1,_+ ~o~2 e(1-:.47~)(1~ ;47~)+ ~(~~ + in;J].. ·: (~.~~) 
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B 6e3MaccoBOM rrpe,n;eJie (me = 0, m 11 = 0) 9TO ypaBHeHIIe MO)KeT 6hiTh 

rrpe)J;CTaBJieHO CJie)J;YIOID;IIM o6pa30M 

da a~m( 2 ) dn = 4s 1 +cos e . (1.35) 

IIp~ ~TOM noJIHoe ceqeHIIe rrpo11,ecca 9JieKTpoH-II03IITpOHHOfi: aHHIIriiJI~IJ,IIII 

B MIOOH .II aHTIIM~OH IlpiiHIIMaeT BII)J; . . . . : 

211" 1 

a
2 j j 47ra

2 

f!(e+e- -t J-L+J.C; s) = em d<p (1 + cos
2 O)dcosO = -~. 

, . , . 4s 3 s 
(1.36) 

0 -1 

Heo6xo,n;IIMO rro,n;qepKHYTh, qTo rroJiyqeHHOe ypaBHeHIIe (1.36) rrpiiMeHIIMO 

;~;ib'Ko )l;JI~ 9Hepriifi 4m~ « s « Mi,. )J;JI~ 9Hepmfi: s ; Mi, Heo6xo,n;IIMO 

)l;OIIOJIHIITeJibHO paCCMaTpiiBaTb rrpOIJ,eCC 9JieKTpOH-II03IITpOHHOfi aHHIIrii

~~Il,~II B MIOOH II aHTIIMIObH, rrpoTeKaiOID;IIfi qepe3 Z0
-6o30H1 CM. piiCy

HOK 1.3. 

B a~IIMIITOTIIqecKofi yJihTpaqmoJieToBofi o6JiaCTII (rrpii s - oo) 

3¢¢eKThi, o6ycJioBeHHbie MaccaMII qacTIIIJ,, yqacTBYIOID;IIX B rrpo11,eccax, 

rrpe)l;CTaB:~~eHHbiX Ha piiCYHKaX 1.1 II 1.3, He IIrpaiOT cym;eCTBeHHOfi: pOJIII. 

B .. 9TOM ~Jiy~ae e,n;IIHcim:!HHOe pa3JIIIqiie Me)K.n;y ceqeHII~MII BhirneyrroM~

HYThiX rrpo11,eccoB 3aKJiroqaeTc~ B rrpoii3Be,n;eHIIII ,n;Byx ¢aKTopoB: 

··.r....,,; 
·nl 

R(0l(s) = Nc l:Q}, S-t•OO. (1.37) 

/=1 

B. 9TOM ypaBHeHIIII ¢aKTOp Nc = 3 yqiiThmaeT TOT ¢aKT, qTo Ka)K)l;hifi 

KBap~ MQ)K~T HaxO)J;IITC~ B Tpex IJ,BeTOBbiX COCTO~HII~X, a ¢aKTOpbl Q} 
yqiiTbiBaiOT pa3JIIIqiie B 9JieKTpiiqeCKIIX 3ap~,n;ax KBapKa apoMaTa f II 

•' I ' 

MIOOHa. 

1\ 'YpaBHeHIIe (1.37) rrpe,n;cTaBJI~eT co6ofi: TaK Ha3biBaeMoe "rrpe,n;cKa3a

HIIe rrapTOHHOfi Mo,n;eJIII" ,n;JI~ R-oTHOIIIeHII~ (1.15) (eM. pa6oTy (84] II pa3-

,n;eJibi 5 If 35 KHIIrii (76]). flOJIHbifi: BbiBO)l; ypaBHeHIIH (1.37) BKJIIOqaeT B 

ce6s BbiqifcJieHIIe a,lij)OHHofi <l>YHKIJ,IIII rroJIHpii3aiJ,IIII BaKyyMa II( q2
) (1.5) 

If. cPYHKIJ,IIII A,n;Jiepa D ( Q2) ( 2.1) B JIII)J;IIpyrom;eM rropH,n;Ke Teopiiii B03-

1.iym;emlfi:. (Bbipa)KeHIIH (2.39) II (2.40) COOTBeTCTBeHHO) II IIOCJie)J;YIOID;ee 

· 1.3. R-oTHorneHIIe e+ e--aHHIIriiJIHIJ,IIII B a.n;poHhi 21 

103 
R(s) z 

102 
cl> 

101 

10° 
112 

1o-
1 

r. s , GeV 
100 101 2 10 

PucyuoK 1.4. 9KcrrepHMeHTa.JibHbie .n;aunhie [79] rro R-oTUOIIIemuo ::weKTpou-rroJHTpou

uoll: aHHllrH.IIHIJ;llll B a)J;pOHbl (1.15) 

rrpO)l;OJI)KeHIIe IIOJiyqeHHbiX pe3yJibTaTOB BO BpeMeHIIIIO)l;06HyiO o6JiaCTb 
7 

(eM. ypaBHeHII.H (4.8)-(4.10) .n;anee). ,lJ;JIH ,n;eTaJihHOro cpaBHeHII.H Teope

TIIqecKoro rrpe,n;cKa3aHIIH )l;JI.H R-oTHorneHIIH 9JieKTpOH-II03IITpOHHOfi: aH

HIIriiJIHIJ,IIII B a,lij)OHbl C COOTBeTCTBYIOID;IIMII 9KCIIepiiMeHTaJibHbiMII ,n;aH

HbiMII B 06JiaCTII yMepeHHbiX ::mepriifi: (eM. piiCYHOK 1.4) He06XO)l;IIMO rrpo

BeCTII BblqiiCJieHIIe BKJia)l;OB BbiCIIIIIX IIOpH)l;KOB TeOpiiii B03Mym;eHIIfi ITO 

KOHCTaHTe CBH3II CIIJibHOrO B3aiiMO)l;efiCTBII.H B a,lij)OHHYIO cPYHKIJ,IIIO IIOJIH

pii3aiJ,IIII BaKyyMa II(q2) (1.5). Ilo,lij)06Hoe II3JIO)KeHIIe ,n;aHHbiX BorrpocoB 

rrpiiBe,n;eHo B rJiaBax 2 II 4. 
Heo6xo,n;IIMO TaK)Ke OTMeTIITh, qTo KaK II3 cPII3IIqecKIIx, TaK II II3 

MaTeMaTIIqecKIIX paccy)K,n;eHIIfi cJie.n;yeT, qTo BhrrneyrroMHHyToe R-oTHO

rneHIIe 9JieKTpOH-II03IITpOHHOfi aHHIIriiJI.HIJ,IIII B a,lij)OHbl IIpiiHIIMaeT Hy

JieBbie 3HaqeHIIH )l;JI.H 9Hepriifi MeHbiiiiiX IIOpora pO)K)l;eHIIH IIIIOHHOfi rrapbl 

(-eM., HarrpiiMep, o6cy)K,n;eHIIe 9Toro Borrpoca B pa3,n;eJiax 5 II 35 KHIIrii (76]): 

R(s) = 0 rrpii 0 ~ s < 4m;. (1.38) 

7 3aMeTIIM
1 

'ITO Bblpa:lKelllle {1.37) MO:lKeT 6b!Tb TaK:lKe IIO.IIY'le!IO C IIOMOIIJ;b!O ypaBHe

HH!l: {1.13) II (2.39). 
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22 fJiaBa 1. 9JieKTpOH-,II03IITpOHHaa aHHIIriiJiaiJ;IUI B a,ll.pOHbl 

,lJ,eiiCTBIITeJibHO, C ¢II3IIqeCKOH TOqKII 3peHIIa ceqeHIIe B qiiCJIIITeJie Bbl

paMeHIIa'(1.15) TOM,ll.eCTBeHHO paBHO HYJIIO .n.Jia rro.n.rroporoBhiX 3HaqeHIIii 

aHepriiii .O :::; s < 4m;. B CBOIO oqepe.n.h, MaTeMaTIIqecKoii peaJIII3an;IIeii 

3TOrO ¢II3IIqeCKOrO ycJIOBIIa aBJiaeTCa TOT ¢aKT, qTO a,ll.pOHHaa <})yHKIJ;IIa 

IIOJiapii~aiJ;IIII BaKyyMa IJ(s) (1.5) IIMeeT TOJibKO rrpaBbiH pa3pe3 S ~ 4m; 
B,li.OJib noJIOMIITeJihHOii qacTII .n.eiiCTBIITeJihHOii ocii Res (eM. pa3,11.eJI 1.1). 

CJie,li.OBaTeJibHO, BbipaMeHIIe R(s) (1.13) MOMeT rrpiiHIIMaTh HeHyJieBbie 

3HaqeHIIa TOJibKO Ha 3TOM pa3pe3e. 

Heo6xo.n.IIMO oco6o rro.n.qepKHYTh, qTo caMocorJiacoBaHHOe TeopeTII

qecKoe OIIIICaHIIe rrpon;eCCOB CIIJibHOrO B3aiiMO,ll.eHCTiiiia BO BpeMeHIIIIO,li.06-

HOH o6JiaCTM, B qacTHOCTII, R-oTHOIIIeHIIa 3JieKTpop-rro3IITpOHHOii aHHIIrii

JiaiJ;IIII B a,ll.pOHbl (1.15), MOMeT 6hiTb BbiiiOJIHeHO TOJibKO C IIpiiBJieqeHIIeM 

COOTBeTCTBYIOIIJ;IIX ,li.IICIIepCIIOHHbiX COOTHOIIIeHIIH, ( CM., HaiipiiMep, pa6o

Tbl [77, 78, 85, 86], a TaKMe pa3,11.eJI 2.1 II rJiaBy 4 .n.aJiee). 

rJiaBa 2 

<l>yHKll;li.H A,n;Jiepa 

B coBpeMeHHOii <l>II3IIKe 3JieMeHTapHbiX •mcTIIIJ; BaMHYIO poJih IIrpa

eT TaK Ha3hmaeMaa <l>YHKn;IIa A.n.Jiepa. B qacTHOCTII, Ha ~Toii <l>YHKII,IIII 
• '1, ' ' . ,· . . ' 

6a3IIpyeTca TeOpeTIIqeCKIIH aHaJIII3 TaKIIX rrporr,eCCOB, CIIJibHOrO B3aiiMO-

.n.eiiCTBIIa, KaK 3JieKTpOH-II03IITpOHHaa aHHIIriiJian;IIa B a.n.pOHbl II IIHKJII0-

3IIBHbiH pacrra.n. T-JierrTOHa no a.n.poHHOMY KaHaJiy. KpoMe aToro, <l>YHKIJ;IIa 

A.n.Jiepa IIrpaeT cyiiJ;eCTBeHHYIO poJih rrpii cpaBHe~mii BhiCOKOToqHhiX aKc

rrepiiMeHTaJihHbiX II3MepeHIIH HeKOTOpbiX 3JieKTpOCJia6hiX Ha6JIIO,ll.aeMbiX C 

cooTBeTCTBYIOIIJ;IIMII TeopeTIIqecKIIMII rrpe,li.CKa3aHIIaMII. _ B CBOIO oqepe.n.h, 
I ' 

3TO rrpe.n.cTaBJiaeT _ co6oii o.n.HY _ II3 orrpe.n.eJiaiOIIJ;IIX rrpoBepoK KaK KBaHTO-

BQ~ xpoMO,li.IIHaMIIK~, T~K II Bceii,CTaH,ll.apT~~ii Mo.n.eJIII ~- HaJiaraeT pa.n. 

MeCTKIIX orpaHIIqeHIIH Ha 3cPcPeKTbi, KOTOpbie MOryT 6biTh CBa3aHbl C TaK 
'· ' - ' : ' ., 

Ha3biBaeMOH_ "HOBOH ¢II3IIKOii" BHe paMOK IIOCJie,li.Heii. 

2.1 ,ll;liCIIepCliOHHOe . COOTHOIIIeHlle ,ll;JISI 

A,n;Jiepa 

<}>yHKIJ,lUI 

·;,! 

Ha rrpaKTIIKe OKa3biBaeTca· y.n.o6HbiM pa6oTaTh c TaK Ha3hmaeMoii 

cPYHKIJ;IIeii A.n.Jiepa [77], KoTopaa orrpe.n.eJiaeTca KaK JiorapiicPMIIqecKaa 

IIpOII3BO,li.Haa a.n.pOHHOH cPYHKIJ;IIII IIOJiapii3aiJ;IIII BaKyyMa (1.5) 

D(Q2) = _ dii( -Q2) 
· · . dlnQ" ' 

(2.1) 

II,· cJie,li.OBaTeJihHO, H:e 3aBIICIIT oT Bbi6opa ToqKII BbJqiiTaHIIa q~- B .n.ncrrep

CIIOHHOM cooTHOIIIeHIIII (1.12). 3aMeTIIM, qTo D(Q2
) (2.1) llo orrpe.n.eJie-
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HIIIO SIBJISieTeSI <iJYHKI.\IIeil: OT npoeTpaHeTBeHHOno.n;o6HOM KIIHeMaTII'leeKOM 

nepel.'.teHHOM Q2 = -q2 2: 0. 

KaK y)Ke 6hiJIO ynoMHHyTo paHee, <PYHKI.\IIH A.n;Jiepa (2.1) IIrpaeT 

Ba)KHYIO pOJib B aHaJIII3e 9KenepiiMeHTaJibHbiX .n;aHHblX a.n;pOHHOM <IJII3IIKII 

BO BpeMeHIIno.n;o6HOM o6JiaeTII. ,}J,eil:eTBIITeJibHO, TeOpiiSI B03Myin;eHIIM. II 

MeTO,ll; peHOpMaJIII3ai!IH)HHOM rpynnhi npiiMeHIIMbl )l;JISI II3y'leHIISI npon;ee

eoB eiiJibHOrO B3aiiMO)l;eil:eTBIISI, 3aBIIeSIHJ;IIX TOJI~KO OT npoeTpaHeTBeHHO

no.n;o6HOM KIIHeMaTII'leeKOM nepeMeHHOil:. CJie.n;o~aTeJibHO, ~JISI eaMoeorJia

eoBaHHOrO OniieaHIISI a.n;pOHHOM )l;IIHaMIIKII BO BpeMeHIInO.n;06HOM o6JiaeTII, 

He06XO)l;IIMO eHa'laJia npoBeeTII eonoeTaBJieHIIe Me)K)l;y pe3yJibTaTaMII TeO

pHil B03Myin;eHIIM II eOOTBeTeTBYIOin;IIMII 9KenepiiMeiiTMbHblMII )l;aHHbiMII. 

8Ta n;eJib MO)KeT 6hiTb )l;OeTIIrHyTa e nOMOin;biO '.n;Ii:enepeiiOHHOrO eOOTHO

IIIeHIISI )l;JISI <PYHKI.\IIII A.n;Jiepa [77] 

. . 2 joo R(s) ds, 
· D(Q2) = Q (s + Q2)2 (2.2) 

4mi 

KOTOpOe MO)KeT.6biTb noJiy'leHO II3 ypaBHeHIIft (1.12) II (2;1): 

Heo6xo.n;IIMO OTMeTIITh, 'ITO .n;IIenepeiiOHHOe eooTHOIIIeHIIe (2.2) HaJia-• 

raeT pH.n; eTporiix H{mepTyp6aTIIBHhiX8 orpaHII'leHIIii Ha· <PYHKI.\IIIO A.n;Jie-' 

pa (2.1). B qaeTHOeTII, II3 ypaBHeHIISI (2.2) eJie.n;yeT, 'ITO <PYHKI.\IIH D(Q
2

) 

IIMeeT TOJlbKO JieBbiM pa3pe3 Q2 ~ -4m;. B)l;OJlb OTpiii.\aTeJihiiOil: qaeTII 

.n;eil:eTBIITeJihHOil: oeii Re Q2 B KOMnJieKeHoil: Q2-nJioeKoeTII. ,IT,anee, <PYHK

n;mi R(s) (1.15), SIBJISISieb ¢II3II'leeKII Ha6Jiro.n;aeMoil: BeJIII'IIIHOii, npiiHII

MaeT KOHe'IHbie HeOTpiii.\aTeJibHbie 3Ha'leHIISI BO BeeM IIHTepBaJie 9Hep

riiil: 0 ~ s < oo. B eBoiO oqepe.n;h, II3 aToro eJie.n;yeT, 'ITO <PYHKI.\IIH 

A.n;Jiepa (2.1) npiiHIIMaeT KOHe'IHhie noJIO)KIITeJihHbie 3Ha'leHIISI ·B o6Jiae

TII 0 < Q2 < oo II paBHa HYJIIO B IIH¢paKpaeHOM npe.n;eJie: D( Q2
) ---+ 0 

nim Q2 ---+ 0. Ilo.n;po6HOe II3JIO)KeHIIe 9TIIX BOnpoeOB npiiBe)l;eHO B pa6o-

TaX (80-82]II B pa3)l;eJie 4.3. 

KaK 6y.n;eT noKa3aHo .n;anee (eM. pa3.n;eJI 2.3), .n;IIenepeiiOHHOe eooTHO

rneHne (2.2) n03BOJISieT BOeeTaHOBIITb <IJYJIKI.\IIIO A.n;Jiepa (2.1) e nOMOin;biO 

8 T.e., He OCIIOBhiBaiOIIl;UXCH Ha TeOpUU B03Mym;eHUll. 

2.1. ,IT,IIenepenoHHOe eooTHOIIIeHIIe )l;JISI <PYHKI.\IIII A.n;Jiepa 25 

aKenepiiMeHTaJihHhiX .n;aHHhiX no R-oTHorneHIIIO aJieKTpoH-n03HTpOHHoil: 

aHHIIriiJISII.\IIII B a.n;poHbi (1.15). O.n;HaKo )l;JISI npo.n;OJI)KeHIISI pe3yJihTaTOB 

TeOpiiii B03Myin;eHIIM BO BpeMeHIIno.n;o6HyiO o6JiaeTb He06XO)l;IIMO paenOJia

raTb o6paTHbiM eOOTHOIIIeHIIeM Me)K)l;y paeeMaTpiiBaeMbiMII BeJIII'IIIHaMII9
• 

,}J,JISI noJiy'leHIISI TaKOrO eOOTHOIIIeHIISI pa3,ll;eJIIIM nepeMeHHbie B Bb!pa)Ke

HIIII (2.1) II npOIIHTerpnpyeM noJiy'leHHOe ypaBHeHIIe B KOHe'IHbiX npe.n;e

JiaX: rr<-Qn .Q~ J d II(-Q2) ::: j D( Q2) d~2. (2.3) 

II(-QV Q~ 

,IT,anee, Bbi6epeM rpaHIII.\hi IIHTerpnpoBaHIISI B TO'IKax Qi = - ( s + .ic) 

II Q~ = -(s-ic). B npaBoil qaeTII ypaBHeHIISI (2.3) e.n;eJiaeM 3aMeHy 

nepeMeHHoil: Q2 = -( II yM:HO)KIIM o6e qaeTII noJiy'leHHoro ypaBHeHIISI 

Ha -1/ (21T'i). B IITore, yeTpeMJISISI c ---+ · 0+ II y'IIITbiBaH onpe.n;eJie

HIIe ( 1.13), npiiXO)l;IIM K IIeKOMOMY eOOTHOIIIeHIIIO 

s-ic 

1 ' J d( R(s) = -
2 

. lim D(-() 7 . 
1l'Z c-+0+ ., 

(2.4) 

s+io 

8TO ypaBHeHIIe no3BOJISieT Hail:TII SIBHhiii BII,ll; <PYHKI.\IIII R( s) no II3BeeTHO

MY TeopeTII'leeKoMy Bbipa)KeHIIIO )l;JISI <PYHKI.\IIII A.n;Jiepa D(Q2) (eM. TaK

)Ke pa6oTbi (91, 92]). B npaBoil qaeTII ypaBHeHIISI (2.4) KOHTYP IIHTerpii

poBaHnSI )l;OJI)KeH Jie)KaTb B o6JiaeTII aHaJIIITII'IHOeTII nO)l;IIHTe!'paJIJ>HOrO 

Bbipa)KeHnSI D( -()/( (eM. piieyHoK 4.3). 

Heo6xo.n;IIMO TaK)Ke OTMeTIITh, 'ITO BbiBO,ll; ypaBHeHIIil (2.2) II (2.4) ?C
HOBhiBaeTeSI IIeKJIIO'IIITeJibHO Ha KIIHeMaTIIKe paeeMaTpiiBaeMOrO npon;eeea 

eiiJibHOrO B3aiiMO)l;eileTBIISI II He IIenOJib3yeT KaKIIX-JIII60 )l;OnOJIHIITeJibHbiX 

npe.n;noJio)KeHIIii Mo.n;eJibHoro xapaKTepa. 

9 ,ll.eiiCTBUTeJ!bHO, UCXO,!l;H TOJibKO U3 nepTyp6aTUBHOrO BblpameHUH {2.42) ,!l;JIH <i>YHK

IJ;UU A,n;Jiepa D(Q2 ), noJiyqeJIHoro c noMOIIl;biO Teopuu B03Mym;eHnii ,!l;JIH npocrpaHCTBeH

Hono.n;o6Hwx 3HaqeJIUll KUHCMaTnqeCKOll nepeMCIIHOll Q2 ;?: 0, IICB03MO)KII0 ycTaHOBUTb, 

KaKoe awpameHne .n;JIH R(s) HBJIHCTCH a.n;eKBaTHhiM npo.n;oJimeHneM D(Q2) ao apeMeHn

no,zi.o6HyiO o6JiaCTh 8 = -Q2 ;?: 0. IlonbiTKU noc;poeHUH <PYHKIJ;UU R(s) 6e3 UCIIOJib3~Ba~ 
Hils cooTBeTCTByiDm;ux .n;ucnepcnoHHbiX cooTHOllleHnll MoryT 6biTb Haii.n;eHbi, HanpnMep, 

B pa6oTax [87-90]. 
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2.2 <PyHKI.:J;IUI A,n;Jiepa B paMKax Teopnn B03Mym;e

HMM 

KaK 6biJIO OTMeqeHo Bbiiiie, ,n;JI.SI BbJqncneHH.SI <l>YHKIJ;HH A.n;nepa (2.1) 

He06XO,lJ;HMO paCCMOTpeTb BKJia,D;bl KBaHTOBOM XpOMO,lJ;HHaMHKH B C06CT

BeHHYIO ::meprnro ¢oToHa. B nn.n;npyroru;eM nop.SI,n;Ke Teopnn B03Myru;eHnii 

(a HMeHHO B nepBOM nOp.SI,D;Ke no KOHCTaHTe CB.SI3H 9JieKTpOMai'HHTHOI'O 

B3aHMO,D;eiiCTBH.SI H B HyJieBOM nop.SI,D;Ke no KOHCTaHTe CB.SI3H CHJibHOI'O B3a

HMO,D;eMCTBH.SI) 9TOT BKJia,D; onpe,n;eJI.SieTC.SI KBapK-aHTHKBapKOBOM neTJieii 

(eM. pHCYHOK 2.1). 

q+k 

PucynoK 201. BKJJa,ll, nyJJeuoro uopB,ll,Ka no KOHCTanTe CBB311 CIIJJhHOro B3auMO,ll,ei1cTBH5I 

B a,ll,pOHHbiH TeJI30p noJJBp113ai~~u BaKyyMa II'"v(q2
) (1.5) , . . 

A.n;poHHhiii TeH30p non.Sipn3au;nn BaKyyMa TIJ.w(q2
), cooTBeTCTByro

ru;nii .n;narpaMMe, npe.n;cTaBJieHHOii Ha pncyHKe 2.1, nMeeT Bn.n;: 

~ 4 { } {0) 2 2 d k . 1 ; ' 1 
nJLV(q ) =- Ncl: Qff(2 )4Th 'YJL • k 0 'Yv k 0 ° 

·· f=l 7r q+ -mJ+ZTJ -mJ+ZTJ 
(205) 

B aTOM ypaBHeHim Nc = 3 - qncno u;BeToB, n f - qJicno aKTHBHbiX 

.'lapoMaToB, Qf ----; 3ap.SI.n; KBapKa apoMaTa J,. mf - Macca KBapKa apo

MaTa f, TJ --t 0+. <l>aKTOp ( -1) B Bbipa)KeHHH (205) o6ycJIOBJieH TeM, 

qTo paccMaTpimaeMa.SI .n;narpaMMa co.n;ep)KHT HeqeTHOe qncno 3aMKHYThiX 

¢ep:MnoHHhix u;nKJIOB ( cMo, HanpnMep, pa3.n;en 23.'2 KHHI'll [2])0 B .n;anh

Heiiiiinx BbiKJia,D;KaX 6eCKOiieqHOMaJia.SI MHHMa.SI ,np6aBKa iTJ B KBapKOBOM 

nponamTope 6y.n;eT onyru;eHao YpaBHeHne (2o5) y.n;o6Ho npe.n;cTaBHTh B 
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cne.n;yroru;eM Bn.n;e: 

n~OJ(q2) =_Net Q2. J d4
k Th['YJL(k + q + mf)'Yv(k + mj)] 

. f=l f (2rr)4 [(k + q)2- m}][k2- m}] . 
(2.6) 

ITpn BhrqncneHHH a.n;poHHoro Teii3opa, non.SipH3au;nn BaKyyMa (2.6) 

6y,n;eM HCnOJib30,BaTb TaK Ha3biBaeMyiO <P~iiHMaHOBCKYIO napaMeTpH3a

IJ;HIO. ilocJie,D;H.SI.SI OCHOBbiBaeTC.SI Ha TO)K,D;eCTBeHHOM npeo6pa30BaHHH 3Ha

MeHaTeJI.SI nO,D;HHTerpaJibHOI'O Bbipa)KeHH.SI (2.6) K BH,lJ;Y, n03BOJI.SIIOIIJ;eMy 

BbiiTOJIHHTb HMnynhcHoe HHTerpnpoBaHHe no d4k. B o6ru;eM: cnyqae, npo

H3Be,n;eHne n npOH3BOJibHbiX MHO)KHTeJieii 1/Vj 'MO)KeT'6biTb npe,n;CTaBJieHO 

CJie,D;YIOiu;HM o6pa30M (eM., HaiipHMep, I'JiaBy 15 KHHI'H [3]): 

1 1 . 1 n 
1 

= (n- 1)!fdx1}dx2 · .. fdxn (E VjXjYn, 
VI V2 ... Vn 0 I) 

0 0 0 J=l 

n 

l:xi = 1. 
j=l 

(2.7) 

B paccMaTpHBaeMOM cnyqae Vj npe.n;cTaBJI.SIIOT co6oii <PYHKIJ;HH OT KBa.n;

paTOB HMIIYJibCOB k2 n KBa.n;paToB ~ace m} ¢epMnoHoB; .IT,ononiinTeJibHOe 

yCJIOBHe, HaJIO)KeHHOe Ha nepeMeHHbie:Xj, CHHMaeT O,li;HO HHTerpHpOBaHHe 

B npaBOM qaCT~ ypaBHeHH.SI ( 2.7),' B. qaCTHOCTH, , : 

. 1 

- = 2' (2.8) 1 ° j dx 

Vt V2 . 
0 

[v1x + v2(1- x)] 

TaKHM o6pa30M, 3HaMeHaTeJih no.n;nHTerpaJibHo;o B~Ipa)Kemm (2.6) MO)K-

Ho npe.n;cTaBHTb B cne.n;yroru;e~ m;~.n;e: 

1 
1 1 J dx 

(k+ q)2- m} k2- m} = 0 {[(k + q)2 _:_ m}]x'+ (k2- m}](1- x)r~ 
(2.9) 

llocne anre6panqecKHX npeo6pa3oBaHHii npaBoii qacTH aToro ypaBHeHH.SI 

_ a,n;pOHHbiM TeH30p IIOJI.SipH3aiJ;HH B'aKyyMa (2.6) IIpHHHMaeT BH,ll; 

1 

·n~oJ(q2) =-NctQ} Jdxj d4k4 Th{"!Jl[k + q + mf]'Yv[k + mf]}. 
· f=l 

0 
. (2rr) [(k + qx)2 + q2x(1-: x)- m}]

2
. 

(2.10) 
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,D:aJibHeii:IIJIIe BbPIHeJieHH.SI 6y,rr.eM npOBO,LI.HTb B npH6JimKeHHH 6e3Mae

eOBbiX KBapKOB ( m f = 0). Cne.rr.yeT OTMeT,MTh, 'ITO B 6e3MaeeoBOM npe,rr.ene 

e,rr.HHeTBeHHOe. OTJIII'IHe Me:>K,II.y BK~a,rr.aMH B e~6eTBeHHYIO ::meprHIO <f>oTO

Ha, o6yeJIOBJieHHbiMH JienTOHHOH neTJieii: H KBapK-aHTHKBapKOBOH neTJieii:, 

3aKJIIO'IaeTe.SI B <f>aKTope Ne E/~1 Q} (eM:: pa3,rr.en 1.3). 
B ypaBHeHHH (2.10) y,rr.o6Ho BBeeTH HOBYIO nepeMeHHyio HHTerpHpo

BaHH.SI Pp. = kp. + qp.x. B aToM eJiyqae 

1 

rr~oJ(q2) =_Net Q} Jdxj d
4
p

4 
Tr{:yp.[P + q(1- x)]Tv[fi

2
- qx]}. 

. f==l o (27r) [p2+q2x(1-x)]. 
(2.11) 

,D:anee, B03bMeM ene.rr. no ')'-MaTpHu;aM ,D:HpaKa. IIpimHMa.SI BO BHHMaHHe, 

'ITO (eM. TaK:>Ke pa3,IJ.eJI 1.3) 

Tr('Yp.'Yv'Yp'Ya) = 4(9p.v9pa- 9p.p9va + 9p.a9vp), (2.12) 

npe,rr.eTaBHM 'IHeJIHTeJib nO,IJ.HHTerpaJibHOrO Bbipa:>KeHH.SI (2.11) B BH,IJ.e 

Tr{')'p. [fi + q(1- x)]Tv [fi- qx]} = 4{(9p.vq2 - 2 qp.qv)x(1- x) + 

+ 2Pp.Pv- 9p.vP2 + [pp.qv + qp.Pv- 9p.v(pq)] (1- 2x)}. (2.13) 

3aMeTHM, 'ITO ,IJ.JI.SI Bbi'IHeJieHH.SI a,rr.pOHHOrO TeH30pa nOJI.SipH3aiJ;HH BaKy

yMa (2.10) B eJiyqae ffiJ f:. 0 noTpe60BaJIOeb 6bi ,IJ.OnOJIHHTeJibHO BOenOJib-

30BaTbe.SI eOOTHOIIIe~IUIMH (1:21) H (1.23). 
Heo6xo,rr.HMO TaK:>Ke npHH.SITh BO BHHMaHHe TO, 'ITO JieBa.SI qaeTb ypaB

HeHH.SI (2.13) .SIBJI.SieTe.SI qaeTbiO nO,IJ.HHTerpaJibHOrO Bbipa:>KeHH.SI (2.11). 
TaK, H3 eoo6pa:>KeHHii: eHMMeTpHH ene.rr.yeT, 'ITO HHTerpan no d4p oT npOH3-

Be,rr.eHH.SI HeKoTopoii: <PYHKIJ;HH f(p2) H He'leTHoro 'IHeJia BeKTopoB Pp. paBeH 

,HyJIIO: 
ti ' 2r+1 J d4p f(p2) IT Pp.; = 0, 

j==1 

(2.14) 

r,rr.e r = 0, 1, 2, 3, ... - u;enoe HeOTpilu;aTeJihHOe 'IHeJio. KpoMe aToro, 

HHTerpaJI no d4p OT npOH3Be,rr.eHH.SI HeKOTOpOii: <f>YHKIJ;HH f (p2
) H 'leTHO- . 

ro · 'IHeJia BeKTOpOB Pp. MO:>KeT 6biTh npe,rr.eTaBJieH B 6o11ee npoeTOM BH,rr.e 
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(eM., HanpHMep, rJiaBy 15 KHHrH [3]), B qaeTHOeTH1 

J d4p J(p2) Pp.Pv = ~ 9p.vj d
4
p J(p

2
) p

2 
• (2.15) 

C yqeTOM ypaBHeHHii (2.13)-(2.15) a.rr.p"OHHbiH TeH30p nOJI.SipH3aiJ.HH BaKy

yMa (2.11) npHHHMaeT eJie,II.yiOIIJ.HH BH,IJ.: 

1 

II~~(q2) = 4 Net Q}fdxj d4p4 9p.vP2/2 + (2qp.qv- q29p.v)S1- x)x. 
f==l (27r) ~ [p2 + q2x(1- x)] 

0 . . 
(2.16) 

B ypaBHeHHH (2.16) nepeii:,u.eM K HHTerpHpoBaHHIO no 'leThipexMep

HOMY EBKJIH,LI.OBOMY HMnyJiheHoMy npoeTpaHeTBy: 

Pp. = (po,fi) ~ (ipo,fi), Jd4p ~ if(d4p)E, P2 ~ -p2
. (2.17) 

B aToM enyqae ypaBHeHHe (2.16) MO:>KeT 6hiTh npe,rr.eTaBJieHo ene.rr.yiOIIJ.HM 

o6pa3oM: 

II
(O)( 2) __ 

4
.N. ~Q2fld J(d4p)E 9p.vP

2
/2- (2qp.qv- q

2
gp.v)(1- x)x 

p.v q - Z e LJ f X (' )4 2 • 
f==l o 27r [p2- q2x(1- x)] 

(2.18) 

B ,IJ.aJihHeii:IIIHX BhiKJia,II.Kax HH,rr.eKe "E", o6o3Ha'laiOIIJ.Hii HHTerpHpoBaHHe 

no EBKJIH,IJ.OBOMY HMnynheHoMy npoeTpaHeTBy, 6y,rr.eT onyiiJ.eH. HeTpy,rr.Ho 

y6e,rr.HTbe.SI B TOM, 'ITO B nOJiy'leHHOM Bbipa:>KeHHH ,LI.Jl.SI a.rr.pOHHOrO TeH30-

pa nOJI.SipH3aiJ.HH BaKyyMa (2.18) HMnyJiheHhiH HHTerpaJI no d4p .SIBJI.SieTe.SI 

paexo.rr..SIIIJ.HMe.SI B YJibTpa<f>HoJieTOBOii: o6naeTH. 

,D:JI.SI Bbi,II.eJieHH.SI H3 ypaBHeHH.SI (2.18) paeXO,IJ..SIIIJ.eii:e.SI qaeTH10 6y,rr.eM 

IIenOJib30BaTb MeTO,LI. pa3MepHOii peryJI.SipH3aiJ;HH (eM. pa60TY [93], o6-

30p [94] H pa3,II.eJI 3.1 KHHrH [16]). 9TOT MeTO,LI. OeHOBbiBaeTe.SI Ha nepexo,rr.e 

_OT HHTerpHpoBaHH.SI no 'leThipeXMepHOMY HMnynheHOMY npoeTpaHeTBY d4p 

K HHTerpHpoBaHHIO no npoeTpaHeTBY pa3MepHoeTH n = 4- 2c:. B 3TOM 

1° CJie,rr,yer OTMeTHTb, "'TO B o6rn;eM cJiyqae He cyrn;ecTByeT KaKux-Jiu6o CTporux Kpn

TepneB, 1103BOJI.HIOID;HX C)l.eJiaTb Bbi60p B IIOJ!b3Y TOrO HJ!ll llHOrO MeTO,n;a peryJI.Hpii3aU,IIll 

paCXO,lJ;.HIIJ;llXC.H llMIIYJlbCHbiX llHTerpMOB. 
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CJiyqae paCXO,ll;IIMOCTII B peryJI5Ipii3yeMOM Bbipa)KeHIIII 6y,n;yT COOTBeTCT

BOBaTb nOJIIOCaM no napaMeTpy c B npe,n;eJie c -t 0+. I1TaK, B paMKaX 

MeTo,n;a pa3MepHOH peryJI5Ipii3aii,IIII a,n;pOHHbiH TeH30p nOJI5Ipii3aii,IIII Ba

KyyMa (2.18) npiiHIIMaeT CJie,ll;YIOIII,IIH BII,ll;: 

TIJ 1 . . . 

reg rrh~ ( q2) = 4 . N. '""'Q2fd 4. nf'dnp 1 -z cL....J f XJ.l- --4 2x 
!=1 o . (27r) _[p2 -q2x(1- x)] 

X [.9/lv p;- (2qllqv- q2gllv)(1- x)x]. (2.19) 

B aTOM Bhipa*eHIIII napaMeTp J.l pa3MepnocTII Macchi BBe,n;eH ,ll;JI5I coxpa

neHII5I pa3MepHOCTII IICXO,ll;HOrO IIHTerpaJia. 

B ypaBHeHIIII (2.19) IIMnyJihCHoe IIHTerpiipoBaHIIe no dnp MO)KeT 6hiTh 

BbiiiOJIHeHO C IICnOJib30BaHiieM 6a30BOrO IIHTerpaJia 

J (p2)a . ~ = n/2 f(b- a- n/2) f(a+ n/2) (M2)a-b+n/2 (2.20) 
(p2 + M2)b P 7r r(n/2) r(b) ' · 

r,n;e r(y) o603HaqaeT f-cPYHKII,IIIO 9ii:Jiepa (eM., HanpiiMep, KHIIry [95]): 

00 

r(y) =Je-t tY- 1dt, 
0 

r(y + 1) = y f(y). (2.21) 

HnTerpiipoBaHIIe no dnp nepBoro cJiaraeMoro B KBa,n;paTHhiX CK06Kax BTO

poii: CTpOKIIypaBHeHII5I (2.19) COOTBeTCTByeT Bbi6opy napaMeTpOB a= 1, 

b = 2 II M 2 = -q2x(1- x) B ypaBHemm (2.20): 

j;-:-----=-p_2 d--'np~- 'lrn/2 [P' ~ q'x(l - x)]' ~ r( n/2) [ -q'x(l- xJri+n/2 f(l - n/2) f(l+ n/2) . f(2) . 

(2.22) 

':B CBOIO oqepe,n;h, IIHTerpiipoBaHIIe no dnp BToporo cJiaraeMoro B KBa,n;

paTIIhiX CK06KaX BTOpOii: CTpOKII ypaBHeHII5I (2.19) COOTBeTCTByeT CJiyqaJO 

a= 0, b = 2 II M 2 = -q2x(1- x): 

f

. ~p 1rnj2' 
(p2 - q2x(1 -X)] 2 = r(2) [ -q2x(1 __:. x) r2+n/2 f(2 - n/2). (2.23) 
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C yqeTOM Bbipa)KeHIIH (2.22) II (2.23) a,n;pOHHbiH TeH30p nOJI5Ipii3aii,IIII 

BaKyyMa (2.19) npiiHIIMaeT BII,ll; 

nf n/2 1 
regiihoJ(q2) = 4i NcL Q} J.l4-n(1r )4 ( ~q2)-2+n/2j [x(1- x)rl+n/2dx x 

/=1 27r 0 

[ 
q2 f(1 - n/2) f(1 + n/2) 2 ] 

X 9/lv 2 r(n/
2

) + (2qllqv- q 9Jlv)f(2- n/2) . (2.24) 

B aTOM ypaBHeHIIII IIHTerpiipoBaHIIe nq dx MO)KeT 6biTh BhiiiOJIHeHo c IIC

noJih30BaHIIeM TaK Ha3biBaeMOii: 6eTa-¢yHKII,IIII 9ii:Jiepa, IIJIII IIHTerpana 

9ii:Jiepa 1-ro po,n;a (eM., nanpiiMep, KHIIry [95]): 

. 1 

B(m n) = jxm-1(1- xt-1dx = f(m)f(n). 
, r(m+n) 

(2.25) 

0 

B qacTHOCTII, B CIIJIY Toro, qTo 

1 

J m ' ..fo r(m+1) 
(x(1- x)] dx = B(m + 1, m + 1) = 22m+1 ..,, . n ,n, , (2.26) 

0 

Bbipa)KeHIIe (2.24) MO)KHO npe,n;cTaBIITb CJie,ll;YIOIII,IIM o6pa30M: 

. n1 1 r(n/2) 
Z "' 2 4-n (n+1)/2( 2)-2+n/2 _ X 

regiih
0
J(q

2
) = 21r4 NcLJQfJ.l 7r -q 2nr[(n+1)/2] 

/=1 

[ 
q
2 
r(1- n/2) r(1 + n/2) + (2q qv _ q2g

1
w)f(2- n/2)]. (2.27) 

X gJlV 2 f( n/2) Jl . 

KaK Y*e ynoMIIHaJIOCh panee, B pacClYiaTpiiBaeMOM cJiyqae n = 4 - 2c. 

il03TOMY ypaBHeHIIe (2.27) npiiHIIMaeT BII,ll; 

. n1 (' 2)e(4)e f(2-c) 
regiih

0
J(q

2
) = 25; 3;2 Ncf; Q} ~q2 ; r(-c:+ 5/2) X 

·[ q2 r( -1 +c) f(3- c)+ (2q,,qv- q2gjw)f(c)_]· 
X gJlV 2 r(2- c) (2.28) 

,Ll,JI5I Bbi,ll;eJieHII5I II3 a,n;pOHHOrO TeH30pa nOJI5Ipii3aii,IIII BaKyyMa (2.28) 

pacxo,n;HIII,eii:c5I qacTII, paccMoTpiiM npe,n;eJI ypaBHeHII5I (2.28) npii c -t 0+. 
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B npe,ll;eJie c ~ 0 IIMeiOT MecTo pa3JIO)KeHII5I 

1 
. (2.29) r(-1+c) = --+('y-1)+0(c), 

c 
1 

(2.30) f(c) = -- 1 + O(c), 
c 

f(2- c) = 1 + ('y- 1)c + O(c2), (2.31) 

r(~-c) = ~[3+(3'Y+6ln2-8)c+O(c2)], (2.32) 

f(3- c) := 2 + (2'Y- 3)c + O(c2), (2.33) 

r,ll;e / ~ 0.5772 - TIOCT05IHHa5I 9ftJiepa. CJie,ll;OBaTeJihHO, Bhrpa)Ke-

Hlie (2.28) MO)KeT 6biTh npe,lJ;CTaBJieHO CJie,lJ;YIOIIJ;IIM t>6pa30M: 

. n1 ( 2 )c ( )c [ ] (0) 2 - z 2 2 f..l 4 1 regii11v(q)- --2 (q11qv-g11vq )NcLQ! - 2 - -+const. 
127T !=1 -q 1T c 

(2.34) 

,ll;aJiee, B CIIJIY TOro, 'lTO 

Yf: = 1 + clny + O(c
2
), c~o, (2.35) 

a,ll;pOHHhiH TeH30p TIOJI5Ipii3a11IIII BaKyyMa (2.34) npiiHIIMaeT BII,ll; 

· .nf [1 ( 2) ] regii~~(q2) = 
12

2
1T2(q11qv-g11vq2) Ncf; Q} €-In ~; +const. (2.36) 

3aMeTIIM
1 

'lTD npii nepeXO,ll;e OT ypaBHeHII5I (2.34) K (2.36) HeKOTOpbie TIO

CT05IHHhie CJiaraeMhie 6biJIII BKJIIO'leHhl B KOHCTaHTY B, KBa,lJ;paTHhiX CK06-

Kax Bbipa)KeHII5I (2.36). 

,li;JI5I ycTpaHeHII5I ,paCXO,ll;IIMOCTII II3 ypaBHeHII5I (2.36) 6y,ll;eM IICTIOJih-

30BaTb MO,ll;R<l>II11IIPOBaHHYIO CXeMy MIIHIIMaJibHOrO Bhl'liiTaHII5I, IIJIII TaK 

Ha3hiBaeMyiO MS-cxeMy. IlocJie,ll;H5I5I 3aKJIIO'laeTca B Bhi'liiTaHIIII II3 pac

XO,ll;arn;eroca Bhipa)KeHII5I (2.36) KaK cJiarae}.mro, nponop11IIOHaJihHoro c-1 

( 'lTO COOTBeTCTBOBaJIO 6bi 06hi'lHOH CXeMe MIIHIIMaJihHOrO Bhl'liiTaHII5I, IIJIII 

TaKHi=t3BmaeMoil MS-cxeMe), TaK II cJiaraeMoro, nponop11IIOHaJihHoro KOH-

/ CTaHTe B KBa,lJ;paTHhiX cKo6Kax- (2.36). B aTOM cJiyqae a,ll;pOHHhiH TeH3op 

2.2; <I>yHK11II5I A,ll;Jiepa B paMKax Teopiiii B03Myrn;eHIIH 33 

UOJI5Ipii3a11IIII BaKyyMa (2.36) UpiiHHMaeT CJie,lJ;YIOIIJ;IIH BII,ll;: 

• · · n1 ( 2 

reg II~~(q2) = -
12

2
7r2 (q11qv- g11vq2) NcL Q} ln -; )· 

/=1 f..l 
(2.37) 

J1cTIOJih30BaHIIe CXeMhl IIMTIYJihCHOrO Bhl'liiTaHII5I11 ,ll;Jl5I ycTpaHeHII5I pac

XO,ll;IIMOCTII II3 ypaBHeHII5I (2.36) UpiiBO,ll;IIT K pe3yJihTaTy, II,ll;eHTII'lHO

MY (2.37). Heo6xo,ll;IIMO TaK)Ke OTMeTIITh, 'lTD, B o6rn;eM cJiyqae, npo-

11e,lJ;Ypa peryJI5Ipii3a11IIII paCXO,ll;5IIIJ;IIXC5I IIMTIYJihCHhiX IIHTerpaJIOB II TIOCJie

,lJ;YIOIIJ;ee Bhl'liiTaHIIe paCXO,ll;IIMOCTeH npiii3HOCIIT B TeOpiiiO 3aBIICIIMOCTh OT 

,lJ;OTIOJIHIITeJihHOrO napaMeTpa - TO'lKII HOpMIIpOBKII f.1,2. 

B cooTBeTCTBIIII c onpe,ll;eJieHIIeM (1.5), a,ll;pOHHaa <l>YHK11II5I noJiapii-

3a11IIII BaKyyMa II(q2) cBa3aH:a c a,ll;POHHhiM TeH3opoM noJiapii3a11IIII BaKy

yMa II11v( q2) cooTHOIIIeHIIeM 

( 2) i ( 2 2 IIJ.lV q = 127T2 qJ.lqV- gJ.lVq )II(q ). (2.38) 

CJie,ll;OBaTeJihHO, B paccMaTpiiBaeMoM: nopa,ll;Ke Teopiiii B03Myrn;eHIIH 

_ n1 ( 2) rr<0l(rl) = -NcLQ} In --; . 

!=1; f..l 
(2.39) 

B CBOIO oqepe,ll;h, <l>YHK11II5I A,ll;Jiepa (2.1) onpe,ll;eJiaeTca KaK Jiorapii<l>MII

qecKaa npOII3BO,ll;Ha5I a,lJ;pOHHOH <l>YHK11IIII TIOJI5Ipii3a11IIII BaKyyMa (1.5). 

TaKIIM o6pa3oM, B HyJieBOM nopa,ll;Ke Teopiiii B03Myrn;eHIIH no KOHCTaHTe 

CB5I3II CIIJihHOrO B3aiiMO,ll;eHCTBII5I • 

(0) 2 d IJ(O) ( -Q2) ~ 2 
Dpert(Q) =- dlnQ2 = Nc~ Qf, 

/=1 

Q2 ~ 00. (2.40) 

3,ll;eCb Q 2 = -q2 ~ 0 0603HaqaeT KBa,lJ;paT npOCTpaHCTBeHHOTIO,ll;06HOH KII

HeMaTII'leCKOH nepeMeHHoft. IloJiy'leHHoe Bhipa)KeHIIe ,ll;JI5I <l>YHK11IIII A,ll;

Jiepa (2.40) COOTBeTCTByeT TaK Ha3biBaeMOMY npe,ll;CKa3aHIIIO napTOHHOH 

MO,ll;em{, KOTOpOe IIMeeT CIIJIY TOJihKO B aC~MTITOTIIKe Q 2 ~ 00. 
II . -

,_ CxeMa HMIIYJihCIIoro Bhi'IHTaHml, HJIH TaK Ha3hmaeMaH MOM-cxeMa, 3aKJIIO'IaeTCH 

0 llhl'lllTaJIIIll ll:l JlllGCI\taTpHBaeMOrO Bb!pa)KeHHH (2:36) ero 3Ha'IeHIIH B HeKOTOpOfi TO'I

KC q~. 



34 rJiaBa 2. <l>yHKJJ;IUI A,n;Jiepa 

g, 

g 

PncynoK 2.2. BKJHl!\hi nepnoro nopH!l,Ka no KOHCTanTe CBH311 CHJihnoro n3aHMO!l,eiicTBHH 

a
8 

= g 2 /(47r) n all,J>OIIIIhiii TCII30p IIOJIH[lll3all,HH naKyyMa III'v(q2
) (1.5) 

,ll;mi BhJqiicJieHIHI ¢YHKJJ;IIII A,n;Jiepa (2.1) B cJie,IJ;yiOIJJ;eM nopH,n;Ke Teo

pHil B03MJIJJ;€HIIH (a IIM€HHO B nepBOM nOp5l,IJ;K€ no KOHCTaHT€ CB5I3II CIIJib

HO~O B3aiiMo,n;eH:cTBII5l as = g2 / ( 4n-), IIJIII B o.n;uoneTJiesoM npii6JIII)K€HIIII), 

He06XO,IJ;IIMO paCCMOTpeTb nonpaBKII K a,n;pOHHOMJ T€H30py ·nOJI5Ipii3aJJ;IIII 

BaKyyMa II
1
.w( q2), KOTOpbl€ COOTB€TCTBJIOT ,IJ;IIarpaMMaM, npe,IJ;CTaBJieH

HbiM ua piiCJHKe 2.2. B KouequoM IITore 9TO npiiBO,IJ;IIT K cJie,IJ;yiOID;eMy 

Bbipa)KeHIIIO ,IJ;JIH ¢YHKJJ;IIII A,n;Jiepa [96, 97]: 

n1 [ D~~rt(Q2 ) = NcL Q} 1 + ~a~1)(Q2 )]·, 
f=l 

Q2----; oo, (2.41) 

r.n;e aP)(Q2) = 4n/[Poln(Q2/A2 )] o6o3naq.aeT nepTyp6aTIIBHJIO o.n;uoneT-:

Jiesyio 6eryiJJ;YIO KOHCTaHTJ CB5I3H KBaHTOBOH XpO~O,IJ;IIHaMHKII (3.15), a 

Po= 11- 2n1/3 5IBJI5leTC5l o.n;uoneTJieBbiM Ko9¢¢IIIJ,II€HTOM nep:ryp6aTIIB-' 

HOro pa3JIO)K€HII5I P-¢JHKD;IIII, C.M. rJiaBy 3. 
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BbrqiicJieHIIe ¢YHKD;IIII A,n;Jiepa D(Q2.) (2.1) B BhiCIIIIIX nop5I,IJ;Kax Teo

pHil B03MJIJJ;€HIIH no KOHCTaHTe CB5!3II CIIJibHOrO B3alll\,1Q,IJ;€HCTBII5l as ( Q 2) 

npiiBO,IJ;IIT K npe,n;cTasJieHIIIO ¢YHKIJ;IIII D( Q 2) B BII,n;e p5I,n;a no cTene

H5IM as(Q2
). A IIMeHHO B £-neTJieBOM ~pii6JIII)K€HIIIIB YJibTpa¢IIoJieTosoH: 

aCHMriTOTIIKe Q 2 
--> 00 

nf 

D~f2rt(Q2)= NcLQ} [ 1+d~2rt(Q2)]' 
f=l 

d~e;,. < Q') ~ t, d; (~ 1 r al~ < Q') r 
(2.42) 

3,n;ech II .n;anee a~f)(Q2 ) = a~f)(Q2 ) Po/(4n) o6o3uaqaeT TaK Ha3hiBaeMyiO 

nepTyp6aTIIBHJIO £-neTJI€BJIO "¢yHKD;IIIO CB5I3II" KBaHTOBOH XpOMO,Il;IIHa

MIIKII, Po = 11 - 2nJI3 ( CM. rJiasy 3). 51sHhie Bhrpa)KeHIIH ,IJ;JIH Ko9¢¢II

u;IIeHTOB di cTeneuuoro pa3JIO)K€HII5l (2.42) npiise,n;eHhi B npiiJIO)KeHIIII L 

Heo6xo,n;IIMO OTMeTIITh; qTo nepTyp6aTIIBHa.5I annpoKCIIMaJJ;II5l ¢ynK

JJ;IIII A,n;Jiepa (2.42) npiiMeHIIMa IICKJIIOqiiTeJibHO B o6JiaCTII 6oJihiiiiiX 9Hep

mH: Q 2 ____, oo. B o6JiaCTII MaJihiX 9HepmH: BhrpmKeniie {2.42) co.n;ep)KIIT 

ue¢II3IIqecKIIe oco6euuocTII no KIIHeMaTIIqecKoH: nepeMenuoH: Q 2 • 9TOT 

¢aKT uaxo,n;IITC5l.B npo;IIBO~~q~n c ,n;IIcnepciiOHHhiM coi:>TnoiiieHHeM (2.2) 

,IJ;JIH ¢YHKD;IIII A,n;Jiepa II npiiBO,IJ;IIT K cyiD;eCTBeHHhiM 3aTpy.n;neHIIHM npii 

TeopeTIIqeCKOM OniiCaHIIII COOTB€TCTBJIOIJJ;IIX ::rKCnepiiM€HTaJibHbiX ,IJ;aH

HhiX B IIH¢paKpaCHOH 06JiaCTII. 

TaKIIM o6pa3oM, B aciiMnTOTIIqecKoH: yJihTpa¢IIo:ITeTosoH: o6JiaCTII 

Q2 
----+ 00 T€0pii5! B03MJIJJ;€HIIH n03BOJI5l€T annpOKCIIl',;IIpOBaTh ¢YHKJJ;IIIO 

A,n;Jiepa D(Q2
) (2.1) cyMMOH npe~cKa3aHII5l ~apTonuoH: Mo,n;eJiu n Jiora

PII¢MuqecKux nonpasoi< (2.42). B csoiO oqepe,n;h, cTeneHHhre nonpasKn 12 
- . . ., - '• 

K ¢YHKJJ;IIII A,n;Jiepa MoryT 6biTh paccl\10TpeHhi B paMi<ax TaKnx uenep-

Typ6aTIIBHhiX nO,IJ;XO,IJ;OB, KaK, HanpnMep, npaBIIJia CJMM, [37-45] II TaK 

Ha3hiBaeMoH: .Mo,n;eJin nncTaHTOHHOH )KII~KOCT~ [98-102] .. KpOI\re 3Toro, 

.n;orroJIHIITeJibHa5l uu¢opMaJJ;II5I o nose.n;euuu ¢YHKJJ;IUI A,n;Jiepa B o6Jiac

-Tn MaJibiX 3HepriiH '.MO)K€T 6hiTb TaK)K€ IIOJiyqeHa II3 COOTBeTCTBJIOIJJ;IIX 

pacqeToB ua peiiieTKe [103-107]. O.n;naKo ,n;eTanhnoe o6cy)K.n;eune Bhiiiiey

~OM5IHJThiX IIO,Il;XO,IJ;OB Ha.xO,IJ;IITC5l BH€ pa.MOK ,IJ;aHHOH pa60Tbl. 

12 T.c., Ilener>Typ6anmnhiC IIOIIpaBKII m1,n;a (JL;'jQi)". 
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2.3 9KcrrepHMeHTaJihHOe rrpe,n;cKa3aHHe ,LJ;JI.H D( Q2) 

HM a.n;poHHa.H <i:>YHKIJ;M.H noJI.HpM3aiJ;MM naKyyMa 11(q2) (1.5), HM ¢YHK

IJ;M.H A.n;nepa D(Q2) (2.1) He .HBJI.HIOTC.H neJIM'IMHaMn;, 3Ha'IeHM.H KOTOphiX 

MO)KHO 6hmo 6hi Henocpe,n;cTneHHO M3MepMTh Ha ::JKcnepMMeHTe. TeM · He 

MeHee, nonyqeHHOe Bhiille ,ll;MCnepCMOHHOe COOTHOllieHMe (2.2) n03BOJI.HeT 

noccTaHOBMTh none,n;eHMe ¢YHKIJ;MM D(Q2) ,n;n.H ncex 3Ha'IeHMil cnoero ap

ryMeHTa 0 :S: Q2 < oo. A Ml\IeHHO n o6nacTM yMepeHHhiX M MaJih~x aHeprMti: 

:eeJIM'IMHa R(s) B no,n;MHTerpaJihHOM Bhipa*eHMM (2.2) MO)KeT 6hiTh an

npoKCMMMponaHa ::JKcnepMMeHTaJihHhiMM ,n;aHHhiMM no R-oTHOrueHMIO aneK

TpOH-n03MTpOHHoti: aHHMrMJI.HIJ;MM B a,n;pOHhi ( CM. pMCJHOK 1.4). B cno10 

oqepe,n;h, none,n;eHMe ¢YHKIJ;MM R( s) n o6nacTM 6onhrnMx ::JHeprMti: MO)KeT 

6hiTh Hati:,n;eHO Ha OCHOBaHMll nepTyp6aTMBHOrO Bhipa)KeHM.H )J;JI.H <i:>JHKIJ;llll 

A.n;nepa Dpert(Q2) (2.42) c IIOMOIIJ;hiO cooTHorneHM.H (2.4) (eM. pa3,n;en 2.1 

M rnany 4). 

4 r Dexp(Q2) 

3 

2 

Q,GeV 

2 4 6 8 10 

PncynoK 2.3. 8KcrrepnMenTaJibHoe npe)J.cKa3anne (2.43) )J.JUI ¢ynKIJ,uu-A)J.Jiepa (2.1) 

C yqeTOM BhillieCKa3aHHOro, ,ll;MCnepCMOHHOe COOTHOllieHMe ,ll;Jl.H <i:>JHK

IJ;llll A.n;nepa (2.2) MO)KeT 6hiTh npe,n;cTanneHo B cne.n;yiDIIJ;eM BM,n;e: 

so oo 

D ·(Q2) = Q2 j Rexp(s) ds + Q2! Rtheor(s) ds 
exp (s + Q2)2 (s + Q2)2 ' 

(2.43) ' 

4m;; so· · 

2.3;· 9KcnepMMeHTaJihHOe npe,n;cKa3aHMe ,n;n.H D( Q 2) 

! 

6 r vl(s) 

5 

4 

~I 
I 

I 

3J- I I 

2 ~ ,' ', ~ 
0 -)---~·~-I 
0.0 - -O.o 1.0 1.5 2.0 2.5 s, GeVz 3.5 
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PucyHOK 2.4. I1HKJII03HBHaa BeKTOpHaa CneKTj>aJibHaa ¢YIIKII,HH, nOJiyqenl!aa Ha OCHOBe 

3KCnepHMeHTaJibllbiX )J.aHHb!X nO a)J.pOIII!blM pacna)J.aM T-JienTOI!a [110] 

r.n;e Rexp ( s) npe,n;cTaBmieT co6oti: aKcnepMMeHTaJihHhie 3Ha'IeHM.H R-oTHO

rneHM.H (1.15) (eM. pa3,n;en 1.3), a Rtheor(s) o6o3Ha'IaeT TeopeTM'IeCKOe Bhi

pa)KeHMe ,n;n.H aToti: neJIM'IMHhi (eM. rnany 4). B ypanHeHMM (2.43) na

paMeTp So pa3MepHOCTll KBa,n;paTa MaCChi 0603Ha'IaeT HeKOTOphill 9Hep

reTM'IeCKllll MacrnTa6 "crnMBKM" neJIM'IMH Rexp ( s) ll Rtheor ( s). Pe3JJihTa

Thi Bhi'IMCJieHM.H13 ¢YHKIJ;MM A.n;nepa (2.43) npe.n;cmnneHhi Ha pMCJHKe 2.3 

(eM. TaK*e pa6oThi [108, 109]). Cne.n;yeT ynoM.HHJTh o TOM, 'ITO, B o6IIJ;eM 

cnyqae, ::JKcnepMMeHTaJihHoe npe,n;cKa3aHMe )J;JI.H ¢YHKIJ;MM A.n;nepa (2.43) 

3aBMCMT OT Bhi6opa 3Ha'IeHM.H so, OT paccMaTpMnaeMoro neTnenoro npM-

6JIM)KeHM.H ,ll;JI.H Rtheor ( s) M, Ha BhiClliMX neTJieBbiX ypoBH.Hx, OT Bhi6opa 

CXeMhi Bhi'IMTaHM.H, MCnOJih3JeMOll B TeopeTM'IeCKMX pacqeTaX. 

0TMeTMM TaK)Ke, 'ITO B 06JiaCTll 9Heprllll Hll)Ke MaCChi 7-JienTOHa 

(s < M;, Mr ~ 1.777faB [79]) B nepnoM cnaraeMOM npanoti: qac

™ ypanHeHM.H (2.43) BMecTo Rexp(s) (1.15) MO)KeT 6hiTh MCnOJih30BaHa 

6onee TO'IHa.H llHKJII03llDHa51 BeKTOpHa.H cneKTpaJihHa.H <i:>JHKIJ;ll.H VI ( S), 

ll3BJieKaeMa.H ll3 9KCnepiiMeHTaJihHhiX ,n;aHHhiX no a.n;pOHHhiM pacna,n;aM 

7-JienToHa [110-115] (eM. piicyHoK 2.4). O,n;HaKo B aTOM cnyqae Heo6xo,n;M-

13 AaTOp 6JJaro,11.apen Prof. F. Jegerlehner (DESY Zeuthen, Germany) 3a npe)J.OCTaB

JJennbre )J.aHHbie no Dexp(Q2). 
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MO yqiiTbiBaTb 9<}><}>eKTbi1 o6ycJIOBJieHHbie HapyrneHIIeM II30CIIIIHOBOH CIIM

MeTpiiii ( CM. ,u;eTaJihHoe o6cy)K,u;eniie 9Toro Borrpoca B pa6oTax [116-119] 

II IJ;IITIIpyeMOH TaM JIIITepaType). 

' 

·,· 

rJiaBa 3 

ITepTyp6aTHBHhiH HHBapHaHTHhiH 

3ap»,n; KX~ 

I1nBapiiaHTHhiii: 3apa,u; KBaHTOBOii: xpoMO)J;IIHaMIIKII a 5 ( Q
2 ), 5IBJI5151Ch 

Mepoii: IIHTeHCIIBHOCTII CIIJibHOPO B3aiiMO)J;eHCTBII51 Me)K,u;y IJ;BeTHbiMII 06'h

eKTaMII1 IIrpaeT O)J;Hy II3 IJ,eHTpaJibHbiX poneii: B COBpeMeHHOH cPII3IIKe 9Jie-. 

MenTapHbiX qacTIIIJ;. . B qacTHOCTII, coBOKYIIHhiii ananii3 TeopeTIIqecKIIx . 

rrpe)J;CKa3aHIIH pa3JIIIqHbiX Ha6mo,u;aeMbiX, BeJIIIqiiH a,n;pOHHOH • cPII3IIKII II 

COOTBeTCTBYIOIIJ;IIX 9KCIIepiiMeHTaJibHbiX ,n;aHHbiX, OCHOBbiBaiOIIJ;IIHC51 Ha 6e-. 

ryiiJ;eii: KOHCTaHTe CB513II KBaHTOBOH XpOMO)J;IIHaMIIKII a 8 ( Q
2), 5IBJI51eTC51 0,11;

HOii: II3 peiiiaiOIIJ;IIX, IIpOBepOK CaMOCOPJiaCOBaHHOCTII OIIIICaHII51 CIIJiblfbiX 

B3aiiMO,n;eii:CTBIIH B paMKaX TeOpiiii B03MyiiJ;eHIIH II ·II03BOJI5IeT OIIpe,n;eJIIITb 

rpaHIIIJ;bi IIpiiMeHIIMOCTII IIOCJie,n;neii: .. 

3.1 IIepTyp6aTHBHa.H J)-Q>yHKIJ;H.H KX,II; 

B~ryiiJ;aa Ki:mcmnTa cBa3II KBaHTOBoii: xpbMO)J;IIHaMIIKII a~ (112) 

g2 (112
) j ( 47f) y~oBne~BopaeT yp'aBiieniiiO penop~aJIII3au;IIonnoii: rpyrrnhi 

(~M. ~JiitBy 9 'KH~PII [2], 'o630p [120] II IJ;IITIIpyeMyiO TaM JIIITepaTypy) 

d ln(92(112)) ~ !3(9(112)). (3.1) 
d ln 112 

, 

B paMKax Teopiiii B03MyiiJ;eHIIii, B · ~pe,u;noJIO)KeHIIII MaJIOCTII 92 (112 ), 

f3~cPYHKIJ;II51 B npaBOii: qac::rii 9TOPO ypaBHeHII51 MO)KeT 6hiTb npe,u;cTaBJieHa 

B BII,u;e cTenennoro pa,u;a (eM., na~piiMep, o63opbi [121, 122]). · ·· · 

!3(9(~2)) ~- {f3o [92(112)] + !31 [92(112)]2·+'!32 [92(112)].3 + ... } .. · (3.2) 
'. . ' ' . 167f2 ' ' 167f,2 ' 167f2 ' 
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B HacToarn;ee Bpel'.m II3BeCTHO qeTbrpe rrepBhrx Kos¢¢IIu;IIeHTa rrepTyp6a

TIIBHoro pa3JIO)KeHIIH ,8-<f>yHKIJ;IIII ( CM. pa60Tbi [33, 34, 123-129]): 

2 
,80 = 11- -nh 

3 

38 
,81 = 102- -nf, 

3 

/3z 

,83 

2857 . 5033 . . 325 2 
-2- -l8nf + 54 nf, 

149753 3 64 i(3) _ [1078361 6508 i(3)] n · 
6 + 5 ., 162 + 27 '> f + 

[
50065 6472 i(3)] n 2 10.93 n3 . • 

+ 162 + 81 '> f + 729 f 

{3.3) 

(3.4) 

{3;5) 

{3.6) 

B 3TIIX ypaBHeHIIax nf- qiicJio akTIIBHhrx apoMaToB, a ((x) o6o3HaqaeT 

(-<f>yHKIJ;IIIO PIIMaHa, ({3) ~ 1.202 ( CM., HaiipiiMep, KHIIry [95]). 3Ha

qeHIIH K03<f><f>IIIJ;IIeHTOB (3.3)-{3.6) COOTBeTCTBYIOT KaJIII6pOBOqHoii rpyrr

rre SU{3). IlepBhre ,n;Ba Kos¢¢IIu;IIeHTa rrepTyp6aTIIBHoro pa3JIO)KeHIIa 

,8-<f>yHKIJ;IIII (3.3) II (3.4) HBJIHIOTCH CXeMHO-He3aBIICIIMbiMII BeJIIIqiiHaMII, 

B TO BpeMa KaK Bbrpa)KeHIIa ,n;Jia TpexrreTJieBoro (3.5) II qeThrpexrreTJie-. 

Boro (3.6) Kos¢¢IIu;IIeHTOB rrpiiBe,n;eHbi ,n;Jia cJiyqaa MS cxeMbi BhrqiiTa

HIIa ( CM. pa6oTy [93) II pa3,D;eJI 3.3 KHIIrii [16]). BbrqiiCJieHIIe K03<f><f>II

IJ;IIeHTOB {3.3)-(3.6) 6hiJIO IIpOBe,n;eHO B IIpii6JIII)KeHIUI 6e3MaCCOBbiX <f>ep

MIIOHOB. TaKaa arrnpoKCHMau;ua· rrpuMeHHMa ·,n;Jia HHTepBaJIOB ::JHepriiii 

m} << Q2 << m}+l, T.e., B,ll;aJIH OT rroporoB po)K,n;eHua KBaJ>KOB. B aTOM 

cJiyqae rrapaMeTp nf (qu~Jio aKTHBHhiX apoMaToB) rrpe,n;cTaBJiaeT co6oii ,, 
. KYCOqHo-HerrpepbiBHYIO <f>yHKIJ;HIO rrpOCTpaHCTBeHHOIIO,li;06HOH KIIHeMaTH-

qecKOH rrepeMeHHOH Q2 > 0 {eM., HanpHMep, pa3,D;eJI 3.8 B KHHre [16]): 

l 
6 ( m~) 

n1(Q2
) = f;e 1- Q~ . {3.7) 

B 3TOM ypaBHeHHH O(x) o6o3HaqaeT ¢YHKIJ;HIO XeBucaii,n;a: O(x) = 1 rrpu 

x 2: 0 H O(x) = 0 rrpu x < 0. 

· B npaBoii qacTII ypaBHeHua (3.2) qucJio qJieHoB rrepTyp6aTHBHoro 

Pa3JIO)KeHua orrpe,n;eJiaeTca rreTJieBbiM rrpii6JIII)KeHHeM. BBo,n;a o6o3Haqe-

3.2: O,n;HorrerJieBaa 6eryrn;aa KOHCTaHTa CB»3H KX,LI; 41 

JIIIC ,n;JIH TaK Ha3biBaCMOH "<I>YHKIJ;IIH CBH3II" a(JL2) := et(JL2),80j(47r) 1 B paM

Kax: TCOpHH B03Mym;eHHH ypaBHCHHC pCHOpMaJIH3aiJ;HOHHOii· rpyrrrrhi ,li;JIH 

HHBapuaHTIIOrO 3apH,n;a (3.1) Ha f-rreTJICBOM ypOBHC MO)KHO rrpC,lJ;CTaBHTb 

CJIC,lJ;YIOITI;IIM o6pa30M: 

d ln[ai
1
>(JL

2
)] = _ f:Bi[ait)(JL2)]i+l, 

d lnJL2 
i=O 

Bi = ~i 
/36+1" 

(3.8) 

CJie,n;yer ynoMHHYTh o TOM, qTo ,n;Jia ¢u3II!ICCKHX 3HaqeHuii qucJia aKTHB

HhiX apOMaTOB 0 :::; n f :::; 6 B paCCMaTpHBaCMbiX rre-r'JieBbiX, IIpH6JIH)KeHII

HX (HeCMOTpa Ha TO, qTO Kos<f><f>uu;ueHTbi rrepTyp6aTHBHOrO pa3JIO)KeHHH 

,8-<f>yHKIJ;~H (3.3)-(3.6) MOryT rrpHHHMaTb 6oJiblliHe 3HaqeHua) K03<f><f>IIIJ;H

eHTbi Bi (3.8) rrpnHHMaroT 3HaqeHIIa rropa,n;Ka e,n;IIHIIIJ;hr. TaK)Ke OTMeTII~, 
qTo ,n;Jia 0 :::; nf :::; 6 Kos¢<1>uu;ueHThi ,Bi (3.3)-(3.6) uBi (0 :::; j :::; 3) HBJia

roTca rroJIO)KHTeJihHhiMH BeJinquHaMu, 3a HCKJiroqeHHeM ,82 Ii: B2, KOTOpbre 

rrpHHHMaiOT OTpHIJ;aTCJibHbiC 3HaqeHHH B CJiyqae n f = 6. 

3.2 O,n;HorreTJieBaSI 6eryru;aSI. KOHCTaHTa CBSI3H KX,ll; 

PaccMoTpHM CHaqaJia o,n;HorrerJieBoe rrpu6JIH)KeHue. B 3TOM cJiy-

qae ypaBHeHHe peHOpMaJIII3aiJ;IIOHHOH rpyiiiibi ,li;JIH HHBapHaHTHOrO 3apa,n;a 

KBaHTOBOH XpOMO,li;HHaMHKH (3.8) IIpHHHMaeT BII,ll; 

d ln [ ai
1
> (JL2

)] B (l) ( 2) 
d ln JL2 ~ - o as JL ' 

r,n;e Bo = 1 no orrpe,n;eJieHIIIO. ,ll;aJiee, pa3,n;eJiaa rrepeMeHHhre 

d ai
1
> (JL

2
) = d ln JL2 

[ail) (JL2)] 2 

(3.9) 

(3.10) 

II IIHTerpupyH ypaBHeHHe (3.10) B KOHeqHbiX rrpe,n;eJiax, IIpHXO,li;HM K CJie

,n;ylOrn;eMy COOTHOrllCHHIO MC)K,ll;y 3HaqeHHHMII 6eryrn;eii KOHCTaHTb~ CBH3H 

B lleKoTopoii ToqKe HOpMIIpOBKH Q~ u B HHTepecyrorn;eii Hac Toq~e Q2: 

1 1 ' (Q2) 
ail) ( Q2) - ail) ( Qf,) = ln Qf, . (3.11) 
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9To ypaBHeHne · II03BOJmeT. Bbipa3HTh. ;O,n;HorreTJieBOii rrepTyp6aTHBHhiH 

HHBapnaHTHhiH 3apa,n; Q'~l) ( Q~) KaK. cPYHKIJ,HIO OT rrepe.r-.IeHHhiX Q 2, Q5 
(1)(Q2) . H O's O 7 .a HZ..WHHO 

(1)(Q2) 
C¥~1) ( Q2) = O's o . 

. 1+ a~1) ( Q5) In( Q 2 / Q5) .Bo/ ( 47f) 
' : l '· . • - - -. . . .• ~-

-,, 

(3.12) 

3,n;ech He06XO)J;HMO IIO)J;'IepKHYTh·, qTci <popMaJIH3M pe~OpMiUIH3aiJ,HOHHOH 
rpynnhi H TeOpH51 B03MyiiJ,eHHH IIpHMeHHMbl HCKJIIO'IHTeJibHO )J;Jl51 OIIHCa-

HdR .rrpo~eccoB c~.Jlb!fOr~ ~3~wMo,n;eii~TBI15I; ~aBH~~~nx:~;' np~~Tp~HCT~eH
HOno.n;o6H~ii i<nHeMa;nqe.cKoft irep'J~eHHbft Q 2 . = :_q2 >-•. 0. '. . .. : 

· B~ryiiJ,aa i<oHcTaHTa.' ~Ba~n cimhlio;o BsanM~heiic;B1m ~~(Q2) He aB

na~'l'ca Be~H'IHHOfi, 3Ha'!eHw~' KO;opoii MO~H~. 6~IJIO 6bt-~e~~;p~~CTB~HHO 
H3MepHTb u'a' 3KCIIe~~~~JITe. ;T~M He ~eHee, MHO_rne·:X~paiTep~CTHKH aA

pOH~hiX rrpoiJ,eC~OB. MoryT 6bhh na~~Me~p~3oBaHhi B TepM~Hax' a.
8
(Q2) B 

· pa~Kax Te~pnn Bo'3M~ri;e~~ii .. B · cB6~· oqepe.n;h', aTo ~03BOJiaeT -~,3BJie'Ih 
3Ha'!eHHe imBapHaH;HO~~ 3~p~~a C¥8.(Q2) H'a paCCMaTpiimie~O~-~~CIIITa~e 
aH.eprnii H3 cooTBeTCTBYIOIIJ,HX aKcnepnMeHTaJihHhiX .n;aHHhiX. HanpnMep, 

.n;ouycTrrM, 'ITo H:eKoTOpaa BeJ.rnqnmi P(Q2 ) :B'paM:iax Teoj:mn·eo3~yiiJ,eii:nii 
B £-neTJieBOM npn6JIH:tKeHHH MO:tKeT 6hiTb npe,n;CTaBJieHa B BH)J;e 

'~ .1 ' , ' ; ' : ' 

e . 
p~~rt(9,2 )' ~ •. ~+ L Pi [ Q'~£) (Q2

)] ~; 
: ' . . .. j=1 . 

(3.13) 

-:.n:e Pi - cooTBeTCTBYIOIIJ,~e 'IHCJieHHhie Koacl>cl>niJ,neHThi nepTyp6aTnB

iloro pasJio:tKeHna; ,na.rlee; · ·ll'pe.n;noJioiKiiM, 'ITO Ha MacrnTa6e aHep

rnn Q5, .n;onycKaiOIIJ,eM npnMeHeHI~e Teopnn BO~Myru;eHnii, 6biJIO npoBe-
• • ' ' : ~ ' ' • ;( .•• ' • • • •• '< ;_ ' ' •• • ' ; • f ~ ' - .• • . (. . -. ~ .. 

,ll,eHo aKcnepnMeHTaJihHOe H3MepeHne 3Ha'IeHna paccMaTpHBaeMoit BeJin-

'IHHh~: P( Q5) = Pexp· B 3TOM cJiy'!ae B o.n;HoneTJieBOM npn6JimKeHnn 

(;.e.; ;)J;Jl51 £ = 1) 3Ha'!eHHe ·6~ry~eft K:~HCT~HTbl CB513H Ha MaCruTa6e 3Hep

rnn,,Q5 onpe,n;eJI51eTC51 COOTHOilleHne.r-..1 aP)(Q5) = (Pexp- 1)/P1· B CBOIO 
. !• :· . . .. .. . . . . . ·. • ·.: (1) 2 . . . . .. 

oqepe.n;h, aTo rro3J3oJiae'I' impe,n;eJIHTh as ( Q ) ,n;Jia npon3BC>JihHhrX s~a-
qe~nii 'Q2 ~- iJo~OIIJ,biO y~a~H~HI~H (3:12) .. 0TMeTHM, qTo H3 Bhirueii

JIO:tKeHH~rJ .GJie.n;yeT, ~Tb .il,Jia. 3KC~~pl;Z..Ie~TaJihHOH np~BepKH .KBaHioBofi 

XpOMO)J;HHaMHKH Tpe6yeTC517 KaK MIIHIIMyM, JIH60 )J;Ba H3MepeHH51 HeKOTO

pok ·~a6JIIO)J;aeMOH BeJIH'IH~bi Ha pa3HhiX MaCI~ITa6ax 3Heprnn, JIH6o )J;Ba 

-~-.,.-1-.~ 

:1:' 

!,•' 

l 

': 

l; 
l~ 
l 
f· 

::I 
i 
ll! 

., .. ,. 

3.2. O.n;HoneTJieaaa 6ery111,aa KOHCTanTa caasn KX,n 43 

H3MepeHH51 pa3HbiX Ha6JIIO)J;aeMhiX BeJIH'IHH Ha npOH3BOJlbHhiX MaCIIITa6ax 

aHepriiH. 

Ha npaKTHKe anaJIH3 6ery111,eii: KoncTaHThi CB513H -CIIJihHOro B3aiiMo

.n;eiicTBII51 y,n;o6HO IIpOBO)J;IITb C IIOMOIIJ,biO TaK Ha3biBaeMOrO MaCillTa6HO

ro napaMeTpa KBaHTOBOii xpoMo,n;nlmMHKH AQco· A _nMeHHO B ypaBHe

HHII (3.11) y.n;o6Ho BBeCTH napaMeTp A, KOTOphiii IIMeeT pasMepHOCTh Mac

Chi14 H BKJIIO'IaeT B ce651 BCe 'IJieHhl ypaBHeHII51 (3.11), 3aBHC51IIJ,He OT TO'IKII 

HOpMIIpOBKH Q5 H OT 3Ha'!eHH51_ 6eryiiJ,eii KOHCTaHTbl CB513H, B 3TOH TO'IKe: 

. ( 2) ' [ "] 1 - Q 2 • . 2 47f 1 
(1)- =In A2 , A{l) = Q0 exp a (l) . . (3.14) 

Us ( Q 2) (1) JJO O's ( Q5) 

B 3TOM cJiyqae perneHne ypaBHeHna peHOpMaJIH3a~nonHoii rpynnhi (3.8) 
)J;Jl51 HHBapiiaHTHOrO 3apa,n;a KBaHTOBOH XpOMO)J;IIHaMHKII B paCCMaTpHBa-

eM OM O~HOlleTJieBOM npH6JIII:tKeHIIH UpHHHMaeT II3BeCTHbiH __ BH,ll; 

47f 1 (1)(Q2) =--I -, 
as . .Bo nz 

Q2 
z = A2. (3.15) 

QqeBII)J;HO, 'ITO ITOJiy'IeHHbie Bbipa:tKeHH51 )J;JI51 O)J;liOUeTJieBOH 6eryiiJ,eii: KOH

CTaHTbl CB513II (3.12) n (3,15) 3KBHBaJieHTHhi .n;pyr .n;pyry. TexHnKa II3BJie

'IeHna 'IHCJieHHbiX 3Ha~eHHH HHBapnaHTHOrO 3apa,n;a KBaHTOBOH XpOMO)J;II-

HaMIIKH H3 pa3JIH'IHbiX 3KCUepHMeHTaJiblibiX )J;aHHhiX ,B BbiCillHX neTJieBhiX 

npn6JIH:tKeHH51X7 ycpe,n;HeHHOe 3Ha'!eHHe 6eryiiJ,eH KOHCTaHTbi CB513H CIIJlb

HOrO B3aHMO)J;eHCTBII51 Ha MaCruTa6e Ma.CCbl Z 0-6030Ha II COOTBeTCTBYIOIIJ,ee 

3Ha'IeHne MacrnTa6noro napaMeTpa AQcD MoryT 6hiTh Haii.n;eHhi B o63op~x, 

ITOCB51IIJ,eHHhiX 3KCUepHMeHTaJihHOH npOBepKe KBaHTOBOH XpOMO)J;IIHaMIIKH 

B paMKax Teopnn B03MyiiJ,eHnii '(eM., nanpiiMep, pa6oTbi [130-132] n p~

.n;eJI 9 o630pa [79]). 
0,n;HOlleTJieBa51 rrepTyp6aTIIBHa51 6eryiiJ,a51 KOHCTaHTa CB513Il (3.15) 

npe.n;cTaBJieHa Ha pncyHKe 3.1 nyHKTIIpHoii JIHHHeii. B cnJiy Taro, 'ITO 

nepBbiH qJieH nepTyp6aTHBHOrO pa3JI<l:tKeHH51 .8-cPYHKIJ,IIH (3'.2) OTpHIJ,aTe

JieH15, HHBapnaHTHbiH 3ap51)J; a 8 (Q2 ) (3.15) 51BJI51eTC51 y6hiBaiOIIJ,eii: <l>YHK-

14 3aMeTHM1 'ITO MaClliTa6Hb1ii napaMeTp KBaiiTOBOii XpOMO)l.HIIaMHKII J\ ~0311HKaeT )l.a

)KC B ue3MaCCOBOM npe)l.eJJe Teopnn. 

15 «l>opitaJJhno, 3TO yCJioBne nblnonmteTCH )l.JIH n1 ::; 16. B nacToHni;ee spe~m n3necrno 

BCCI'O 6 apOMaTOB KBapKOB, a 3KC1ICpHMCHTaJibllbiC llOHCKH KBapKOB 'leTBepTOI'O llOKOJIC

HHH llOKa He npHBeJJH K llOJIO)KHTeJlbHOMY pe3yJibTaTy (eM., nanpiiMCp, o630p (79)}. 
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PncyHoK 3.1. TiepTyp6aTnBllbii1 mmapnanTHbifi 3apa,n; KBaHTOBoii xpoMo,n;nHaMnKn n 

O,li.HOIICTJICBOM (rryHK~llpHaH JIIIHIIH, ypaBIIC.IIIIC (3.15)) II ,li.BJX~CTJICBOM (HerrpepbiBHaH 

Jinnna, ypannenne (3.29)) npn6Jili)KcHIIHX. 3na•JennR napaMeTpon: n1 = 3, z = Q2 
/ A.

2
. 

TioJJO)KCHIIC "rrpn3pa•moro" rromoca ( Q2 = A. 2) o6o3Ha'lcHO ruTpnxrryHKTIIpHoii JIIIHneii 

rweii: CBm;ro apryMeHTa. B qaCTHOCTII, 3TO OTpa)KaeT CBOHCTBO aCIIMIITO

TII'leCKOii: CB060)J.hl KBaHTOBOH xpoMO)J.iiHaMIIKII (33, 34], KOTOpoe 3aKJIIO

'!aeTCH :B' "yMeHbiiie'niiii'' IIHTeHCIIBHOCTII B3aiiMo,rr.eii:cTBiiH Me)K,rr.y rweTHhr:. 

im o6-beKTaMM rrpii yBeJIII'leHIIII xapaKTepnoii: '3Hepnm paccMaTpiiBaeMoro 

i:rpoii,ecca. B CBOIO oqepe,rr.h, 3Ta oco6eHHOCTh KB8.HTOBOH xpoMO)J.IIHaMII

Kll rro3BOJIHeT IICIIOJih30BaTh Teopiiro B03Myiii,eHIIii: ,rr.JIH Bhr<mcneHIIH Tex 

rronpaBOK K aa6Jiio,rr.aeMhiM BeJIII'IIIHaM, KOTOpbie 66ycJIOBJieHhl CIIJibHhiM 

B3aiiMo,rr.eii:cTBIIeM. B <JTOM cnyqae pOJih MaJioro irapaMeTpa rrepTyp6aTIIB

noro. cTerrennoro pa3JIO)KeHIIH IIrpaeT 6eryiii,aH Koncn1liTa cB'H3II a 8 ( Q
2
) 

(~M:; HanpHMep, ypaBHeHIIe (2.42)) .. 

3,rr.ecb CJie)J.y~T OTMeTIITb
1 

'ITO O)J.HOITeT;{eBoit 'rrep~yp6aTIIBHblH IIHBa

piialiTHbiH 3apH)J. (3.15) co,rr.ep)KIIT, IIOM~MO cP~~u~eCK~ro p~pe3a· ITO KII

HeM1aTII'l~CK.~ii: rrepe~~eHHOH Q2 B)J.OJih 'o~pii~aT~nh~OifqaCTII )J.~HCTBIITeJih
HOii: OCII ReQ2' HecPII3H'leCKYIO oco6eHHOCTb:B .TO 'IKe Q2 =:A 

2 
- TaK Ha3bl

BaeMhiH "rrpii3pa'1Hhiii: rro~roc" IIJIII ."rronroc )Ian,rr.ay", c~~ p~cynoK 3.2A. 
Cyiii,eCTB(manue .TaKIIX. aecl>u3II'lecKIIX oco6ennocTeii: rrp.oTIIBOpe'IIIT . o6-

/ < .... .... IIJ,IIM IIpiiHIJ,IIIIaM' JIOKaJihHOII KBaHTOBOII TeOpiiii IIOJIH II CyiiJ,eCTBeHHO 

3.2. O,rr.norreTJieBaH 6eryiii,aH KOHCTaHTa CBH3II KX,n · 45 

~ ImQ2 

[ID ImQ2 

ReQ2 ReQ2 

0 K 0 K 

w' 

PncyHoK 3.2. Oco6eHHOCTn rrepTyp6aTnnHoit 6eryrn;eit KOHCTaHTbi cnH3n cnJibHOro n:mn: 

MO,li.CllCTBllH 0!8 ( Q2) B KOMllJICKCHOit Q2-nJIOCKOCTll. 0,li.HOIICTJICBOC npn6Jili)KCHIIC (ypan

HCHIIC (3.15), pl!CJHOK "A"): <lJn3li'ICCKl!it pa3pe3 Q2 ::; 0 B,li.OJlb OTplll.(aTCJibHOfl '!aCTII 

,n;eitcTBIITeJibHoii ocn Re Q2 n ne<Pn3n'!ecKaH oco6enHOCTh (nomoc · nepBoro riopH.n,~a) n 

TO'IKC Q2 = A. 2, ,UnyxneTJICBOC npn6Jil!)KCHl!C (ypaBIICHliC (3.29), piiCJHOK "B"): <lm3n

'ICCKIIM pa3pe3 Q2 ::; 0 B,li.OJih OTPllf.\aTeJihHOit qacTn ,n;eitcTIHITCJibHOil ocu Re Q2 u ne<Pn-

3II'ICCKuri pa3pe3 0 < Q2 ::; A.2 B)I,OJih rroJio)KnTeJibuoit 'IacTu .n,eficTnuTeJihHofl ocu Re Q2 

ycJIO)KHHeT aHaJIII3 <JKcrrepiiMeHTaJihHhiX p;aHHhiX a,rr.ponnoii: cPII3IIKII B o6-

JiaCTII MaJihiX 3Hepruii:. 

Bo3HIIKHOBeHIIe ne<PII3II'leCKIIX oco6eHHOCTeii: B perireHIIHX. ypaBHe

HIIH penopMMII3aii,IIOHHoii: rpyrrrrhr (3.1) B riepByro oqepe,rr.h o6ycnoBJie

no IICIIOJib30BaHIIeM rrpii6JIII)KeHHOrO rrepTyp6aTMBHOrO Bbipa)KeHHH . )J.RH 

,8-cPYHKII,IIII (3.2). IJocne,rr.Hee IIMee,T CIIJIY TOJih.KO ')J.JIH MaJihiX 3Ha'leHIIH 

IIHBapiiaHTI~OrO 3apH)J.a KBaHTOBOfi XpOMO)J.IIHaMIIKII a 8 ( Q2 ) 1 'ITO BhlliOJI

HHeTCH ToiihKO B o6nacTII 6oJihiiiiix <Jaepmii: Q2 » A 2. O,rr.naKo B o6nacTII 

MaJihiX <JHepriiil ( Q2 ~ A 2) TeopiiH BhiXO)J.IIT II3. pe)KIIMa cna6oil CBH3II, 

arrrrpOKCIIMaii,IIH (3.2) CTaHOBIITCH HerrpiiMeHIIMOfi, II IIOJiy"'eHHOe peiii~ 

HIIe ypaBHeHIIH peHOpMaJIII3aii,IIOHHOfi rpyiiiihl (3.15) TepHeT cPII3II'leCKIIfi 

CMhiCJI. Ha rrpaKTIIKe, TeopnH B03Myiii,eHIIil ,rr.aeT a,rr.eKBaTnoe orriicaniie 

rrpoiJ,eccoB CIIJihHOro B3aiiMo,rr.eilcTBIIH ,rr.mi Q ;:: 2 f<JB. TaKIIM o6pa3oM, 

TeOpeTII'leCKIIfi aHaJIII3 a)J.pOHHOfi )J.IIHaMIIKII B o6JiaCTII MaJihiX 3Hepriiii: 

MO)KeT 6biTh BhiiiOJlHeH TOJihKO c npiiBJieqeimeM nerrepTyp6aTIIBHhiX Me-:-, 

TO)J.OB. 
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Heo6xo.n;II~o TaK)Ke ynoMHHJTh o TOM, qTo ana.rroriiqnaH npo6ne

Ma cym;ecT~yeT II B KBaHTOBO:li sneKTpo,n;HnaMIIKe. TaK; nepTyp6aTII~IIoe 
Bhipa)K€HII€ ,ll;JI51 IIHBapiiaHTHOrO 3ap51,n;a CITIIHOpHOH 3JI~KTpO,ll;IIHaMIIKII B 

aciiMITTOTIIqecKoii ynhTpa¢IIoneTOBOii o6nacTII co.n;ep)KIIT ne¢II3IIqecKIIe 

oco6eHHOCTII16 , qTO HaXO,ll;IITC51 B npOTIIBOpeqiiii C 06IIJ;IIMII ITOJIO)K€HII51-

Mll T€0pii~ (eM: .. pa3,L1;€JI 50.2 KHIIrii [2]). 0,n;HaKO B KBaHTOBOH. 9JI€KTp0-

,ll;IIHaMIIK€ (B OTJIIIqli€ OT KBaHTOBOH XpOMO,ll;IIHaMIIKII) T€0pii51 B03MJIIJ;€

HIIH CTaHOBIITC51 H€ITpiiM€HIIMOH Ha MaCIIITa6ax 3Hepriiii, COITOCTaBIIMhiX C 

llnaHKOBCKOii Ma~coil Mp1 ~ 1.22 x 1019 fsB [136, 137]. B CIIJIY Toro, qTo 

MaKCIIMaJihHa51 3Heprii51, ,ll;OCTIIraeMa51 B COBp€M€HHhiX 3KCIT€piiM€HTaX ITO 

¢II3IIKe sneMenTapHhiX qacTIIIJ,, necoii3MepiiMO MeHhiiTe, qeM MP" Teope

TIIqecKIIii aHaJIII3 npOIJ,€CCOB 3JI€KTpOMarHIITHOrO B3a:flMO,ll;€HCTBII51 MO)K€'1' 

6bJTh BhiiTOJIH€H B paMKaX nepTyp6aTIIBHOrO ITO,ll;XO,ll;a 6e3 npiiBJieqeHII51 

K:armx-nii6o IIenepTyp6aTIIBHhiX iieTO,ll;OB. 

3.3, MHBapHaHTHhiH sap51,.a; KX,ll; B BhiCIIIHX neTJie

BhiX IIpH6JIH:>KeHH51X 

llepeii,n;eM Teneph K paCCMOTp€HIIIO p€lli€HII51 ypaBH€Hf151 peHOpMaJIII-

3aiJ,IIOHHOH rpynnhi ,ll;Jl51 IIHBapiiaHTHOrO 3ap51,n;a KBaHTOBOH XpOMO,ll;IIHa

MIIKII; B ,n;ByxneTneBOM npii6JIII:tK€HIIII. B ::>TOM cnyqae ypa,Bneniie (3.8) 

3aniiChiBa~TC51 cne.n;yiOIIJ;IIM o6pa3oM: 

[ (2)( 2)] [ (2)( 2)]2 d ln as f.l ·= -a~2) (p,2) - B1 as f.l ' 
d lnp,2 . 

·(3.16) 

r.n;e B1 = /3d !36. ,D;eilcTBYH ananoriiqno paccMoTpennoMy BhiiiTe o.n;noneT

neBoMy npii6JIII)K€HIIIO, pa3,1l;€JIIIM nepeMeHHhi€ 
,,.,_,_ ·., ..... 

. d a~2) (p,2) • 

[ a~2) (p,2) J 2 [ 1 + B1 a~2) (p,2) J = d ln f./,2. 
(3.17) 

16 06cpK,lJ;CIIHC BOIIIJOCOil, KOTOJlhiC KaCa!OTCH IIOCTIJOCIIHH llbllJaMCIIIUI ,ll;JIH lfH!JapnaHT

IIOfO :JapR/(a KnauTonoii ::wcKTPOAiiHaMn·Kn, uc co;(cp)Kauiero He<pll3ll'lecKllx oco6eiiiioc

Teii, MmKcT 6biTh Haii,n;cHo n pa6omx [133-135]. 

3.3. l1nBapiiaHTHhiil sapH.n; KX,D; B BhiCIITIIX neTJieBhiX npii6JIII)K€HIIHX 47 

,D;a.rree, IIHTerpiipyH (3.17) B Koneqnhrx npe.n;enax, npiixo,n;IIM K Tpancu,en

.n;enTHOMY ypaBH€HIIKP, onpe,n;eJIHIOIIJ;eMy BII,ll; ,ll;BJXIT€TJI€BOH nepTyp6a

TliBHOil 6erym;eil KOHCTaHThi CB513II 

1 [ . 1 ] ( Q2) 
2 -.- - B1ln 1 + 2 = ln - 2- . ai )(Q2) . B1 ai )(Q2) A(2) 

(3.18) 

B ::>TOM ypaBneniiii MaCIITTa6nhrii napaMeTp A OTJIIIqaeTC.H OT paccMoTpen

noro BhiiiT€ O,ll;HOIT€TJI€BOrO Bhipa)K€HH51 (3.14), a IIM€HHO 

2 2 7r B ln 1 + · 
{ 

4 1 .• ·. [ 1 471" 1 l } 
A(2) = f.l exp f3o a~2) (p,2) + . 1 . Bl f3o a~2) (p,2) (3.19) 

3.n;ech neo6xo,n;IIMO OTMeTIITh, qTo TeopeTIIqecKIIii anaJIII3 ::>Kcnepii

MenTaJihHhiX ,n;aHHhiX ,n;m'!: H€KOTOpO:li na6JIJO,ll;a€MOH B€JIIIqliHhi Ha pa3-

JIIIqHhiX IT€TJI€BhiX ypOBH51X 6y,n;eT npiiBO,ll;liTh K pa3HhiM 3HaqeHII51M MaC

IITTa6noro napaMeTpa Teopiiii. B BhiCIITIIX neTJI€BhiX npii6JIII)K€HIIHX, B 

CIIJIY TOro, qTO KO::>¢¢IIIJ,II€HThl nepTyp6aTIIBHOrO pa3JIO)K€HII51 · paccMaT

piiBaeMOil B€JIIIqliHhi CTaHOB51TC.H'~CX€MH0-3aBIICIIMhiMII B€JIIIqiiHaMII, II3-

BJI€Ka€Mhi€ 3HaqeniiH napaMeTpa A 6y.n;yT 3aBIIC€Th TaK)Ke II OT IICITOJih

syeMoii CX€Mhi BhJqiiTaHII51. ilOMIIMO 3TOrO, 3HaqeHII€ MaCJITTa6HOrO na

paMeTpa. A, Ko~opoe nonyqeno .n;nH neKoToporo ¢IIKCIIpbBanno~~ <iiic

na aKTIII3Hhix apoMaTos n f, ne MO)KeT 6hiTh IIcno.Ji:bsosa!lo s IinTepsan~x 
3Hepriiii, COOTB€TCTBJIOIIJ;IIX ,n;pyriiM 3HaqeHII51M n f. ,[l;eilCTBIIT€JihHO, KO

s¢¢IIIJ,II€HTbi nepTyp6aT~snoro pa3JIO)K€HIIH pac~Ma~pnsaeMoii semiqii

Hhi, 6y.n;yqii 3aBIICIIMhiMII OT qiicna aKTIIBHhiX· apm.mToB ri f, Me~~IOT CBOII 
' . • ' 'i '' 

snaqeniiH npii nepexo.n;e qepes nopor pO)K,ll;€HII51 oqepe.n;noro KsapKoBoro 
' 

apm.mTa. Cne.n;osaTeJihHO, ,ll;JIH o6ecneqenii51 nenpephiBHOCTII paccl\IaTpn-

saeMoii semiqiiHhi na nopore pO)K,ll;€HII51 KBapKa, 3Haqeniie MaCIITTa6noro 

napaMeTpa· A TaK)Ke .n;oJI)KHO II3MeHIIThC51 cooTBeTCTsyron:r;uM, o6pa30M
18

• 

17 Cne.u.yeT yno~nmyTb o TOM, 'ITO cyu(CCTBytoT ·u )J,pymc ncpnoo6pa31IbiC nenoii •me

Til ypaBHCHif5! (3.:17), OTJIII'IaiOll\fleC5! OT JIPBOfi •taeTII ypanlleJUJ5! (3.18) ,1111 <l)J,l~lfTIIBHYIO 

KOUCTatiTy. TeM UC MCIICC, llCCb 11031\IQ)KIIhlii IIJIOII3BOJI B 3TOM CJty•me yC'rpamtCTCH CO

OTBCTCTBYIOII(IIM ncpeonpe;(encmtcM m~paMr.Tpa A n npanoii •mr.Tn ypaimr.HU5! (3.18): ' .. 

IS 0TM~I'HM, 'ITO ll o6~CM CJty•tae II~ IICIIJlCIJhlllllOCTII 6Ct'Yll\Cii .KOIICTai;'I:b; CB5!~U ·II~. 
nopore pOMJ\CIIIIH O'!CpC/\HOro KBapKonoro apoMaTa IIC CJIC.lJ.YCT ncnpcpb!BHOCTll. ncefi ' 

ncpTyp6anmHoll aHHpOKCl!Ma~mi paccMaTpnnaeMoii nenn•mnht ua 3TOM nopore. 
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-3 -2 

-·-·-

3 :x.exp(x)· · · 
I <.' ., : . 

I 
2 . 

/, . 
I . 

I 1 . 
-1 

.:1 

' ' W1(x), +-2 

-:3 

X 

1 2 3 

PwcyJJOK 3.3. <I>yJJKIJ;HH xex ( rnipuxnynKTHpnaH JIIIHHH) 11 ,n;Be ,n;eii.CTBHTeJihHbie BeTBH 

W-cpyHKIJ;IIH JlaM6epTa. (3.20): Wo(x) (nerrpepbiBHaH J!IIHIIH) ll w_l(x) (rryHKTIIpHaH 

J!IUIUH) 

I1o.n;po6Hoe II3JIO)KeHIIeMeTo.n;a rrepeorrpe.n;eneHmi napaMeTpa A rrpii rrepe

xo.n;e qepe3 !JOpor po)K.n;eHIIH KBapKa rrpiiBe.n;eHo ,B pa3.n;ene 3.8 KHIIrii [16] 
II :B pa3.n;ene 2.3 o63opa [122]~ . · . · 

PerneHIIe ypaBHeHIIH (3.18) MO)KeT 6biTb npe.n;eTaBneHo B HBHOM im

.n;e [138,139] B TepMIIHax TaK Ha3bmaeMoi1 W-<J:>y~KIJ;IIII JlaM6epTa, K~To
paa Orrpe.n;enaeTeH KaK MHOI'OJIIIeTHaH <J:>JHKIJ;IIH Wk (X), J,D;OBJie;BOpHID-

. ru;aa ypaBHeHIIIO 

Wk(x) exp[Wk(x)] = x. (3.20) 

3,ri;eeb IIH,D;eKe k o603HaqaeT eOOTBeTeTBJIOin;JIO BeTBb W -<J:>yHKIJ;IIII JlaM-

6epTa. 9Ta <J:>yHKIJ;IIH HaXO)J;IIT llpiiMeHeHIIe B pa3JIIIqHblX 06JiaeTHX <J:>II-

3IIi<II e cepe.n;IIHbl XVIII BeKa [140]. rnaBHaa BeTBb W-<J:>yHKD;IIII JlaM-

6epTa W0 ( x) II BeTBb W _1 ( x) rrpiiHIIMaiOT .n;eiteTBIITeJibHbie 3HaqeHim Ha 

.n;efi:CTBIITeJibHOit Oeii ReX rrpii -1 je ~ X < 00 II npii -1/ e ~ X < 0 eOOT

BeTeTBeHHO (eM. piieyHoK 3.3). Bee oeTaJibHbie BeTBII W:-<I:>YHKIJ;IIII JlaM-

6epTa (3.20) rrpiiHIIlVIaiDT MHIIMbie 3HaqeHIIll. ,[l;na BeTBefi: Wo(x) II w_1(x) 

3.3; l1:HBapiiaHTHbiit 3apa.n; ·KX)J; B BbiellliiX lleTJleBbiX rrpii6JIII)KeHIIHX 49 

IIMeiOT MeeTO ene.n;yiOID;IIe pa3JIO)KeHIIH: 

ln(lnx) 
W0(x) ~dnx -ln(lnx) + 

1 
+ 

nx 

ln(lnx) [ln(lnx)- 2} + o[ln3 (~nx)], X -t 00, (3.21) 
+ 2ln2 x ln x 

( ) 
2 3 3 8 4 ( 5) Wo X ~X -X + 2 X - 3 X + 0 X , X -t 0, (3.22) 

. ( 1 ~ . ~ 1 11.( )3/2 ( 2) Wo -~+x; ~ -1+v2ex-32ex+
72 

2ex +0 x , X -t 0+, (3.23) 

( 
1 ~ ~ 1 11 3/2 ( 2) W_1 -~+x; ~-1-v2ex- 3 2ex- 72 (2ex) +0 x , X -t 0+, (3.24) 

·· ln(-lnx) 
w-1(-x)~lnx-ln(-lnx)+ 1 + 

nx 

+ ln(-lnx)[ln(-lnx) -2] +O[ln3(-lnx)], 
2ln2 x ln3 x 

x-o+, (3.25) 

r.n;e e ~ 2.718 o6o3HaqaeT oeHoBaHIIeHaTypanbHoro norapii<J:>Ma. ,[l;eTaJib-

Hbiit o63op eBofi:eTB W-<J:>yHKD;IIII Jla¥6epTa II ee npiiJIO)KeHIIH rrpiiBe.n;eH B 

pa6oTax (140-142]. . . . 
,[I;ByxiTeTJieByiO rrepTyp6aTIIBHJIO 6er:yru;y10 KOHeTaHTY eBH3II o:i2) ( Q2). 

MO)KHO Bblpa3IITb B TepMIIHax W -<J:>yHKIJ;IIII JlaM6epTa, rrpeo6pa3~>BaB 

ypaBHeHIIe (3.18) K BII,D;y (3.20). ,[I;JIH 3TOI'O Y¥.HO)KIIM o6e qaeTIIeOOTHO

llleHIIH (3.18) Ha (-B11) II .n;o6aBIIM K JieBOitii rrpaBOit qaeTII llOJiyqeHHOI'O 

Bbipa)KeHIIH (-1): • 

- 1+ +ln 1+ -- 1+-
[ 

1 l [ 1 l ( ln z) 
B1 ai2l ( Q2) B1 ai2l ( Q2) - B1 ' 

Q2 
z= A2. 

(3.26) 
)J;anee, rrp03KeiTOHen;IIpyeM: ypaBHeHIIe (3.26) II JMHO)KIIM o6e qaeTII no

JiyqeHHOI'O eOOTHOilleHIIH Ha ( -1): 

[ l { [ 
. : 

1 1 -lnz 
-1+ ex -1+ --e -1+-· B,a\'l(Q2) P . . B1 a\2l(Q2)]}- xp[( BJJ: 

(3.27) 
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113 cpaBHCHII5I ypaBHCHIIM (3.27) II '(3.20) CJie,n;yeT, 'ITO ;', ' ' 

-[1 + (;) ] = wk{- exp [- (1 + 
1
nz)· ]}· 

B1 as (Q2) B1 
(3.28) 

B CIIJIY TOro, 'ITO 6erym;a5I KOHCTaHTa CB5I3II as(Q2) 5IBJI5ICTC5I Be

UJ;CCTBCHHOM <i>YHKII,IIeit, B npaBOM 'IaCTII ypaBHCHII5I (3.28) IIH,IJ;CKC BCTBII 

W -<l>YHKII,IIII JlaM6epTa ·Mo:tKeT npiiHIIMaTh 3Ha:<IeHII5I k = 0 irJIII k = -1. 
IJpii 3TOM TOJibKO TO peiiiCHIIe ypaBHCHII5I (3.28), KOTOpOe COOTBCTCTBYCT 

3Ha'!CHIIIO k = -1, y,D;OBJICTBOp5ICT <l>II3II'ICCKOMY ycJIOBIIIO aCIIMnTOTII'ICC

KOM CB060,IJ;bi19 as ( Q 2) -; 0 npii Q 2 -; 00. 

TaKIIM o6pasoM, perneHIIe YP.aBHCHII5I peHOPJI.!MII3ali,IIOHHOit rpyn

nhi (3.8) ,IJ;JI5I IIHBapiiaHTHOrO 3ap5I,D;a KBaHTOBOM XpOMO,IJ;IIHaMIIKII B ,D;ByX

neTJICBOM npii6JIII:tKCHIIII npiiHIIMaeT CJIC,D;yiOUJ;IIM BII,ll; [138, 139]: 

(2) 2 - 47r 1 . ' . 1 . } ' 
as (Q )- .BoBq+W-l{-exp(-(l+B!1 1nz)] 

z- Q2 ( 
- A2' 3.29) 

r,n;e B 1 ' = ,Bd .85. ,lJ;ByxneTJieBa5I nepTyp6aTIIBHa5I 6erym;a5I KOHcTaHTa 

CB5I3II (3.29) 'npe,n;CTaBJICHa Ha pHCJHKe 3.1 HeripepbiBHOM JIIIHIICM. 0T.Me

TIIM, 'ITO, aHaJIOrii'IHO paCCMOTpeHHOMY BbiiiiC O,IJ;HOneTJICBOMY npii6mi:tKe

HIIIO (3.12), ,n;ByxneTJieBa5I 6eiyrr~a5I KOHCTaHTa CB5I3II KBaHTOBOit xpoMo,n;II

miMIIKII ai
2

) ( Q 2) TaK:tKe MO:tKCT 6hiTb Bbipa:tKeHa B TCpMIIHaX nepeMCHHbiX 

Q 2 , Q5 11 ai
2

) ( Q5), a IIMeiiHO 

(2) 2 47r 1 1 ' 
a (Q ) -- [ · 2)-lfB,] 

s - .Bo Bq + W_1 -yo exp( -yo)( Q 2 /Qo 
(3:30) 

r,n;e 
1 47r 1 

Yo = 
1 + B 1 .Bo a~2) (Q5) . 

(3.31) 

IJpii 3TOM Bbipa:tKCHII5I (3.29) II (3.30) 5IBJI5IIOTC5I nOJIHOCTbiO 3KBIIBaJICHT

HbiMII ,n;pyr ,n;pyry. 

19 PemeiiHe ypaBHCIIHH (3.28), cooTBCTCTnytou~ee rJtaBIIOH neTnH W-<pyliK~HH JlaM

, 6epTa (k' ·= 0), o6JI;1)~aeT aCHMTITOTH'JeCKHM TIOBC)~CIIIICM ~~2)(Q2 ) _:_; -47r/3o/fJI TI[>II 

./ Q2 :__. 00, KOTO[>OC ~lllmiCTC~I IICqJH3H'ICCKIIM. . 

3.3. l1HBapiiaHTHbiii: sap5I,n; KX,lJ; B BhiCIIIIIx neTJieBbiX npii6Jill:tKeH115IX 51 

AHMII3 aHaJIIITII'ICCKIIX cBoitcTB ,n;ByxneTJieBoro IIHBapiiaHTHoro sa

p5I,n;a KBaHTOBOM XpOMO,ll;IIHaMIIKII ai
2
)(Q2) (3.29) no KIIHeMaTII'ICCKOM ne

peMCHHOit Q
2 

(eM., HanpiiMep, pa6oTy [138]) nOKa3biBaeT, 'ITO Y'ICT BbiC

IIIliX neTJICBhiX nonpaBOK He npiiBO,ll;IIT K ycTpaHCHIIIO He<l>II3II'ICCKIIX OC0-

6eHHOCTCM y peiiiCHII5I ypaBHCHII5I peHOpMaJIII3aiJ;IIOHHOii: rpynnhi (3.8) ,D;JI5I 

6erym;eii: KOHCTaHThi CB5I311 CIIJihHOro B3aiiMo,n;eitcTBII5I as(Q2 ). Hanpo

TIIB, Ha ,D;ByXneTJieBOM ypOBHe nepTyp6aTIIBHblit IIHBapiiaHTHbiM 3ap5I,IJ; 

ai
2

) ( Q
2

) (3.29) npiio6peTaeT ,IJ;OnOJIHIITCJibHYIO He<l>II3II'ICCKYIO OC06eH

HOCTb no KIIHCMaTII'ICCKOit nepeMCHHOit Q 2 , a IIMCHHO paspe3 0 < Q 2 :::; A 2 

B,IJ;OJih noJIO:tKIITeJibHoit :<IaCTII ,n;eitcTBIITCJibHoit ocii Re Q 2 (eM. pllcy

HOK 3.2B). 

CJie,n;yeT TaK:tKe OTMCTIITb, 'ITO Ha npaKTIIKe BMCCTO Bbipa:tKe

HII5I (3.29) '!aCTO IICnOJib3YCTC5I KaK IITepaTIIBHOe perneHIIe ypaBHe

HII5I (3.18) 
47r 1 

(2) (Q2) = - -1 ) ' 
aiter .Bo 1nz + B 1 1n(l + B 1 1nz 

(3.32) 

TaK II ero npii6JIII:tKCHHblii: BII,ll; ( CM., HanpiiMep, pa3,D;CJI 3.7 KHIIrii [16]) 

(2) (Q2) _ 47r [-1- _ B 1n(1nz)] 
aappr - a . 1 1 1 2 • 

tJO nz n z 
(3.33) 

Berym;a5I KOHCTaHTa CB5I3II (3.33) npe,n;cTaBJI5IeT co6oit pasJio:tKeHIIe IITe

paTIIBHoro perneHII5I (3.32) npii Q 2 -; oo. 

B TpexneTJieBoM npii6Jill:tKCHII11 ypaBHCHIIe peHopMaJIII3ali,IIOHHoit 

rpynnbl ,IJ;JI5I IIHBapiiaHTHOrO 3ap5I,D;a KBaHTOBOii: XpOMO,ll;IIHaMIIKII (3.8) 
npiiHIIMaeT cJie,n;yrom;IIit BII,n;: 

d 1n(ai
3

)(J.L
2
)] __ (3)( 2) _ B [ (3)( 2)]2 _ B [ (3)( 2)]3 

-- ~ -as J.L 1as J.L 2as J.L '· (3.34) 

r,n;e B1 = ,Btf .85 II B2 = ,82/ ,eg. ,lJ;eitCTBY5I aHaJIOrH'IHO paccMOTpeH

HhiM BbiiiiC CJiy:<Ja5IM1 MO:tKHO npOIIHTerpllpOBaTb ypaBHCHIIC (3.34) B KO

HC'!HbiX npe,n;eJiax. O,n;HaKo 3TO npiiBO,D;IIT K TpaHcn;eH,n;eHTHOMY ypaB

HeHnro, onpe,n;eJI5IIOUJ;Cl\1Y Bll,ll; TpexneTJICBOM 6erym;eit KOHCTaHTbl CB5I-

3II, perneHIIe KOTOpOrO He MO:tKeT 6bJTb Bbipa:tKCHO B TCpMIIHaX li3BeCT

HhiX <i>YHKII,Hil. TeM He MeHee, perneHne ypaBHeHII5I peHOpMMII3aiJ;IIOH-
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HOH rpyrriibl ,IJ;J151 IIHBapiiaHTHOrO 3apap;a (3.34) MO)I{eT 6biTb rrpep;eTaBJie

HO [138] B TepMIIHax W-¢yHKIJ;IIII JlaM6epTa (3.20) rrpii-IIerroJib30BaHIIII 

TaK Ha3biBaeMoii ITa.n;e-arrrrpoKeiiMan;IIII .n;na rrepTyp6aTIIBHoro pa3JIO)I{e

HII51 ,B-¢yHKIJ;IIII20 •. A IIMeHHO -.n;na MaJihiX 3HaqeHIIii 6eryrn;eii KoHeTaHTbi 

eB513II npaBa51 qaeTb ypaBHeHH51 (3.34) MO)I{eT 6biTb aniipOKeiiMIIpOBaHa 

¢yHKIJ;Heii 

,B~~.(a) =-a 1 + a(B1-:- B2/ B1) 
1- aB2jB1 

(3.35) 

,lJ.eiieTBHTeJibH0
7 

Ilpll MaJibiX 3HaqeHII51X liHBapHaHTHOrO 3ap51-

p;a . a
5 

. Bbipa)l{eHne (3.35) eoBrra.n;aeT e TpexrreTJieBoii rrepTyp6a

TIIBHOH ,8-<PYHKIJ;Heii (3.2) e TOqHOeTbiO ,11;0 HeKOHTpOJIHpyeMbiX B 

paeeMaTpHBaeMOM TpexrreTJieBOM rrpn6JIII)I{eHHH ... rronpaBOK rropa.n;-

Ka O[(a8 )
4
]: 

,B~~.(a) ~ -a-B1a2-B2a3+0(a4
) = ,B~~rt(a)+O(a4),. a--t 0+. (3.36) 

I1 TaK, paeeMOTpiiM peiiieHHe ypaBHeHH51 peHOpMaJIH3aJJ;HOHHOH rpyrr

Ilbl (3.8) ,IJ;JI51 6eryrn;eii KOHeTaHTbi eB513ll eHJibHOrO B3aHMOp;eiieTBH51 7 eo-

0'!'BeTeTBYIOin;ee IIpH6JIH)I{eHHOMY Bbipa)l{eHHIO (3.35) ,D;JI51 TpexrreTJieBOH 

rrepTyp6aTHBHOH,8-¢yHKIJ;liii 

d ln[a~~e(J.L2 )] __ (3) ( 2) 1 + a~~de(J.L2 )(B1- B2/Bl) 
d ln J.L2 - aPade J.l 1 - a~~e(J.L2)B2/ B1 . 

c{3.37) 

Pa3.n;enaa rrepeMeHHbie II IIHTerpiipya B KOHeqHbiX rrpe.n;enax rronyqeHHOe 

ypaBHeHHe, IIpHXO,IJ;IIM K eOOTHOIIIeHHIO 

---B ln +1-- =ln -1 [ 1 B 2
] ( Q

2

) 

a~~.,(Q2 ) 1 
B1 a~~.(Q2 ) Br At3l ' 

(3.38) 

r)W MaernTa6Hhiii napaMeTp A no orrpe.n;eneHHIO BKJIIOqaeT B ee6a Bee ena

raeMbie, eop;ep)KaiiJ;He 3aBHeHMOeTb OT TOqKH · HOpMIIpOBKll Q5 li OT 3Ha

qeHH51 6eryrn;efi KOHeTaHTbl eB513II B 3TOH TOqKe. ,lJ.eiieTBY51 . aHaJiornq-

. 20 Heo6xo,11.nMo OTMCTHTh, qTo ncnoJih30Banue Ila)J.e-annpoKcnMan;uu )J.JIH nepTyp6aTim

noro pa3JIO)f(CHHH ,6-<l>YHKIJ;HH npHBO)J.HT K H3MCHCHHIO BU)J.a He<l>H3JiqCCKOlt OC06CHHOCTH 

6cryrn;elt KOHCTaiiTbl CBH3H B 06JiaCTII MaJihiX 3HCprult. 

· 3.3. I1HBapnaHTHhiii 3apa.n; KX,IJ. B Bhrerniix rreTJieBhiX rrpn6JIH)I{eHH51X 53 

HO paeeMOTpeHHOMY Bbiiiie ,D;BYXIIeTJieBOMY eJiyqaiO, rrpep;eTaBHM ypaBHe

HHe (3.38) B BH,D;e 

[
B2 1 l [B2 1 ·] . [B2 lnz] 
Br_ 1 _ B1 a~~.(Q2) exp Br_

1
_ B1 a~~.(Q2) = -exp Br_

1
_ B1 . 

(3.39) 

!13 epaBHeHH51 ypaBHeHIIfi (3.39) II (3.20) eJie,D;yeT, qTQ 

B2 1 { [B2 lnz]} B 2 - 1 - (3) 
2 

= Wk -.exp B 2 - 1 - - . 
1 B1 aPade(Q ) 1 · B1 

(3.40) 

TaKHM o6pa3oM, perneHHe ypaBHeHH51 peHOpMaJIH3an;noHHOii rpyrr

IIbi (3.37) ,D;J151 IIHBapiiaHTHOrO 3ap51,11;a KBaHTOBOH XpOMO,D;HHaMHKH, eo

TBeTeTByiOrn;ee IIpH6JIH)KeHHOMY. Bbipa)l{eHHIO (3.35) ,D;J151 TpexrreTJieBOH 

rrepTyp6aTHBHOH ,8-<PYHKIJ;IIH, IIpHHHMaeT Bll,D; [138]: 

(3) (Q2) - - 47r 1 1 
a~• - { } ' .Bo B11+W_1 -exp[-(1+B!1lnz-B2/Bn) -B2/Bt 

(3.41) 

r.n;e z = Q2 /A 2, B1 = .Bd .85 H B2 = .82/.83. AHanomqHo paeeMoTpeH

HOMY Bbiiiie ,D;BYXIIeTJieBOMY eJiyqaiO, perneHHe ypaBHeHH51 (3.40), eOOT

BeTeTBYIOin;ee rJraBHOii BeTBH W-<PYHKU,IIH JlaM6epTa (k = 0), He y.n;os

JieTsopaeT ¢H3HqeeKOMY yeJIOBHIO aeHMIITOTHqeeKOH eB060,D;bl a 8 ( Q
2) .--t 0 

rrpH Q 2 --t oo. 3aMeTHM, qTo B enyqae ,82 = 0 rrpii6JIH)KeHHaa 

,8-¢yHKU,ll51 (3.35) eOBIIap;aeT e ~ByxrreTJieBbiM rrepTyp6aTHBHbiM Bbipa

)l{eHHeM (3.2), a 6eryrn;aa KOHeTaHTa eB513ll (3.41) eOBIIap;aeT e ypaBHeHH

eM (3.29). Cne.n;yeT TaK)I{e OTMeTHTb, qTo .n;na rrpaKTnqeeKHX n;eneil: BMee

TO ypaBHeHH51 {3.41), KaK rrpaBHJIO! HeiiOJib3yeTe51 IlpH6JIH)KeHHblH Bll,D; 

HTepaTHBHOrO peiiieHH51 ypaBHeHH51 peHOpMaJIH3aU,IIOHHOH rpyiiiibl {3.34) 

(eM., HarrpHMep, pa3,D;eJI 3.7 KHIIrii [16]): 

{3) (Q2) _ 47r { 1 B ln(ln z) 
aappr - (.(" -1 - - 1 l 2 + 

fJO nz nz 

+ ln~.[Bl(ln2 (1nz) -ln(lnz)- 1) + B, l}- (3.42) 
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· · · · Ha 'lleThrpexneTJieBoM ypoBHe, B CIIJIY rpoM03,1J;KOCTII BhiKJia,IJ;OK, npii

Be,~J;eM TOJlhKO npii6JIII)KeHHOe Bhipa)KeHIIe ,IJ;Jl.H IITepaTIIBHOrO perueHII.H 

ypaBHeHII.H peHOpMaJIII3aiJ,IIOHHOH rpynnhi (3.8) ,ll;Jl.H 6eryiiJ,efi KOHCTaHThl 

CB.H3II CIIJihHOrO B3aiiMO,ll;ei1cTim.H [128, 129]: 

. (4) (Q2) 
G'appr = 47r {-1- _ B

1
In(In z) + 

f3o In z In2 z 

+ ~ [Bi(In2(Inz) -In(Inz)- 1 .. ). + B2] + 
· In z · · .. 

+ ~ [Br (-In3(hi z) + ~ In2(ln z).+ 2In(In z)- !) -
Inz · 2 ·. 2 

- 3B,B,In(lnz) + ~'l} (3.43) 

Heo6xo,~J;IIMO OTMeTIITh, 'l!TO B TpexneTJieBoM II 'lleThrpexneTJieBOM 

llpii6JIII)KeHII.HX KaK TO'l!Hhie perneHII.H nepTyp6aTIIBHOrO ypaBHeHII.H pe

HOpMaJIII3aiJ,IIOHHOH rpynnhi (3.8) ,ll;Jl.H IIHBapiiaHTHOrO 3ap.H,IJ;aKBaHTOBOH 

XpOMO,ll;IIHaMIIKII, TaK II IIX npll.6JIII)KeHHbie Bhipa)KeHIJ.H (3.42) II (3.43) 
TaK)Ke CO,~J;ep)KaT He¢II3II'lleCKIIe OC06eHHOCTII ITO KIIHeMaTII'l!eCKOH . nepe

MeHHOH Q2 
B o6JiaCTII MaJihrx. ::meprii:ii. CJie,~J;YeT ynOM.HHYTh o TOM, 

·'lJ:TO pa3JIII'l!IIe Me)K,~J;Y npii6JIII)KeHHhiMII Bbipa)KeHII.HMII ,ll;Jl.H 6eryiiJ,efi KOH

CTaHThi CB.H3II CIIJlhHOrO B3aiiMO,ll;eHCTBII.H Q'~~pr(Q2 ) (£ :2: 2) (3.33), 
(3.42), {3.43) II COOTBeTCTBYIOIIJ,IIMII TO'IHhiMII perueHII.HMII ?epTyp6aTIIB

HOrO ypaBHeHII.H peHOpMaJIII3aiJ,IIOHHOH rpynnhi (3.8) 3aKJIIO'laeTC.H B CJia

raeMhiX, HeKOHTpOJIIIpyeMhiX B Ka)K,ll;OM II3 paCCMOTpeHHhiX llOp.H,ll;KOB ·TeO

piiii B03MyiiJ,eHil:H. 

rnaBa 4 

~:ucrrepc:uoHHhiH rro,n;xo,n; B KX~ 
~ ' 

B TeopeTII"tJ:ecKo:ii ¢II3IIKe ::meMeHTapHhiX qacTIIIJ, Ba)f(Hyro pOJih IIrpa

IOT ,ll;IICnepCIIOHHbie COOTH~:nneHII.H, KOTOphienpe,IJ;CTaBJI.HIOT co6o:ii O,ll;IIH II3 

IICTO'IHIIKOB HenepTyp6aTIIBHOH IIH¢opMaiJ,IIII 0 paCCMaTpiiBaeMbiX npo

IJ,eccax. KpoMe 3Toro, TeopeTII'llecKoe oniicaHIIe a,~J;pOHHo:ii ,ll;IIHaMIIKII BO 

BpeMeHIIITO,IJ;06HOH 06JiaCTII MO)KeT 6biTh BhiiTOJIHeHO TOJihKO C llpiiBJie'!e

HIIeM ,ll;IICITepCIIOHHhiX COOTHOineHI~H. 

4.1 HaTerpaJibHhie npe,n;cTaBJieHIUI ,z::t;JIH D( Q2) H R( s) 
(m7r = 0) 

KaK y)Ke OTMe'!aJIOCh paHee, Tecipna B03MyiiJ,eHn:ii n MeTO,IJ; peHop

MaJin3aiJ,nOHHO:ii rpynnhi npnMeHHMhi ,ll;JI.H onncaHn.H npoiJ,eccoB. CIIJihHoro 

B3aHMO,IJ;eHCTBH.H, 3aBHC.HIIJ,IIX TOJlhKO OT npOCTpaHCTBeHHOITO,IJ;06HOH KII

HeMaTII'leCKOH nepeMeHHo:ii. B cBoro oqepe,~J;h, nocJie,ll;OBaTeJihHhr:ii aHa

JIII3 a,~J;pOHHOH ,ll;HHaMIIKII BO Bpel\IeHIIITO,ll;~6HOH o6JiaCTII MO)KeT 6biTh Bhl

llOJIHeH TOJlhKO C ,ll;OllOJIHUTeJihllbii\I npnBJie'leHIIeM ,ll;IICITepCIIOHHhiX CO

OTHOllieHIIH (eM. pa3,~J;eJI 2.1). B qacTHOCTII, ,ll;JI.H caMocorJiacoBaHHoro 

OITIICaHII.H ¢YHKIJ,IIH A,ll;JICpa (2.1)' n R-oTHOIIIeHII.H 3JieKTpOH-IT031ITpOH-

Ho:ii aHHIIriiJI.HIJ,IIII B a,~J;pOHhl (1.13) He06XO,ll;IIMO IICITOJlh30BaTh ypaBHe

HII.H (2.2) II (2.4), KOTOphie ll03BOJI.HIOT Bhipa3IITh paCCMaTpiiBaeMhie Be

Jlii'IIIHhi D(Q2
) n R(s) B TepMnHax ,11;pyr ,11;pyra. ,Ll;Jia npaKTII'!ecKnx 11,e-: 

Jie:ii OKa3hiBaeTca 6oJiee y,11;o6HhiM Bhipa3IITh ¢YHKIJ,nro A,11;Jiepa (2.1) II, 

R-OTHorneHIIe {1.13) B TepMIIHax TaK Ha3hmaeMo:ii cneKTpaJihHO:ii ¢YHK- • 
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[A] Im l; lli] Im l; 

s+i& Re l; R~( 

0 
s-i& 

PucynoK 4.1. , Bo3MO:lKHhie KOn~yphi HHTerpuponaniui B KOMnJieKcuoii (-nJIOCKOCTH B 

yp~BIH~~HHHX '(4.2) H (4.14) B npe~eJie 6e3MaCCOBOrD 7l'-Me30Ha. • <lJH3H'IeCKHfi p33pe3 

( · 2::; 0 <PyuKu;nu ~Jiepa D( -() nOKa3aH n,ii.oJih rioJIO:lKHTeJihHOii 'IacTn )I.eficTBHTeJih

nofi ocu Re ( . : 

IJ;IIII, KOTOpaa MO:m:eT 6hiTb onpe.n;eJieHa JIII60 KaK CKa"'OK . MHIIMOH "!aC

TII TeopeTII"!ecKoro Bhrpa:m:eHIIa .n;Jia D( Q2) Ha ¢II3II"!eCKOM pa3pe3e, 

JIII60 KaK JIOrapii¢MII"!eCKaa npOII3BO,IJ;Ha51 9KCnepiiMeHTaJibHbiX . .n;aHHbiX 

no R-oTHOmeHIIIO (eM~ ypaBHeHne (4.25) .n;aJiee). 

,ll,Jia Toro, "'T06hr npe.n;cTaBIITh ¢YHKIJ;IIIO A.n;Jiepa, II R-oTHomeHne 

9JieKTpOH-n03IITpOHHOH aHHIIriiJI5IIJ;UII B a.n;pOHbl B TepMIIHaX 06II~;eit CneK

TpaJibHOH <i>YHKIJ;IIII, 6y.n;eM IICnOJib30BaTb COOTHOllieHII51 (2.2) II (2.4), KO

TOpbie B npe.n;eJie 6e3MaCCOBOrO 7f-Me30Ha (mrr ;= 0) npiiHIIMaiOT. CJie,IJ;yiO

Ill;IIH BII,IJ;: 

lao R(s) ds 
D(Q2)=Q2 (s+Q2)2 '. 

0 

s-ie 

1 J d( R(s) = -
2 

. lim , D(-() 7 . 
7fZ e-+0+ '> 

s+ie 

(4.1) 

(4.2) 

Bo3MO:m:Hbie KOHTYPhi IIHTerpiipoBaHIIH B ypaBHeHIIII (4.2) npe.n;cTaBJie

Hbi Ha piiCYHKe 4.1. 3.n;ecb He06XO,IJ;IIMO OC060 nO,IJ;"!epKHYTb, "'TO npe

He6peraTb a¢¢eKTaMn, o6ycJioBJieHHhiMII Maccoit Jier"lall:mero a.n;poHHoro 

COCT05IHIIa, .n;onycTIIMO TOJihKO B o6-!laCTII npoMe:m:yTO"!HhiX u BhiCOKIIX 

4.1. I1HTerpaJihHhre npe.n;cTaBJieHIIH .n;Jia D(Q2) II R(s) (mrr = 0) 57 

aHeptiill: Q2 » 4m;. TaK, HanpiiMep, B·6e3MaccoBoM npe.n;eJie {mrr = 0) 
O,IJ;HO II3 Ba:m:HbiX HenepTyp6aTIIBHbiX orpaHU"l€HIIH Ha HII3K09HepreTII"l€C

KO€ noBe.n;eHne <i>YHKD;IIII A.n;Jiepa, cJie.n;yiOII~;IIX II3 .n;IIcnepciiOHHoro cooT

HomeHII51 (2.2), a IIMeHHO D(Q2) -+ Q npH Q2 -+ 0 (eM. pa3,IJ;eJI 2.1), 
OKa3biBaeTC51 · IICKJIIO"!€HHhiM II3 paCCMOTpeHII51. 

,ll,Jia Ha"!ana, npeHe6pe:m:eM CIIJihHbiMII nonpaBKaMII K a.n;poHHOti 

¢YHKD;IIII noJiapii3aD;IIII BaKyyMa {1.5) II paccMoTpiiM ¢YHKII;IIIO A.n;Jie

pa {2.1) II R-oTHomeHne {1.13) B HyJieBoM"nopa.n;Ke Teopiiii B03Myii~;eHIIii no 

KOHCTaHTe CB513II CIIJihHOrO B3aiiMO,IJ;€itCTBII51. KaK 6biJIO nOKa3aHO Bbllli€
1 

B aToM cJiyqae D ( Q2) onpe,rieJiaeTca npe.n;cKa3aHIIeM napTOHHOit Mo.n;eJIII 

.n;Jia ¢YHKD;IIII A.n;Jiepa {2.40) 

[J(O)(Q2) = 1, {4.3) 

r.n;e 

D(Q2) = D(Q2)'(Nc t Q})-1 
/=1 

{4.4) 

B CBOIO oqepe.n;h, B CIIJIY Toro, 'ITO B npe.n;eJie 6oJibiDIIX 9Hepriiii e.n;nHCT

BeHHoe OTJIII'III€ Me:m:.n;y C€'!€HII5IMII npou;eCCOB 9JI€KTpOH-n03IITpOHHOit aH

HIIriiJI5ID;IIII no CIIJibHOMY II 9JI€KTpOCJia6oMy KaHaJiaM 3aKJIIO'laeTC51 B 

¢aKTope Nc E;~1 Q}, npe.n;cKa3aHIIe napTO~Holl: Mo,n;eJIII .n;Jia R-oTHOIDE?

HIIH {1.15) IIMeeT BII,IJ; {1.37) 

.R,(O)(s) = 1, {4.5) 

r.n;e 

( 

n1 )-1 
R(s) = R(s) Nc f; Q} _ {4.6) 

3.n;ecb He06XO,IJ;IIMO OTMeTIITh, "'TO, CTporo rOBOp51
1 

Bbipa:m:eHII51 ( 4.3) 
II ( 4.5) IIM€IOT CIIJIY IICKJIIO"!IIT€JihHO B YJibTpa¢IIOJieTOBOit aCIIMnTOTII

Ke jQ
2
j-+ oo. O.n;HaKO .n;anee 6y.n;eM C"!IITaTb, "'TO ypaBHeHIIa {4.3) II {4.5) 

B€pHbi BO BCeit 9HepreTII"l€CKOit 06JiaCTII jQ2j· ~ 0, "'TO, pa3yMeeTC51
1 

'5IB

JI5IeTC51 ,JJ;OBOJibHO rpy6biM npe.n;nOJIO)K€HII€M. 
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QqeBII,JJ;HO, qTO B·paccr.taTpiiBaeMOM 6e3MaCCOBOM npe,n;eJie )J;Jl51 cpJHK

IJ;IIH D(Q2 ) · (4.4) II R(s) (4.6) TaKMe BhlllOJIH5IIOTC51 cooTHOIIIeHII51 BII

,n;a (4.1) II (4.2). B qacTHOCTII, HeTpy,n;Ho y6e,n;IIThC51 B TOM, qTo BhipaMe

HII51 ( 4;3) II ( 4.5) MOryT 6biTb llOJiyqeJibl ,n;pyr II3 ,n;pyra C llOMOiiJ;biO COOTHO

IIIeHIIH ( 4.1) II ( 4.2). ,lJ;efiCTBIITeJibHO, BbipaMeHIIe ( 4.3) Henocpe,n;CTBeHHO 

CJie,JJ;yeT II3 ypaBHeHIIH (4.1) II (4.5): 

00 ,·00 

- (O) 2 _ 21 fl(Ol(s) · _ 2/ ds :___ .. 
D (9 ) - Q (s + Q2)2ds- q (s + Q2)2 --: 1. (4.7) 

0 0 

B cBoro oqepe,n;h, II3 BhipaMeHIIH ( 4.2) II ( 4.3) cne,n;yeT, qTo 

s-ic ... s-ic 

fl(O)(s) = ~ lim j [J(O)(-() d( = ~ lim j d(. 
27Tz c:--+0+ ( 2m c:--+0+ ( 

(4.8) 

s+ic: s+ic: 

Bbr6epeM B 3TOM ypaBHeHIIII KOHTYP IIHTerpiipoBaHII51, npe,n;cTaBJieHHhiH 

Ha piiCJHKe 4.1 A. B 3TOM cnyqae 

fl(O) ( s) = ~ ·lim [· ~j+ic:d( + J d( + sj-ic: d(l·· 
27TZ c:--+0+ · ( ( ( 

1: s+ie Coo . oo-ie · 

(4.,9) 

B CIIJIY 'Toro, qTo no,n;IIHTerpanl,Hoe· BhipaMeniie B, ypaBHeHIIII ( 4.8) He 

IIMeeT· pa3pe3a B,JJ;OJih rronoMIITenhnoii qacTII ,IJ;ei1cTBIITeJihHoi1 ocii Re (, 

nepBOe CJiaraeMOe B KBa,IJ;paTHbiX CK06KaX B ypaBHeHiiii ( 4.9) COKpa

IiJ;aeTC51 c TpeThiiM cnaraeMhiM. Bo BTopoM cnaraeMOM B KBa,IJ;paTHhiX 

CK06KaX B ypaBHeHIIII (4.9) C,IJ;eJiaeM 3aMeHy nepeMeHHOH, IIHTerpiipOBa

HII51 ( = r eicp, r --7 oo: 

211'-C: 

- 1 · J rieicp R(o)(s) =-. lim lim -.- dcp = 1. 
27Tz c:--+0+ r--+oo r el'P 

(4.10) 

c: 

TaKIIM o6pa3oM, nonyqeJIHoe ypaBneHIIe coBna,n;aeT C· BhipaMeHIIeM (4.5). 

AnanoriiqJio MOMHO.nOKa3aTh, qTo IIHTerpiipoBmme ypaBHeHII51 (4.8) no 

KOHTypy, npe,n;cTaBJieHHOMY tJ:a piiCJHKe 4.1 B, npiiBO,JJ;IIT K pe3yJihTaTy," 

II,JJ;eHTIIqHOMJ (4.10). 

4.1. llHTerpanbHhie npe,n;cTaBJieHIIH ,JJ;JIH D(Q2 ) II R(s) (m1r = 0) 59 

IIepeii,n;eM Tenepb K paccMoTpeHIIIO CIIJihHhiX. nonpaBoK K cpyHKIJ;IIII 

A,n;nepa (2.1) II R-oTHomeHIIIO sneKTpoH-n03IITpOHHoi1 aHHIIriiJI5IIJ;IIII B a,n;

pOHhi (1.13): 

D(Q2) == [J(\Jl(Q2) + d(Q2), 

R(s) = fl(O)(s) + r(s). 

(4.11) 

(4.12) 

B CIIJIY TOro, qTO IIHTerpaJibHhie COOTHOIIIeHIIH (4.1) II (4.2) MeM,n;y.cpyHK

IJ;II5IMII D(Q2
) II R(s) o6na,n;aroT CBOHCTBOM aMIITIIBHOCTII, CIIJihHhie no

npaBKII (4.11) II (4.12) TaKMe CB513aHbl MeM,n;y C060i1 aHaJIOriiqJibiMII COOT

HOilleHII5IMII. A IIMeHHO B paccMaTpiiBaeMOM npii6JIIIMeHIIII 6e3MaccoBoro 

7T-Me3oHa 

2joo· r(s) ds 
d(Q2) = Q (s + Q2)2 ' (4.13) 

0 

s-ic: 
1 . J d( r(s) = -

2 
. ,hm d(-() --;-· 

7T2 c:-+0+ " 
(4.14) 

s+ic: 

Bo3MOMHhie KOHTYPhi IIHTerpiipoBaHII51 B ypaBHeHIIII ( 4.14) npe,n;cTaBnenbi 

Ha piiCJHKe 4.1. 

CooTHOIIIeH.IIe (4.14) no3BOJI5IeT Bhipa3IITh CIIJihHyro nonpaBKY r(s):K 
R-oTHomeHIIIO sneKTpoH-n03IITpOHHoi1 aHHIIriiJI5IIJ;IIII B a,n;pciHbi 'B TepMn

Hax CIIJihHOH nonpaBKII d(Q2
) K cpyHKIJ;IIII A,n;nepa. B ypaBHeHIIII (4.14) 

y,IJ;o6Ho Bbi6paTb KOHTYP IIHTeq;mpoBaHII51, npe,n;cTaBJieHHhiH Ha piicyH

Ke 4.1 A. B 3TOM cnyqae 

r( s) = ·~ lim [ ooj+i:( -() d( + Jd( -() d( + !s-ic: d( -() d(l· 
2m c:-+O+ ( ( ( 

s+ic: C00 oo-ic: 

(4.15) 

llepBoe c.iJaraeMOe B KBa,IJ;paTHbiX CK06KaX STOrO ypaBHeHII51 C llOMOiiJ;biO 

3aMeHbl nepeMeHHOH '( = (J + ic: MOMeT 6biTb npeo6pa30BaHO CJie,JJ;yiOiiJ;IIM 

o6pa3oM: 
oo+ic: oo 'J d( J . dCJ d(-() ( = d(-(J-::: ic:)-;; + O(c:). . (4.1~) 

s+ic: s 
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AHanorwmo, nocJie 3aMeHbi nepeMeHHOH ( = a - ic;. TpeTbe cJiaraeMoe B 

KBa,n;paTHhiX CK06KaX ypaBHeHHH (4.15) npHHHMaeT Bll,IJ; 

s-i£ oo 

J d(! .da d( -() ( =- . d('-a + zc;.)---;- + O(c). (4.17) 

oo-i£ s 

B CBOIO oqepe,n;h, HHTerpHpoBaHHe Bbipa)KeHHH d( -() / ( B,IJ;OJih oKpy)KHOC

TH 6ecKoHe'IHO 6oJihrnoro pa,n;Hyca (!3Topoe cJiaraeMoe B KBa,n;paTHhiX CKOO~ 
KaX ypaBHeHHH (4.15)) He ,n;aeT BKJia,n;a B r(s) B CllJIY aCHMnTOTH'IeCKOll 

cBo6o,n;hi KBaHTOBOH xpoMO,IJ;HHaMHKH. TaKHM o6pa3o:M,· ypaBHeHHe ( 4.15) 

MO)KeT 6biTb npe,IJ;CTaBJieHO CJie,IJ;YIOill;llM d6pa30M: 

3,n;ech 

00 . J da r(s) ~ Po(a) -. 
a 

s 

Po(a) = ~ lim [dtheorC -a- ic) - dtheorC -a+ ic)] 
27ft £-->0+ 

(4.18) 

(4.19) 

npe,n;cTaBJIHeT co6oit BhiiiieynOMHHYTYIO cneKTpaJibHYIO cPYHKIJ;lliO. 3aMe: 

TllM
1 

'ITO ,IJ;JIH TeX cPYHKIJ;llit d( Q2), ,IJ;JIH KOTOpbiX BbiiiOJIHHeTCH ycJIOBIIe 

d((*) = d*((), ypaBHeHHe (4.19) npHHHMaeT BII,IJ; . 

1 . 
p0 (a) =- Im lim dtheorC -a- ic). 

7f £-->0+ . 

(4.20) 

CJie,n;yeT TaK)Ke ynoMHHYTh o TOM, 'ITO IIHTerpHpoBaHIIe ypanne:: 

HIIH (4.14) no KOHTypy, npe,n;cTaBJieHHOMY Ha piiCYHKe 4.1 B, npnBo,n;uT 

K pe3yJibTaTy, COBna,n;aiOrn;eMy21 C ypaBHeHHeM (4.18). ,l];eitCTBIITeJihHO, B 

3TOM CJiy'!ae 

[ 

O+i£ s-i£ l 1 d( ,• d( . . d( 
r(s)=-.lim Jd(-()- +jd(-()- + Jd(-()-. 

2nz £-->0+ ( ( ( 
s+i£ C{) 0-i£ 

(4.21) 

21 9TO BepHO TOJibKO B TOM CJiy'lae, KOr,n;a B ypaBHCIIIfll (4.14) HCnOJib3YCTCH Cll!lhllaH, 

/ noripaaKa K <PYHKIJ,nn A,n;nepa, o6na,n;aJOlll,aH KoppeKTHbiMH anannTn'lecKnMn caoficTBa

Mn no KIIHCMaTH'ICCKOH nepeMeHHOH Q2
. 

4.1. I1:HTerpaJihHhie npe,n;cTaBJieHnH ,n;JIH D(Q2 ) .II R(s) (m1r = 0) 61 

C IIOMOill;biO npeo6pa30BaHIIll1 aHaJIOrii'IHbiX ( 4.16) II ( 4.17) 1 MO)KHO npe,n;-

CTaBIITb ypaBHeHIIe (4.21) CJie,IJ;YIOili;IIM o6pa30M: : ·'. :: 

s 

( ) . 1 1. j·d(· ) d( ·j· . ·c )da r s = -
2 

. 1m -( . 7 - Po a -, 
. nt £-->0+ . ., . . a c1i . 0 ... 

(4~22) 

r,n;e cneKTpaJibHaH cPYHKIJ;HH Po (a) onpe,n;eJieHa B . ypaBnennii ( 4.19). 
B npii6JIH)KeHHII 6e3MaccoBoro 7r-Me3oHa ,IJ;JIH CHJihHOH nonpaBKH K cPYHK

IJ;HII A,n;Jiepa IIMeeT MecTo IIHTerpaJihHq_e npe,n;cTaBJieHIIe (4.30) ... 9ToT 

¢aKT n03BOJIHeT npe,IJ;CTaBllTb ypaBHeHHe ( 4. 22) B CJie,IJ;YIOriJ;eM Bll,IJ;e: 

00 s 00 

' j· da j · da j· . da r(s) = Po( a)-- Po( a)-= Po( a)-, · a · a · a (4.23) 

0 0 s 

'ITO coBna,n;aeT c noJiy'IeHHhiM. Bhiiiie .pe3yJihTaTOM ( 4; 18): · M,n;eHTII-<mocTb 

Bbipa)KeHIIll (4.18) II (4.23) O~yCJIOBJieHa TeM ¢aKTOM 1 'ITO KOHTypbi IIH

TerpiipOBaHIIH B ypaBHeHIIH (4.14), npe,n;cTaBJieHHhie Ha pHCYHKax 4.1 A 

II 4.1 B, MOrYT 6hiTh nenpepbiBHO ,n;e~opMIIpoBaHhi22 ,n;pyr B ,n;pyra. 

. ; ~ 

Heo6xo,n;IIMO OTMeTHTh, 'ITO B paMKax paccMaTpiiBaeMoro no,n;xo,n;a 

cneKTpaJibHaH <i>YHKIJ;IIH p 0 (a) (4.19) MO)KeT 6biTh TaK)Ke onpe,n;eJieHa H3 

3KcnepiiMeHTaJihHhiX ,n;aHHhiX no R(s) (1.15). A IIMeHHO ,n;II¢¢epeHu;H

poBaHIIe ypaBHeHHH ( 4.18) no d ln S IIpllBO,IJ;IIT K CJie,IJ;YIO.Ill;eMy pe3yJibTa-

Ty [80-82]: ' . . . . 

dre~p(Q-) 
Po( a)= d lna . · (4.24) 

9To COOTHOIIIeHIIe II03BOJIHeT HaUTH 3Ha'!eHIIH CIIeKTpaJibHOH cPYHK-' 

IJ;llii Po (a) B TOM llHTepBaJie ~Hepr~fi, ~ KO;OpOM np~BO,IJ;II~II~~ 3K~nepii
MeHTaJibHhie II3MepeHIIH R-oTH~rneHHH 3JI~~TpoH-p:o3~TpoHHO~ ~~HIIr~nsl
u;nH B a,n;pOHbi ( CM. pa3,IJ;eJibl 1.3 II 2.3). 

22 
3aMeTnM, 'ITO 3TO BblnOJIHHeTCH IICKJIIO'IIITCJibHO )l;JIH TCX <l>YHKIJ,Hli d(Q2), KOTQ

pbU~ o6na,n;aJOT KOppeKTHbiMll aHMllTll'ICCKllMH C~OHCTBaMn no KllHCMaTll'ICCKOll nepe

Mennoli Q2
• A nMenno B pacc~o.mTp~aaeMOM · npu6mnKennn 6e3Maccoaoro 7r-Me3ona n3 

,ll;liCilepcuoHHOro COOTHOIIICHHH )l;JIH <PYIIKIJ,Hil A,n;nepa (4.1) II ypaBHCHHH (4.11) CJIC)l;Y

CT, 'iTo cnnhniur nonpaaKa d( Q2) ,n;<m:llma u~cT& Ton&Ko .rieiiiili pa3pe3 Q2 ~ 0 a,n;onb 

OTpnn;aTeJibHoli qacrn ,n;eliCTBHTCJihiiOli ocn Re Q2• • 
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... CJie,n;yeT .ynoMHHYTh o TOM, qTo npe,n;eKa3aHIIe napTOHHOii: Mo,n;eJIII 

,n;JIH cPYHKU,IIII A,n;Jiepa (4.3) ue o6Jia,n;aeT pa3pe30M no· KIIHeMaTIIqeeKoii: 

nepeMenuoii: Q2 B,li;OJih oTpiiu,aTeJihHOii: qaeTII ,n;eii:eTBIITeJihHOii: oeii Re Q2
• 

Kpm~e 9Toro, npe,n;eKa3aniie mipTonuoii: Mo,n;eJIII ,n;JIH R-oTHOIIIeHIIH (4.5) 

~e eo,n;ep)KIIT 3aBIIeiiMOeTII OT 9Hepriiii npori,eeea aHHIIl'IIJIHIJ,~II S. IJ09TO

MJ Bhrpa)KeHIIH ,li;JIH eneKTpaJihHOii: cPYHKIJ,IIII Pn(u) (4.19) II (4.24) MoryT 

6biTh TaK)K8 npe,n;eTaBJI8Hhl B BII,I1;8 (eM. pa60Thl [80-82]):. 

Pn(u) = ,2;i £~~ [ Dtheo~( -£T -£~) ~ Dth~or( .:_0' -He:)] = _d_:_e_l:"-P~_u_) 
(4.25) 

1-b Toro cl>aKTa, qTo R~oTHOIIIeniie 9JteKTpou-no3IITpouuoii: auuiiriiJIHU,IIII 
. .. * 

B a,n;poHhi IIMeeT pe3ouaueuyiO eTpyKTYPY (eM. piieyuo:K 1.4) eJie,n;yeT, qTo 

Pn(u) (4.25) HBJIHeTeH 3HaKonepeMeHHOii: cPYHKU,IIeii:. TaK, ,n;JIH pe3onauea 

BII,n;a Bpeii:Ta-BIImepa (eM., ·HanpiiMep, pa6oTy [143]) 

fM3 

Rsw(s) ~ (s ~ M2)2 + f2M2 (4.26) 

Bblpa)K8HII8 ( 4.25) npiiHIIMaeT BII,Il; 

. ,....., 2 r Mau(u- M.2 ) 

Paw(u) -, [(u- M2)2 + f2M2]2' 
(4.27)' 

B y!'iaBHeHIIf!~ (4.26) II (4.27} napaMeTpbl M II r xapaKTepii3JIOTMaeey II 

IIIIIpiiHJ pe30HaHeHOrO eoeTOHHIIf! eOOTB8TeTB8HHO. 3,n;eeb eJie,n;yeT TaK)K~ 
OTMeTIITh, qTo Psw(M2

) = 0 .. 

B eBOIO oqepe;n,h, eiiJihHJIO nonpaBKY K cPYHKIJ,IIII A,n;Jiepa ( 4.11) MO)K

HO npe,n;eTaBIITh ~ TepMIIHaX eneKTpaJib~~ii: cPYH~U,IIII p~(u) e nOMOIIJ,hiD. 

eooTno~eniiii: (4.13) II (4.18): . . . . 
55 

2100 

ds 100

· du d(Q2) = Q . (s + Q2)2 Pn(u) --;;:· (4.28) 
0 . . s . 

3,n;eeb y,n;o6HO BOenOJih30BaThef! T8XHIII\OH IIHTerpiipOBaHIIf! II9. qaC'~fll\!: . 

.B 9TOM eJiyqae ypaBH8HIIe (4.28) MO)K8T 6biTh npe,n;eTaBJieHO eJie,n;yiOIIJ,IIM • 

4.1. Hni'erpaJihHhre npe,n;e'raBJieHIIH',n;JIH D(Q2 ) II R(s) (m1r = 0) 63 

o6pa3oM: 

oo s=oo oo" 

·d(Q2) = Q2 JPn(u) du - Q2! Pn(s) ds. 
s + Q2 

(T s + Q 2 s 
s s:;O 0 

(4.29) 

IJoeJie HeeJIO)KHhiX aJire6paiiqeeKIIX npeo6pa30BaHII:ii: Bbipa)K8HIIe. ( 4.29) 

npiiHIIMaeT BII,n; eneKTpanl,m)ro IIHTerpana lJeJIJieua-JleMaHna 

00 

d(Q2) = J Pn(u) du. 
(T -f Q2 . (4.30) 

0 

3,n;eeb Pn ( £T) MO)KeT 6biTh Onpe,n;eJieHa JIII60 KaK eKa~OK MHIIM~ll qaeTII Te

opeTIIqeeKOrO Bhrpa)KeHIIH ,n;JIH cPYHKIJ,IIII A,n;Jiepa ua cPII3IIqeeKOl\I pa3pe-

3e ( 4.19), JIII60 KaK JIOrapii<pMIIqeeKaf! npOII3BO,IJ;Haf! 9KenepiiM8HTa~bHhiX 
,n;aHHhiX no R-oTHOIIIeumo ( 4.24). 

TaKIIM o6pa3oM, B paeeMaTpiiBaeMOM npii6JIII)KeHIIII 6e3MaeeoBoro 

7r-Me3oHa ,n;JIH cPYHKIJ,IIII A,n;Jiepa (2.1) II ,n;JIH R-oTuorneHIIH 9JieKTpou

n03IITpouuoii aHHIIl'IIJIHIJ,IIII B a,n;pOHbl ( 1.13) IIl\I8IOT l\IeeTO eJie,n;yiOIIJ,IIe 

IIHTerpaJihHhie IIpe,n;eTaBJI8HIIH23 : 

. n
1 

[ oo ] 
D(Q2)=NcLQ} 1+ J:~ci2 dd, 

f=l 0 . 

(4.31) 

R(s) ~. N0 ~ Q}[l + lp,(a) d: J (4.32) 

r,n;e 

Pn £T = -. lim .D _ _ · C' - · • • d R u () 
1' [ . . -

· 27fZ c->O them·( a . k) - .DtJwm·( -(T + zc:)] = cxp( ) 
+ · · d ln u · 

(4.33) 
0Tl\I8TIIM, qTQ ypamreniie (4.31) anTOMUTII'IeeKu Y'UITbiBaeT uenepTyp6a-

TIIBHOe orpaniiqeuiie ua cPYHKIJ,HIO A,n;Jiepa, BhiTeKaloiiJ,ee II3 eOOTBeTeTBY

IOIIJ,ero .ziudnepeiiOHHOrO eOOTHOIIIeHIIH B npe,n;ehe 6e3MaeeOBOl'O 7f-M830Ha. 
23 

3,'\CCh IIC06XO,!VIMO 110)\'ICJll(JIYTh, 'ITO; .IIJ>II OIIJ>C)\CJICIIIIOM llhifiOJ>C BhiJ>a>KCIIIIH )\.IHI 

Cll!!KT[l<UJI,JIOH <l>YIIKIVIII p,(a), ypaBIWIIIIH (4.31) II (4.32) COBJJ<t)\aiOT <: pc3yJii:>TCtTaMII 

TaK ll~t:lhiBac~>wli AurumTII~CcKoli Tcopmi B03MYll\CIIIIli [144, 145], e~I. pa3)\CJI 4.2. 
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A IIMeHHO II3 ypaBHeHna ( 4.1) cJie,n;yeT, qTo <PYHKIJ.II5I A,n;Jiepa D ( Q2
) II Me

eT TOJibKO JieBhiH pa3pe3 Q2 :::; 0 no KIIHeMaTuqeCKOH nepeMeHHOH Q2 

B,ll;OJih oTpiiiJ.aTeJihHOlt qacTII ,n;e:llcTBIITeJihHO:ll ocii Re Q 2 (eM. pa3,n;eJI 2.1 ), 

qTo, oqeBn,n;Ho, BbiiiOJiimeTca ,n;Jia Bhipa)KeHIIa (4.31). B CBOIO oqepe,n;h, 

ypaBHeHIIe (4.32) no nOCTpOeHIIIO yqiiTbiBaeT a<P<PeKThi, o6yCJIOBJieHHbie 

npO)l;OJI)KeHIIeM TeOpeTIIqeCKIIX pe3yJibTaTOB II3 npOCTpaHCTBeHHOno,n;o6-
• ' • ! ~ ' • 

HOH BO BpeMeHIInO,n;o6HyiO o6JiaCTh ( CM. o6cy)K)l;eHIIe 3TOrO BOnpoca B pa3-

,n;eJie 4.2). 

I1HTerpaJibHbie npe)l;CTaBJieHII5I (4.31) II (4.32) 6biJIII noJiyqeHbl )l;JI5I 

<l>YHKIJ.IIH D(Q2 ) II R(s), KOTOpbie y,n;oBJieTBOp5IIOT COOTHOilleHII5IM (4.1) 

u (4.2). ,lJ,onoJIH~~eJihHO 6biJIH c,n;eJiaHhi npe,n;noJIO)KeHua o npe,n;cKa3aHu~ 
ax n~pTOHH~H ~o,n;eJI~24 )l;JI5I pacc~aTpiiBaeM;hiX. <l>YHKiJ;IIil: ( 4.3) II ( 4.S), 

a TaK)Ke 6biJI yqTeH TOT <PaKT, . qTo CIIJihHaa nonpaBKa K <PYHKIJ.~II A,n;~ 
Jiepa cTpeMnTca K HYJIIO B YJihTpa<PuoJieTOBOM npe,n;eJie (d(Q2

) --t 0 ·~PM 
Q2 -4 00) B CIIJIY aCIIMnTOTIIqeCKOH CB060,ll;hl KBaHTOBOH XpOMO)l;IIHaMIIKII. 

HIIKaKIIX ,n;pyril:x npe,n;rroJIO)KeHIIH o <PYHKIJ.nax D( Q 2) u. R( s) ,n;Jia Bhmo,n;a 

ypaBHeHIIH (4.31) II (4.32) He Tpe6yeTC5I. · 

4.2 BbiqMcJieHMe <}>yHKIJ;MM ~,n;Jiepa 11 R-oTHomeHrt.H 

,lJ,Jia BhJqiicJieHII5I <PYHKIJ.IIII A,n;Jiepa D( Q2) II R-oTHomeHua 3JieKT

poH-no3uTpOHHOH aHHIIriiJI5IIJ.IIII B a,n;poHhi R( s) c noMOIIJ.hiO noJiyqeHHhiX 

B npe)l;hl)l;yiiJ.eM pa3,n;eJie IIHTerpaJihHhiX npe,n;CTaBJieHI-IH (4.31) II (4.32) He

o6XO)l;IIMO pacnoJiaraTh COOTBeTCTBYIOIIJ.IIM Bbipa)KeHIIeM )l;JI5I CneKTpaJih

HOH <PYHKIJ.IIII p0 (cr) (4.33). O,n;HaKo HII o,n;nH II3 Bhi~enepequcJieH-' 

HbiX cnoco6oB onpe,n;eJieHII5I cneKTpaJibHOH <l>YHKIJ.IIII He n03BOJI5IeT Hail

Til p 0 (cr) ,n;Jia npoii3BOJihHhiX 3HaqeHIIi1 CBoero apryMeHTa. B qacT

HOCTII, Ha OCHOBaHIIII Bbipa)KeHII5I ( 4.24) MO)KHO HaHTII 3HaqeHII5I Po ( 0') 
t JIIIillb B TOM IIHTe~BaJie 3HepriiH 0', B KOTOpOM npOBO)l;IIJIIICb ~KCnepiiMeH-:; 

TaJihHhie u3MepeHna R-oTHomeHII5I (1.15). B CBOIO oqepe,n;h, BhJqucJie

Hne cneKTpaJibHOH <l>YHKIJ.IIII C nOMOIIJ.biO onpe,n;eJI~~II5I (4.19) conpa)Ke~ 
24 <l>aKTWICCKll 3)l;CCb )l;OCTaTO'IIIO C)l;CJiaTh rrpe)l;IIOJIO:lKCHIIC TOJibKO )l;Jl.H O)l;HOii: ll3 <j:>yuK

I~llii: (4.3) l!Jlll (4.5), TaK KaK OHII MOrYT 6biTb IIOJiy<reHbl ,n;py,r ll3 .n,pyra C IIOMOIII,b!O' 

/ COOTIIOJIICifliH (4.1) II (4.2), CM. ypanHCHli.H (4.7)-(4.10). 

4.2. · BhxqiicJieHIIe <PYHKIJ.IIH A,n;Jiepa II R-oTHomeHHH 65 

HO c Tpy,n;HOCTHMII, o6ycJIOBJieHHhiMII OTCYTCTBIIeM "ToqHoro" 'TeopeTH

qecKoro Bhipa~eHII5I ,n;Jia '<PYHKIJ.IIII A,n;Jiepa Dthe~r(Q2). ,lJ,eilcTBHTeJih

HO, TeOpii5I B03Myirr;eHIIH n03BOJIHeT HaUTH TOJibKO npH6JIII)KeHHOe Bhl

pa)KeHIIe DpertCQ
2
) (2.42) ,n;Jia <PYHK~IIII A,n;Jiepa, KOTopoe IIMeeT CII

JIY IICKJIIOqiiTeJibHO B 06JiaCTII 60JibilliiX 3HepriiH Q2 --t 00. 113 TOrO 

<PaKTa, qTO nepTyp6aTHBHa.H annpoKCHMarr;IIa Dpert ( Q 2) <PYHKIJ.IIII A,n;

Jiepa co,n;ep)KHT He<PH3IIqecKHe oco6eHHOCTII no KHHeMaTIIqecKoil nepe

MeHH01t Q
2 

B 06JiaCTII MaJibiX 3HeprHR (eM. pa3)l;eJI 2.2) BbiTeKaeT, qTQ 

Bbipa)KeHHe D pert ( Q
2
) ( 2.42) HeCOBMeCTIIMO HII c ,n;IIcnepciiOHHhiM cooT

HomeHIIeM (2.2), HII C noJiyqeHHbiM Bhlille IIHTerpaJibHbiM · npe,n;cTaBJie

HIIeM (4.31). B qacTHOCTII, II3 3Toro·cJie,n;yeT, qTo npii IICnOJih30BaHIIII 

nepTyp6aTIIBHOrO Bbipa)KeHII5I dpert ( Q 2) B ypaBHeHIIII ( 4.14) KOHTyp · IIH

TerpiipOBaHH5I, npe,n;cTaBJieHHhiR Ha piiCYHKe 4.1 A, y)Ke He MO)KeT · 6biTh 

HenpephiBHO ,n;e<PopMIIpoBaH' 8. KOHTYP IIHTerpiipoBaHIIa, npe,n;cTaBJieH

HhiH Ha piicyHKe 4.1 B. B KOHeqHoM IITore, BhimeynoMaHyToe HecooT

BeTCTBIIe Me)K,n;y Pe3YJihTaTOM TeopHII B03Myxrr;eHII:ll DpertCQ2) (2.42) II 

,n;IIcnepciiOHHhiM cooTHomeHIIeM ,n;JI;_. <PYHKIJ.IIII A.n;Jiepa (2.2) npiiBO,ll;IIT 

K Heo,n;H03HaqHOCTII
25 

onpe,n;eJieHIIa cneKTpaJihHOil <PYHKIJ.IIII p
0
(o} (4.33) 

Ha OCHOBaHIIII nepTyp6aTnBHoro Bhipa)KeHnR DpertCQ2). 06cy)K,n;eHne 

3TOro Bonpoca npe,n;cTaB.ixeHo B pa6oTax [146-151] II rr;nTnpye:Moi1 TaM 
JIIITepaType. 

B ,ll;aJihHeilmeM, ,n;Jia cneKTpaJihHO:ll <PYHKIJ.IIII p0(cr)6y~eM IICnOJih30-

BaTb onpe,n;eJieHne (4.19). Ilpii 3TOM, HeCMOTpa Ha BhimenepeqiicJieHHhie 

3aMeqaHII5I, B KaiJ:eCTBe "TOqHoro" Bbipa)KeHII5I ~JI5I. CIIJihHOH nonpaBKII. K 

<l>YHKIJ.IIII A,n;Jiepa dtheorC Q2
) 6y,n;eM ncnOJih30BaTb nepTyp6aTIIBHYIO an-. 

npoKCIIM<j-IJ.HIO dpert(Q2) (2.42): 

1 ... 
Ppert(cr) = -2 . lim (apert(-cr- ic) _.:. dpert(....,-cr +ic)],' 

1l'Z c-->0+ . . (4.34) 

qTO 5IBJI5IeTC5I ,ll;OBOJibHO rpy6hiM npe,n;nOJIO)KeHIIeM. 3,n;ecb II ,ll;aJiee Mbl 

orpaHIIqiiMC5I TOJI~KO nepTyp6aTIIBHon annpOKCHMarr;IIe:ll cneKTpaJibHOH 

25 
,lJ.eii:CTBl!TeJihHo, 3a,n;aqa no orrpe,n;eneuuw .HnHoro nu,n;~ <J:>ynKI.I,llll A)l;Jlepa D( Q2 ) na 

~CH!:iBaHl!ll TOJibKO HJITCrpaJibHOro rrpe,n;CTaBJICHli.H (4.31) If acuMrrT~;H<ICCKOro Bhlpa:lKe

Hif.H (2.42) .He IIMCCT C)l;lliiCTIICIIIIOrc:i pei!ICHII.H. 
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cpyHKli,IIII p(a-) = Ppert(a:) (4.34) II He 6y.n;eM paccMaTpiiBaTh .n;pyme B03-

MO)KHhie Cn0C06hi Onpe,LJ;eJieHII51 p( a) Ha OCHOBaHIIII proyJihTaTOB TeOpiiii 

B03MyiiJ;eHIIii, CM., HanpiiMep, pa60Thl [146--,148]. , 

HHTerpaJihHhie npe.n;cTaBJieHII51,LJ;JI51 cpyHKli,IIII A.n;Jiepa D( Q2) ( 4.31) II 

R-oTHOIIIeHII519JieKTpoH-n03IITpOHHOii aHHIIriiJI51li,IIII B a.n;poHhi R(s) (4.32) 

B cJiyqae Po (a) = Ppert {a) { 4.34) COBna.n;aroT c .Bhipa)KeHII51MII ,LJ;JI51 cpyHK

IJ;liii· D(Q2) II R(s), noJiyqeHHhiMII. B paMKax .TaK Ha3hiBaeMoii AHa

JIIITIIqecKoii TeOpiiii B03MyiD;eHIIM1 : KOTOpa51 6biJia npe,LJ;JIO)KeHa B pa6o~ 

TaX. [144, 145] II aKTIIBHO pa3BIIBaeTC51 B nOCJI8,LJ;Hee BpeM51. I1cnOJih30-

BaHIIe AHaJIIITIIqecKoii Teopiiii B03Myru;eHIIii . na3BOJI51eT paciiiiipiiTh . rpa

HIIll,hi npiiMeHIIMOCTII nepTyp6aTIIBHhiX BhlqiiCJieHIIH B KBaHTOBOH XpOMO: 

,LJ;IIHaMIIKe.B o6JiaCTII MaJihiX 9Hepriiii. B qacTHOCTII, 9TOT MeTo.n; npe.n;o

CTaBJI51eT. B03MQ)KHQCTh ycTpaHIITh nepTyp6aTIIBHbie Hecpii3IIqeCKIIe. OC0-

6eHHOCTII y :paCCMaTpiiBaeMbiX BeJIII'IIIIJ. IJOMIIMO 9TOrO, noJiyqeHHhie B 

paMKax AHaJIIITIIqecKoii Teopiiii B03Myru;eHIIii pe3yJihTaThi o6Jia.n;aroT .no

BhiiiieHH0~26 yc~oiiqiiBOCThiO no OTHOIIIeHIIIO KaK K BhiCIIIIIM . neTJieBbiM 

nonpaBKaM, '{'aK II K Bhi6opy ·CXeMhi BhiqllTaHII51. AHaJIIITIIqecKa51 Te-. 

Opii51 B03MyiD;eHIIH ycneiiiHO npiiMeH51eTC51 npii II3yqeH.IIII, TaKIIX aKTY

aJihHhiX 3a.n;aq COBpeMeHHOH cpii3IIKK9JieMeHTapHbiX qaCTIIll,, KaK Me30H~ 

Hhlll CneKTp [152-155], KOHcpaiiHMeHT KBapKOB [146, 148,156, 157], npaBII-:

Jia CYMM [158-161], HapyiiieHIIe KIIpaJibHOH CIIMMeTpiiii [162-16.4], 9JieK

Tpor,tarHllTHhlll cpopM-cpaKTOp niiOHa [165-168] II MHOriiX .n;pymx. ,lJ;e

TaJibHhlll o63op AHaJIIITIIqecKoii Teopiiii B03Myru;eHIIii. II ee. npiiJIO)Ke-., 

HIIH MO)KeT 6biTh H(J.ii,LJ;eH B pa60TaX [145, 169-171]: II li,IITIIpyeMOH TaM 

JIIITepaType. ·, 

IJepeii.n;eM Tenepb K BhJqiiCJieHIIIO cneKTpaJihHOH cpyiiKli,IIII ( 4.34), 

COOTBeTCTBYIOID;eii O,LJ;HOneTJieBOMY nepTyp6aTIIBHOMY Bbipa)KeHIIIO ,LJ;J151 · 

CIIJihHoii nonpaBKII K cpyHKli,IIII A.n;Jiepa (2.41). B 9TOM cJiyqae 

(1) 4 1 . { 1 1 } ·. · p a = -- hm · · · ·. - . 4.35 
.. pert() f3o27ric-o+ ln[-(ajA2)-ic:] ln[-(a/A7)+ic:]' ( ) 

r.n;e f3o = 11- 2nJf3. C yqeTOM Taro, qTo limc__.O+ ln( -;X± ic:) = lnx ± i1r 

npu 'x > 0, ypaBHeHIIe {4.35) M:6)KeT 6biThnpe~CTaBJieHo cJie.r(yi<?In;IIM 

/ 26 Tio cpaBHemuo c pe3yJJbTaTaMn cTaH)l.apTHOH Teopnn BQ3Myrn;ennii. 

4.2. Bh!qiicJieHIIe cpyHKli,IIII A.n;Jiepa II R-oTHOIIIeHII51 67 

o6pa30M: 

' (1) '' 4 1 [ 1 ' : 1 ] 
Ppert(a) = {30 27ri ln(a/A2)- i1r -ln(a/A2) + i'li · (4.36) 

IlocJie HeCJIO)KHhiX anre6paiiqecKIIX npeo6pa3oBaHIIii 9TO Bhipa)KeHIIe npii
HIIMaeT BII,LI; 

(1)' ( ) 4 (1) ( ) 
Ppert a = fJo lh a ' 

1 
Qp>(o-) = In2(afA2)+ 7rr (4.37) 

Ha BhiCIIIIIx neTJieBhiX ypoBH51X CIIJihHa51 nonpaBKa K cpyHKli,IIII A.n;Jie

pa dpert(Q
2
) (~.42) npe.n;cTaBJI51eT co6oii p51,LJ; no CTeneH51M 6eryru;eii KOH

cTaHThi CB513II CIIJibHOrO B3aiiMO,LI;eiiCTBII51 .Ct~l) ( Q2) , B paCCMaTpiiBaeMOM 

neTJieBOM Ilpii6JIII)KeHIIII. 5JBHhle Bbipa)KeHII51 ,LJ;JI51 nepTyp6aTIIBHOM cneK

TpaJibHOH cpyHKli,IIII p~~rt (a) ( 4.34), KOTOphie COOTBeTCTBYIOT t'-neTJieBOH 

CIIJihHOii nonpaBKe K cpyHKli,IIHA,LJ;Jiepa d~l~rt(Q2) (1 ~ t'-:5: 4), npii~e.n;eHbi 
B npiiJIO)KeHIIII II. 

' I1TaK, B paCCMaTpiiBaeMOM Ilpii6JIII)KeHIIII 6e3MaCCOBOrO 7r-Me30Ha Te-

opeTIIqeCKOe Bhipa)KeHIIe ,LI;JI51 R-OTHOIIIeHII51 9JieKTpoH.:.no3IITpoH!roii aH

HIIriiJI51li,IIII B a.n;poiihi (4.32) Ha o.n;HoneTneBo:M ypoBHe rrpiiHII:MaeT BII.n; 

(1) 2 (1) da ~ [ 00 ] Rm(s) = N, f;Ql 1 +! P,.4 (a) ~ , (4.38) 

r.n;e p~~rt (a) o6o3HaqaeT rrepTyp6aTIIBHYIO 
li,IIIO (4.37). C yqeTOM TOro27 , qTQ 

crteKTpaJihHYIO cpyHK-

/
___,_1 __ _ da_ = ~ arctan (-h_1 a_) ' 
ln2 a + 1r2 a : . 1r . 1r ( 4.39) 

Bhipa)KeHIIe (4.38) MO)KeT 6biTh npe.n;cTaBJieHo CJie,LJ;YIOID;IIJ\1 o6pa3ol\I: · · 
'• 

nf 

(1) ~ 2 [ 1 (1)( )] RAPT(s) = Nc f=; Q1 1+:;;: CtTL s . ( 4;40) 

. 
27 

3,ll,CCb H )l.aJJCC llO,ll,paJyMCBaeTCH, '1;0 arctan(x) HDJJHlnTH IICIIj)Cj)biBIIOii MOIIOTOIIIIO 

ll03pacTaiOrn;eii ¢ynKII,Heii Clloero apryMenTa, -7r/2.:$arctan(:r).:$7r/2 upu -oo<:r<oo. 
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B aToM. ypaBHeHHH a~~ ( s) o6o3HaqaeT o,n;HoneTJieByro · a<P<PeKTHBHYID · 6e

rynzyro KOHCTaHTY CB5I3H CHJihHOrO B3am,m,n;etl:CTBH5I BO BpeMeHHIIO,IJ;06HOfi 

o6mi.CTH (eM. TaK)Ke pa60Thl [91, 172, 173]): 

' (1) " _ 471" (1) ' · ' (1) · · 1 1 · . · ·(In w). 
QTL(s)- "(.laTds), aTL(s):::;;: ---arctan - , 

JJO 2 7r 7r 

s 
w = A2" (4.41) 

· TaKHM o6pa30M, noJiyqeHHOe Bhipa)KeHIIe ,IJ;JISI R-oTHorneHHSI (4.40) OTJIH-. :. . ;, 

qaeTCSI OT "HaHBHOrO" ·IIpO,IJ;OJI)KeHHSI pe3yJihTaTOB TeOpHH B03Myrn;eHHfi BO 

BpeMeHHno.n;o6Hyro o6JiaCTh: Rnaivc(s) = l?(lsl), s = q2 = -:-Q2 2: 0, 

.. nf . 

. (f) . ( ) - ~ 2 [ (f) ] 
·.Rn:aive 8 - Nr.L_;Qf 1+dpert(lsl) ' 

!=1 . 

(f) . ~ ( 4 )j [ (~) ] j 
dpert(lsl) = ~di. f3o as (lsi) , 

. J=1 . . . . · . 

. (4.42) 

'CM. pa3,n;eJI 2.2. ,z:J:eTaJibHOe 06Cy)K,IJ;eHHe BOIIpOCOB, KaCaiOITI;HXCSI pa3JIHqll5I 
1 •. ; .. . . • . i; . . ; . . . . . ·, . 

Me)K,n;y <l>YHKIJ;HSIMH R( s) II Rnaivc ( s)' MO)KeT 6biTh uatl:,n;eHo, 'HaiipHMep, B 

pa6omx (86, 170, 173-177]. · . . 

B cBoro oqepe,n;h, B ,n;ByxneTJieBOM npH6JIII)KeHIIII Jl~OTHorneHne aJieK-. . . ' . . . ' " ' ... · .. ( . . -'· . . 
TpOH-H03IITpOHHOti aHHIIriiJISIIJ;IIII B a,n;pOHhl ( 4.32) ¥\'>)KeT; 6J;>ITh IIpe,IJ;CTaB-

JieHO CJie,IJ;YIOITI;IIM o6pa30M: 

n1 [ : . oo . •· /], · i 
(2) 2 · (2) · da · 

RAPT(s) = Nc L Qf 1 + J Ppert(a)-;; = 
!=1 s 

~ N,t.Q}[l+;~(s)+di(~)'~.~(s)]., · (4.43) 

r,n;e d2 - ,IJ;ByxneTJieBOti Koa<P¢IIIJ;IIeHT (!.3) nepTyp6aTIIBHOrO pa3JIO)Ke

. HllSI .<PYHKIJ;IIII A,n;Jiepa. B ypaBHeHIIII ( 4.43) .a~2 ( ~) o603Ha.,aeT' a¢<l>eKTIIB-

Hyro:,n;ByXIIeTJieByiO 6erynzyro KOHCTaHTY CB5I3II CIIJihHOrO B3aiiMO,IJ;etl:CTBII5I 

~0 BpeMeHIIIIO,IJ;06Hotl: o6JiaCTII: 

00 

(2)( ) _ 471" j (2)( ) da _411" (2).( ) .. QTLS - 4 {!t a.· -aG.TLS., 
JJO · a JJO . · .. s . . . . . .. 

. (4A4) 

;1 

1· 

1:rJ 
j: 
L 

ry 

.) 

/IE 
;11 

··\ t)l; 
p 
\ 

'F _...,, 

rf 

4.2. BhiqiicJieHIIe <l>YHKIJ;IIII A~Jiepa II R-oTHorneHIISI 69 

3,n;eCh a~2 ( S) npe,n;CTaBJISieT co6otl: a<P<l>eKTIIBHYIO. ,IJ;BYXIIeTJieByiO <l>YHK

IJ;IIIO CB5I3II BO BpeMeHIIIIO,IJ;06HOti 06JiaCTII 

~2(s)=a~~(s)- 2 B
1 2 [1+InVIn2 w+7r2 -4~(s)lnwJ, (4.45) 

In w+1r · . . 

a~~(s) onpe~eJieHa B ypaBHeHIIII (4:41), B 1 = f3t!f35 o6o3HaqaeT OTHorne

HIIe K03<l>cPIIIJ;IIeHTOB nepTyp6aTIIBHOrO pa3Jio)l{eHII5I {3-<l>YHKIJ;IIII ( CM. pa3-

,n;eJI 3.1), w = s j A 2 , a cneKTpaJihHhie <l>YHKIJ;IIII [!Jl) (a) npime,n;eHhi :B 

npnJIO)KeHIIII II. B ypaBneniiii (4.43).A~~ 2 (s) o6o3HaqaeT acp<l>eKTII~Hyro 
,IJ;BYXIIeTJieByiO <l>YHKIJ;IIIO pa3JIO)KeHII5I. B;OpOrO II~OpSI,n;Ka, KOTOpaSI 5IBJI5I

eTC5I IIpO,IJ;OJI)KeHJieM KBa,n;paTa ,IJ;ByxneTJieBOti nepTyp6aTIIBHOii <l>YHKIJ;IIH 

CB5I3II CIIJihHOrO B3aiiMO,IJ;efiCTBII5I [ a~2) ( Q2)] 
2 

BO BpeMeHIIIIO,IJ;06HyiO 06-

JiaCTb: 
• 00 

A (2) (. ) j (2) da 
TL,2 S :::;;: {!2 (a)~· (4.46) 

s 

Heo6xo,n;IIMO no,n;qepKHYTh, qT? <l>YHKIJ;IISI ( 4.46) He SIBJISieTCSI KBa,n;paTOM 

"BpeMeHIIno,n;o6Hotl:" <l>YHKIJ;IIII ~B~3II ( 4.45), A~22,2 ( s) =/= [a~~ ( s)] 
2

, T.e., Bbl.,. 

pa)KeHIIe ( 4.43) He, 5IBJI5IeTC5I CTeiieHHhiM p5I,IJ;OM. 

TaKIIM o6pa3oM; npo,n;oJI)KeHIIe pe3yJihTaTOB Teopiiii :Bo3Myrn;eHIItl: BO 
BpeMeHIIIIo,n;o6Hyro o6JiaCTh npiiBO,IJ;IIT K cyrn;ecTBeHHOMY II3MeHemiro IIC

xo,n;Horo nepTyp6aTIIBHoro Bhipa)KeHIISI ,n;JISI paccMaTpiiBaeMotl: BeJIII~IIIHhi. 
TaK, B £-neTJieBOM npii6JIII)KeHIIII R-oTnorneHIIe aJieKTpoH-II03IITpoHnotl: 

aHHIIriiJISIIJ;IIII B a,n;pOHhl ( 4.32) ~O)KeT 6biTh npe,n;CTaBJieHO B Cne.n;J~rn;eM 
BII,n;e: 

r,· 

(f) _ 2 (f) da _ ~ [ ~ . . l 
RAPT(s) - Nc f;.Qf ~ + [ Ppert(a) ~ -. 

. . .. ' 

,· n
1 

[ f ( )j l . . . 2 . . . 4 . (f) . . . 
= NcLQI 1+4=di. 7f A;:L,i(s) , 

'f=l 'j=1'' 0 

• (4.47) 

r.n;e 
00 

A(t) .(s) =} ~f)(·) da 
TL,J {!3 a . 

a 
(4.48) 

s 
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Be3ycnoBHO, ypanHeHue {4.47) OTJIH'!aeTCR OT "HaHnHoro" npo.rr,on

)KeHH.H nepTyp6aTIIBHoro Bbipa)KeHH.H D~t2rt(Q.2 ), {2.42) no. npeMeHII-

no.rr,o6HyiO o6naCTh R~~ive(s) {4.42). B qacTHOCTII, B CIIJIY TO-
.. , A(t) ( ) · [ (t) ( )] i (t) . . ro, 'ITO TL,j s # ATL, 1 s , Bbipa)KeHIIe RAPT(s) {4.47), B OTJIII-

qJie OT R~l~ive(s) {4.42), He .HBJI.HeTC.H CTeneHHhiM pa.rr,oM. B ypan

~eHIIH ( 4.4 7) A~{j s) npe.rr,cTannaeT co6oii "6e3MacconyiO" a¢¢eKTHB

HYIO £-neTJieByiO cPJHKIJ;liiO pa3JIO)KeHII.H j-ro llOp.H.rr,Ka, KOTOpa.H .HBJI.H

eTC.H llpO)J,OJI)KeHIIeM j-ii CTeneHII £-neTJieBOll nepTyp6aTIIBHOll cPJHK

IJ;IIII CB.H3~ [ a~l) ( Q2) f BO BpeMeHIIllO)J,06HyiO 06JiaCTb S = q2 = -Q2' ?:_ 0', 

dj 0603HaqaeT K03cPcPIIIJ;HeHT nepTyp6aTIIBHOrO pa3JIO)KeHII.H cPJHKIJ;IIII 

A.rr,nepa ( CM. npHJIO)KeHIIe I), a .HBHbie Bbipa:lli:eHII.H .rr,na cneKTpaJibHhiX 

¢YHKIJ;IIH {!y> {a) npiine.rr,eHhi B npiiJIO)KeHIIII II. 3~MeTIIM, 'ITO cPYHK

IJ;II.H pa3JIO)KeHII.H A~L ( s). ( 4.48) nepnoro nopa.rr,Ka (j = 1) no onpe

.rr,eneHIIIO .HBJI.HeTC.H "npeMeHIIllO)J,06HOll77 a¢¢eKTIIBHOll cPJHKIJ;IIeii CB.H3II 

B paccMaTpiinaeMOM neTJieBOM npu6JIJI)KeHIIII: A~{,1 ( s) = a~~ ( s). OT

MeTIIM TaK2Ke, . 'ITO, B OTJili'!IIe · OT "HaiiBHOro" npO)J,OJI)KeHII.H28 
· '!JieHOB 

pa.rr,a Teopiiii B03Myin;eHIIii no npeMeHIIno.rr,o6HyiO o6nacTh, [a~l)(isi)]i, 
cPYHKIJ;IIII A~{js) {4.48) He IIMeiOT ae¢Il3H'<iecKIIX oco6eHHOCTeii B o6-, 

JiaCTII MaJibiX 3HepriiH. )J,eTaJihHOe 06CJ)K)I,eHIIe BO~pOCOB 7 KaCaiOIIJ;IIXC.H 

CBOHCTB HeCTeneHHOrO pa3JIO)KeHII.H {4.47), MO)KeT 6hiTb Haii.rr,eHO B pa6o

TaX [170, 178]. 

llepeii.rr,eM Tenepb K paccMoTpeHIIIO none.rr,eaii.H R-oTHOllleHII.H 

3JieKTpOH-ll03IITpOHHOll aHHIIriiJI.HIJ;IIII B a.rr,pOHbl {4.47) B aCIIMllTOTII

qecKOll ynhTpa¢IIoneTonoii o6nacTII s --t oo n pa3JIII'!HhiX neTJieBhiX 

npii6JIII)KeHII.HX. KaK 6biJIO OTMe'!eHo Bhillle, nonyqeHHoe Bbipa)KeHIIe 

.rr,na o.rr,aoneTJienoii a¢¢eKTIIBHOii "npeMeHIIno.rr,o6Hoii" 6eryin;eii KOHCTaH

Thi CB.H3II {4.41) OTJIII'IaeTC.H OT "HaiiBHOrO" npO)J,OJI)KeHII.H nepTyp6a-
( 

TliBHOrO "npOCTpaHCTBeHHOllO)J,06HOrO" O)J,HOlleTJieBOrO liHBapiiaHTHO-

ro 3apa.rr,a {3.15) no npeMeHIIno.rr,o6Hyro o6~a~Th, a.~~~(s) i a~1)(isi). 
TeM He MeHee, B ynhTpa¢IIoJieTOBOM npe.rr,ene lsi --t oo Bbipa)Ke

HIIe {4.41) CTpeMHTC.H K cPYHKIJ;IIII a~1)(1sl). )J,eiiCTBIITeJibH0 7 B CIIJiy 

/ 
28 CM. ypani!CI!He (4.42). 

4.2. Bhi'IIICJieHue ¢YHKIJ;IIII A.rr,nepa II R-oTHOllleHII.H 71 

TOrO, 'ITO 

arctan x ~ - - - +-+ 0 - , 7r 1 1 (1) 
2 x 3x3 x5 

X --t 00 7 {4.49) 

B o6JiaCTII 60JiblllliX 3HepriiH ypaBHeHIIe {4.41) MO)KeT 6hiTb npe)J,CTaBJieHO 

cne.rr,yiOIIJ;IIM o6pa3oM: 

7r2 1 (1) 
a¥{(s) ~ aP>(Isi)- 3In3w + 0 ln5w , 

s 
w= A2' s--? oo, {4.50) 

r.rr,e aP>(Q2) = 1/ln(Q2jA2). 

nee cnaraeMhie, OTJIII'!Hbie OT 

B npanoii qacTII ypanHeHII.H {4.50) 

aP>(isi), Ha3biBaiOTc~29 
· 7r2-qneHaun. 

llo.rr,po6Hoe o6cy)K.rr,eHne aToro nonpoca MO)KHO HaiiTII, 

B pa60TaX (86, 179] IL IJ;IITHpyeMOll . TaM JIIITepaType. 

Hanpnl\Iep, 

. 3al\IeTnl\I, 

'ITO B o6JiaCTII 60JiblnliX 3HepriiH pa3JIII'!IIe Me)K.rr,y Bbipa)KeHII.H

MII a~~(s) {4.41) u: a~1)(isi) {3.15) 3aKJIIO'!aeTc.H B cnarael\thix, He

KOHTponu:pyeMhiX B o.rr,HoneTJieBOM npu:6JIII)KeHmi:. TaKIIM o6pa301\i, 

B acu:MnTOTII'!ecKoii yJihTpa¢IIoJieTonoii o6nacTH s --t oo Ha o.rr,

HoneTJieBOM yponHe30 R-oTHOllleHue aneKTpOH-IT03IITpOHHOii aHHnrnna

u;u:u: B a.rr,pOHbl ( 4.40) MO)KeT · 6bi'Tb annpOKCIIMIIpOBaHO Bbipa)KeHli

eM {4.42): 

n1 [ ] ( ) 
(1) 2 1 (1) . 1 ., . 

RAPT(s) ~ NcLQJ 1+-as (lsi) +0 - 3 - = 
1r In w 

!=1 

= R(
1>. (s) +·0 -- · w = -. 

( 
1 ) s 

, nmve ln3 w ' A2 {4.51) 

B BhiCliiiiX neTJieBhiX npu:6JIII)KeHH.HX n o6m1cTn 6oJibliiiiX 3Hepru:ii 

"npeMeHIIllO)J,06Hbie" cPJHKIJ;IIII pa3JIO)Keiiml (4.48) TaK)Ke CTpeM.HTC.H K 

COOTBeTCTBJIOin;IIM CTeneH.HM nepTyp6aTIIBIIOII <}>JIIKIJ;IIII CB.H3II, a IIMeH-

29 B o6rn.e~1 CJJy•tae, 71'2-'IJiel!al\ln l!a:JhmmoT<:H '1.'11'111>1 i>H/\11, IIOJIY'Htc~tOI'O n pe3yJihTa

Te pa3JimKCIIIHI Bhlpa)I<CIIIIH R~~.~.,.(s)- R~.~!h.,.(.~) 11 acmnrroTII'IPl'lmii YJII>rpa(lmoJ.eTonoii 

OUJI<HTII s --> 00. 

:!0 0;\noneTJienoe BI>IJ>a)Kelllte /\.IIH /7(s) (.t.-10) ~lmKe'l' 61>1T1> urni>Jih~OIIauo 11 o6J!aCTII 

:~nepruii s, /\JIH KirropbiX t:Jiat'<H'J\Ihll' IIOJl}I/\Ka lu-2(s/ A 2) HBJHIIOTCH i1pene6pe)I(IIMO 1\!a

JII>IMII. 
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HO A~{js)--+ [a~e)(lsl)r npu s--+ oo. TaK, Ha ,n;nyxneTnenoM yponHe 

{2) . (2) 1r
2 

1 . 2 B1 ~ 5) ( 1 ) aTds) ~as (lsl)----+7r -- lnlnw-- +0 -- , 
3 ln3 w ln4 w 6 In5 w 

(4.52) 

(2) "" [ {2) ]2 -~. (-1-) - _!__ ATL 2(s)- as (lsi) 4 +0 5 , w- A2, s--+ oo, 
' lnw lnw 

(4.53) 

r,n;e cPYHKIJ;II.H CB.H3H a~2) ( Q2) = a~2) ( Q2),6ol ( 47r) onpe,n;eneHa B ypan

neH1111 (3.33), B1 = ,6!/,66. I13 ypanneH11i1 (4.52) 11 (4.53) cne,n;y

eT, 'ITO, aHaJIOr11~HO paCCMOTpeHHOMJ Bhillle O,l1;HOneTJieBOMJ CJiy~aiO, B 

ac11:\!ITTOT11'!ecKoi1 ynhTpacPIIOJieTonoil o6nacT11 s.--+ oo pa3JI11~11e Me2K,n;y 
r2 ;(2) 

RAI!T(s) (4.43) II Rnaive(s) (4.42) 3aKJIIO~aeTC.H B cnaraeMhrx, HeKOHTpOJI11-
pyeMhiX n ,n;nyxneTnenoM np116JI112KeH11II. TaK11M o6pa3oM, n o6nacTu ::mep

r11i1 s, ,n;n.a KOTOphrx cnaraeMhre nop.a,n;r<a In - 3 ( s I A 2) .HBJI.HIOTC.H npene6pe

;.K11MO MaJihiM11, ,n;nyxneTnenoe Bhrpa2KeH11e ,n;n.a R-oTHOllleH11.H ( 4.43) MO

;.KeT 6hiTh annpOKC11M11pOBaHO nepTyp6aT11BHhiM Bhipa2KeH11eM ,l1;JI.H cPJHK-, . . . 

u;1111 A,n;nepa (2.42): 

. R\:.!.,.(s) "'N, t, Q}{ 1+ t,d;(~} [<4'>(1si)J} oCn!w) ~ 
(
2

) s +0 -3- . 
( 

1 ) = Rnaive( ) In W (4.54) 

B cnoro o~epe,n;h, n TpexneTnenoM np116JI112KeH1111 

{3) {3) 1r
2 1 2 B1 ~ 5) ( 1 ) aTL(s) ~as (lsl)---3-+7r - 4 - lnlnw-- +0 - 5- , 

3 In w In w 6 In w 
(4.55) 

{3) [ {3) ] 2 7r
2 

( 1 ) ATL2(s) ~ as (lsi) --4-+0 -5- ' 
' lnw lnw 

(4.56) 

. ' {3) [ {3) ] 3 ( 1 ) s 
ATL,3(s) ~ as (lsi) +0 ln5 w ' w = A2' s--+ oo, (4.57) 

r.n;e cPYHKIJ;11.H cn.H311 a~3) ( Q2) = a~3) ( Q2),60l( 47r) onpe,n;enena n ypan

HeH11II (3.42), B1 = ,6!/,66. B 3TOM cny~ae .~ ac11MnTOT11'!ecKoi1 

YJihTpacPIIOJieTonoil o6nacTII s --+ oo pa3JI11~11e Me2K,n;y R~~?T(s) (4.47) 

4.2. Bhr~11CJieH11e cPYHKIJ;II11 A,n;nepa 11 R-oTHOllleHII.H 73 

II R~~ive(s) (4.42) 3aKJIIO~aeTC.H B cnaraeMhiX · riop.H:,n;Ka ln-3(sl A2) 
( CM. ypaBHeH11e ( 4.55) ), KOTOphiMII J2Ke HeJih3.H npeHe6peraTh Ha TpexneT

JieBOM yponne. TeM ne MeHee, n o6nacT11 6onhll11Ix anepr11i1 RrJT(s) (4.47) 

TaK2Ke M02KHO npe,n;cTaB11Th n n11,n;e p~,.u;a no cTeneH.HM . a~3) (Is I). 0 ,n;HaKo 

K03cPcPIIIJ;IIeHThi 3TOrO CTeneHHOrO p.a,n;a J2Ke He 6y,n;yT COBna,n;aTh C COOT

BeTCTBJIOiu;IIMII K03cPcPIIIJ;IIeHTaMH nepTyp6aTIIBHOrO pa3JI02KeHII.H cPJHK

IJ;IIII A,n;nepa (1.2)-(1.4). TaK, c y<JeTOM Taro cPaKTa, "'TO [a~3)(1sl)] 3 ~ 
ln-

3 w + O(ln-4 w) npii s --+ oo, Bhrpa2KeHIIe Ri3JT(s) (4.47) M02KeT 6hiTh 

npe,n;cTanneHo B cne,n;yroru;eM n11,n;e (eM., IIanpiiMep, pa3,n;en 4.1 KHIIr11 [16]): 

{3) 2 . 4 J {3) j 1 ~ { 3 . } 
RAPT(s) ~ Nc f; Qf 1+ ~ Tj (,aJ [as (lsi)] + 0 Cn4 w), (4.58) 

r,n;e r1 = d1, r2 = d2, r3 = d3- (7r2l3)(,6ol4)2 . TaKa.aannpOKCIIMau;u.a 
M02KeT 6biTh 11CnOJih30BaHa B o6JiaCTII 3Hepr1Ii1 S, B KOTOpOil nonpaBKM no

p.H,n;Ka In - 4
( s I A 2) .HBJI.HIOTc.anp~He6pe~m.w MaJihiMII, CM. npiiJI02KeH11e I. 

TaK11M o6pa3oM, KaK 6hiJIO OTMe"'eHo Bhillle, npo,n;on2Ken11e pe3ynh

TaTOB TeOp11II B03MJ~eHIIH 113 npOC~pilHCTBeHHOno,n;o6HOH BO BpeMeHIInO

,n;o6HyiO 06JiaCTh OKa3hiBaeT cyru;eCTBeHHOe B;:;11.HH11e Ha IICXO,l1;HOe nepTyp-

6aTIIBHOe Bhrpa2KeH11e ,n;n.a paccMaTp11mteMoi1 nenii9:IIHhr. TaK, n BhiClliiiX 

neTJieBhrx np1I6JIII2KeHII.HX TaKa.H npou;e,n;ypa II3MeH.HeT CTPYKTYPY p.a,n;a 

Teop111I B03Myru;en1Ii1 ,n;a2Ke n aciiMnTOT11"'ecKoi1 yJihTpacP110JieTonoi1 o6-

nacTII s --+ oo, CM. ypanneH11e (4.58). Bonee Taro, B o6naCTII yMepemi:~rx 

II MaJihiX anepr1Ii1 TebpeTII"'ecKoe Bhrpa2KeHIIe ,n;n.a R-oTHOllleHII.H ( 4.4 7) 

npe,n;cTann.aeT co6oi1 cPYHKIJ;IIOHaJihHoe pa3no)Ken11e no Ha6opy cPYHK

TI;11i1 A~{, j ( s), "'TO He 11MeeT imqero o6ru;ero c nepTyp6aT11BHhiM CTeneH

HhiM pa3JI02KeH11eM cPYHKIJ;IIII A,n;nepa (2.42). ,D:eTaJihHhril aHaJIII3 cnoilcTB 

HecTeneHHoro pa3JI02KeHII.H (4.47) II cPYHKu;uil: A~{js) (4.48) npune,n;en n 
pa6omx [170, 178] . 

Ilepeii,n;eM Teneph K nwmcneH11IO cPYHKIJ;II11 A,n;nepa D(Q2) (2.1) c 

noMOiu;hiO nony~rermoro n npe,n;hr,n;yru;eM pa3,n;ene IIHTerpaJihHoro npe,n;

CTannemm (4.31). KaK y2Ke ynoMIIHaJIOCh panee, npu ucnOJih30BaHIIII n 

Ka'ICCTne cncKTpaJihnoil nJIOTHOCTII p0 (u) (4.33) nepTyp6aTIIBHoro Bhrpa

)J<cmm Ppert ( u) ( 4.34), ypanHen11e ( 4.31) npiiHIIMaeT nu,n;, u,n;eHTII"!Hhiil 



74 rnaBa 4. ,ll,ncnepcuoHHhiji nO,!Q(O,D; B KX,ll, 

pe3yJihTaTaM, nonyqeHHhiM B paMKax AHannTnqecKoii Teopnn B03Mym,e

HIIii [144, 145], a IIMCHHO. 

DieJT( Q2
) = Nc L Q} 1 + J ~:t ;2 du = 

n
1 

[ oo (l) { ) l 
!=1 0 

~ N,t,Q}[l+ td;(~}Al2.;(Q')] {4.59) 

3.n;ech 
00 (£) 

A(l) ·(Q2) =I f2j (u~ du • 
SL,J (7 + Q {4.60) 

0 

npe,D;CTaBJI5IeT C060ii "6e3MaCCOBJIO" 9QJQJCKTIIBHJIO "npOCTpaHCTBCHHO-
, . 

no,n;o6HyiO" £-neTJICBJIO QJJHKU.IIIO pa3JIO:IKCHII5! j-ro nop5!,D;Ka, KOTOpa5! 5!B-

JI5!CTC5! aHaJIOrOM j-ii CTCnCHII nepTyp6aTIIBHOM £'-neTJteBOM QJJHKU.IIII CB5!-

3II [ a~l) ( Q2) t 5JBHhiC Bhipa:tKCHII5! ,D;JI5! cneKT~aJihHhiX QJYiiKU.IIM (}y) ( (7) 

npnne,n;eHhi B npiiJIO:tKCHIIII II. 

3aMCTIIM, qTO, B OTJIIIqne OT nepTyp6aTIIBHOM 6erym,eii KOHCTaH

Thi CBH3II a~e)(Q2), ¢YHKU.IIII pa3Jio~eHnH A~~~.i(Q2 ) {4.60) o6na.n;aroT 

KOppeKTHhiMII ,D;JI5! paCCMaTpiiBaeMOrO 6e3MaCCOBOrO npn6JIII:tKeHII5! aHa

JIIITIIqecKIIMII cnoiicTBaMn no KIIHeMaTnqecKoii nepeMeHHOii31
• ,ll,anee, 

B cuny Toro, qTo A~~!)Q2 ) f [A~2. 1 (Q2 )f, Bbipa:tKeHne {4.59) npe.n;

cTaBJIHeT co6oii HeCTeneHHOe pa3JIO:tKeHIIe. no. na6opy QJJHKU.IIM ( 4. 60) _' 

TeM He MeHee, B acnMnToTnqecKoii ynhTpa¢noneTonoii q6nacTn QJYHK

u.nn ( 4.60) CTpeM5!TC5! K COOTBeTCTBJIOIIJ,IIM CTeneHHM nepTyp6aTIIBHOM 

QJJHKU.IIII CB5!3II B paCCMaTpiiBaeMOM neTJieBOM npn6JIII:tKeHIIII, a IIMeH

HO A~;!)Q2 )-----> [a~0 (Q2)f npn Q2 -----> oo. 0TMeTH~ TaK:tKe, qTo "npocT-

ll pancTnennono.n;o6nhre" ¢ynKU.IIII pa3JIO:tKeHIIH A~2.j(Q2 ) {4.60) OTJinqaroT

CH OT "npeMemmo.n;o6Hhrx" ¢YHKU.Hii pa3JIO:tKCHIIH A~{) I Q2 1) ( 4.48). TeM 

He Menee, u nn~paKpacnoM npe.n;ene A~;!,j(O) = A~L(o) p;nH ncex 3Haqe..: 

:n A H:\WIIIIO <I>YHKI\HH A~~~.i ( Q2 ) ( 4.GO) HMCIOT TOJJbKO JJCBbili · pa3pe3 Q2 ::; 0 B):\OJJb 

OTJ>HIJ,aTeJihlloil •mcTH )\eilcTnHTCJihlloii oc11 Re Q2. 

,4.2. Bhrqncnemre ¢YHKU.IIII A.n;nepa u R-oTnorneHHH 75 

HIIii f. u j. TaK, nanpnMep, B nro6oM neTJieBoM npn6nn:tKeHun 

-(e) _ -(e) _ . 4 
D APT(O) - RA~T(O) - 1 + f3o · {4.61) 

,ll,eTaJihHOe o6cy:tK,LJ;eHIIe BOllpOCOB,. 'KaCaiOIIJ,IIXC5£· CBOMCTB HeCTeneHHOrO 

pa3JIO:tKeHH5I ( 4.59), npune,n;eHo B pa6omx [170, 178]. 

B o6m,eM cnyqae, HHTerpnpoBaHne B ypaBHeHun (4.59) He MO:tKeT 

6biTh BhlllOJIHeHo B HBHOM Bn,n;e 3a HCKJiroqeHneM o,n;HoneTJieBoro npn6nn
:tKennH: 

Di~T( Q2
) = Nc t QJ [1 + ~ ai~ ( Q2)]. 

!=1 
(4.62) 

B 9TOM ypanHennu 

00 , {1) 

{1)(Q2) _ 471" j (}1 (u) d _ 471" (-1- __ 1_) O:an "7" (7 - + , 
' f3o u+ Q2 fJo lnz 1 -· z 

·o 

z- Q2 
- A2 (4.63) 

o6o3HaqaeT o.n;noneTJieByro aHaJinTnqecKyro 6erym,yro KOHCTaHTy 

illnpKona-Cononu.ona [144]. SaMeTnl\r, qTo Bhrpa:tKenne (4.63) 

6biTb TaK:tKC npe,D;CTaBJICHO CJIC,D;yiOIIJ,IIM 06pa30M: 

{1) 2 ; . 471" { {1) 2 1 } 
. O:an (Q ) = f3o as (Q ) + 1- exp[l/a~1)(Q2)] . 

CB5!3II 

MO:tKeT 

(4.64) 

3.n;ecb a~1 ) ( Q2
) = 1/ In( Q2 /A 2) HBJIHeTCH o,n;HoneTJieBoii nepTyp6aTunHoil: 

QJYHKU.Heii CB5!3H. flepBOe CJiaraeMoe B QJHrypHbiX CK06KaX B ypaBHe

HUII ( 4. 64) co.n;ep:tKnT TaK Ha3hmaeMhiil: nonroc JlaH,n;ay B TO "'-iKe Q2 = A 2, 

CM. pa3,n;eJI 3.2. cha ne¢n3nqecKa5! oco6eHHOCTb BbiqHTaeTC5! BTOpbii\I CJia

raeMbiM B QJHrypHhiX CK06Kax B ypanminnu (4.64), KOTopoe mreeT cyu~ecT
BeHno HenepTyp6aTHBHJIO npnpo.n;y. ,ll,eii:cTBIITCJibllO, 13 CIIJIY 1'01'0, 'ITO 

QJYHKU.H5! [1- exp(1/a)]-
1 

He MO:tKeT 6biTh llPC/\CT<lBJICila B DIIJ\C pHJ\<1.:1~ 
no CTenemiM a npu a -----> 0+, BTopoe cnarael\we n <lmrypllbiX cKoGrmx B 

ypanHenuu ( 4.64) He MO:tKeT 6biTh onucano B pm11mx Tcopnn B031\rym,e
nnii. 

:
12 

Ko:-:J<I><Imi\IWIIThJ pa:!Jin)l.:emuJ <I>YIII<l\llll [ 1-Pxp(l/a)] -I n Jm/\ TPJiJH>pa npn a --+ 0+ 
'1'0)1():\CCTIJellllO J>al!llhl IIYJIIO. 



I ,, 

76 fJmBa 4. ,lJ,IIcrrepciiOHHhiii rro,n;xo,n; B KX,IT, 

-·-·-·-·-·-·---·~ 

1/2 G V s , e 

2.0 1.5 1.0 

0.5 

0.5 0.0 

\ 
\ 

0.5 

' ............. 

1.0 

-·-·-·-·-· 

Q,GeV 

1.5 2.0 

PIICYIIOK 4.2. rpaqmKii cpynKU.IiH A,n;Jiepa D~'tT(Q2 ) (4.62) II R-OTHOIIICIIHH 3JICKTJlOH

II03HTp01!HOll aHHllfllJIHI~HH B a,n;pOHbl R~1tT(s) (4.40) B O,ll;HOIICTJieBOM rrpn6JIH)KCHHH (He

IIIJCIJblllllhie JIHIIHH). Tipe,JJ;CKa3aliHH napTOHiioii: MO,JJ;CJHI lJ(O)(Q2
) (4.3) ll _R(O)(s) (4.5) 

rroKa3aHbi rryHKTHJlllbiMH JIHHHHMH. TiepTyp6aTHBHbiC arrrrpoKcnMau.nn D~~~t ( Q2
) (2.41) 

H R~~ve(s) ( 4.42) 0603HaqC!Ibl IIITpHXITYHKTllpHb!MH .JIHHHHMH. 3HaqeHHH rrapaM~TpOB: 
n1 = 3, A= 350M3B 

Ha piiCJHKe 4.2 rrpe,n;cTaBJieHbi rpa<PIIKII <PYHKII,IIM .Di~T( Q 2
) ( 4.62) 

II Ri1JT( s) ( 4.40) B o,n;HorreTJieBOM npii6JimKeHIIII. B OTJIWIIIe oT Bbrpa)Ke-
- (1) 2 - (1) , 

HIIM Dpert(Q ) (2.41) II Rnaive(s) (4.42), <PYHKII,IIII (4.62) II (4.40) He co,n;ep-

)KaT He<PII3WieCKIIX oco6eHHOCTeil: B o6JiaCTII MaJihiX ::mepriill:. O,n;HaKo B 

CIIJIY TOrO, 'ITO IIHTerpaJibHbie,rrpe,n;CTaBJieHII51 (4.31) II (4.32) 6biJIII BbiBe

,n;eHbl B IIpii6JIII)KeHIIII 6e3MaCCOBOrO 7l"-Me30Ha, paCCMaTpiiBaeMbie <PYHK

II,IIII DAPT(Q2) (4.59) II RAPT(s).(4.47) Hey,n;oBJieTBOp51IOTKIIHeMaTII'IeCKIIM 

orpaHII'IeH51M33 D(Q2) ----+ 0 rrpii Q 2 ,----+,0 II R(s) := 0 rrpii 0 :::; s < 4m; 

(eM. pa3,n;eJihi 1.2 II 2.1). MHTerpaJibHbie rrpe,n;~TaBJieHII51 ,D;JI51 <PYHKII,IIII 

, A,n;Jiepa II R-oTHOIIIeHII51 ::meKTpoH-II03IITpOHHOM aHHIIriiJI51II,IIII B a,n;poHhi, 
ll J'IIITbiBaiOIII,IIe BbiiiieJIIOM51HJTbie KIIHeMaTII'IeCKIIe orpaHII'IeHI·l51, 6y,n;yT 

paCCMOTpeHbl B CJie,D;YIOIII,eM pa3,D;eJie. 

33 CJie,n;ycT TaK)Ke yrroMHHYTb o TOM, qTo rrorrbiTKH rrpnnecTn HH3KO::JHepreT!I'ICCKoe 

rrone,n;enne cpynKU.HH DAPT(Q2) (4.59), noJiyqeHHOii n paMKax "6e3Macconoii" An;wmTH; 

qeCKOll TCOpliH B03MYIJJ.CHllii (144, 145), B COOTBCTCTBHC C.3KCIICpHMCHTaJibHbiM IIpC,JJ;CKa-

3aHHCM ,n;JIH cpynKJJ.IIll A,n;Jiepa npe,n;rrpnnnMaJII!Ch n pa6oTax [171, 180-184). 

4.3. 'MHTerpaJibHhie rrpe,n;cTaBJieHII51 :,n;JI51 D( Q 2) II R( s) ( m11' =/= 0) 77 

4.3 MHTerpaJibHhie rrp~,n;cTaBJieHII.H ,n;JI5£ · p( Q2) II R(s) 
(m7r =I 0) 

KaK 6biJIO OTMe'IeHo paHee, T~opeTII'IecKoe IICCJie,n;oBaHIIe a,n;poH

Hoii. ,li;IIHaMIIKII B o6JiaCTII , 60JibiiiiiX :meprHif MO)KeT 6biTb BbiiiOJIHeHO 

B rrprr6JIII)KeHIIII 6e3MaCCOBoro Jr-Me30Ha. ·o~mtKO, a<P<PeKThi,. o6ycJIOB

JieHHbie HeHyJieBOM MaCCOM Jierqaifiiiero a,n;pOHHOrO COCT051HII51, IIrpaiOT 

cyiii,eCTBeHHJIO pOJib IIpii OIIIICaHIIII IIporr,eCCOB CIIJibHOrO B3aiiMO,n;,efiCT

BII51 B o6JiaCTII MaJibiX 3HepriiM ( CM: pa3,n;eJI 2.1). ,1J,JI51 BbiBO,D;a IIHTer

paJibHbiX rrpe,n;CTaBJieHIIil: ,D;JI51 <PYHKII,IIII A,n;Jiepa (2.1) n' R-oTHOIIIeHII51 

3JieKTpOH-II03IITpOHHOM aHHIIrn:JI51II,IIII B a,n;pOHbi (1.13) B CJiyqae HeHyJie

BOM MaCChi 7r-Me3oHa (m1r =/= 0) 6y,n;eM IICIIOJih30BaTb cooTHoiiieHII51 (2.2) 

II (2.4). Bo3MO)KHhre KOHTJpbr IIHTerpiipoBaHII51 !3 ypaBHeHIIII (2.4).rrpe,n;

CTaBJieHbi Ha piiCJHKe 4.3. 

AHaJIOrii'IHO II3JIO)KeHHOMy B pa3,n;eJie 4.1. 6e3MaccoBoMy rrpe,n;eJiy, ,D;JI51 

Ha'Ia.rra paccMoTpiiM <PYHKIJ;IIII D( Q 2) f! fi(s) B Hy,rreBOM .IT.9P51,D;Ke Teopi~II 
B03Myiii,eHIIil: no Koii:cTaHTe CB513II CIIJihHoro B3ailMO,IJ,eficTBII51. I1pe,n;cKa3a

HIIe rrapTOHHoll: Mo,n;eJIII ,D;JI51 R-oTHoiiieHII51, J'IIIThiBaroiii,ee KIIHeMaTwiec

Koe orpaHII'IeHIIe (1.38), IIMeeT BII,lJ;34 [76]: 

R(O)(s, m2
) = e( 1- ~

2

). (4.65) 

3,n;ecb II ,n;aJiee O(x) o6o3HaqaeT <PYHKII,IIIO XeBIIcaii,n;a: O(x) = 1 rrpii x 2: 0 

II O(x) = 0 rrpii x < 0. B ceoro oqepe,n;h, rrpe,n;cKa3aHIIe rrapTOHHOil: Mo,n;eJin 

,D;JI51 <PYHKIJ;IIII A,n;Jiepa, cooTBeTCTBJIOIII,eeypaBiieHIIIO ( 4.65), MO)KeT 6bi:r'h 

Hafi,n;eHO C IIOMOIII,~IO ,li;IIC~epc~OHHO~O COO~HOIIIeHII51 (2.2) [80-82): 

00 00 

[)(O)(Q2 m2) = Q2JR(o)(s,m2) ds = Q2!0(1-m2js) ds = 'Q2 . 
' ( 8 + Q2)2 ( 8 + Q2)2 Q2 + m2 

m2 m2 

'(4.66) 

3aMeTIIM, 'ITO Bblpa)KeHIIe ( 4.65) TaK)Ke .MO)KeT 6biTb IIOJIJ'IeHO II3 

34 
Bo ncex ypanHennHx ::JToro pa3,n;Ma ncrroJib3YCTCH o6o3Haqeune m2 = 4m~, a TaK)Ke 

' ; . . . 
rro.n;paJyMenaeTCH, qTo KUHeMaTHqecKaH nepeMeHHaH s rrpJiHnMaeT TOJibKO noJimKnTeJib-

Hbie 3HaqeHnH. 
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78 fnaBa 4. ,ll;ncnepcnoHHbiii: no,u.xo.n; B KX,ll; 

~ 
lmi.; rnl Imi.; 

Rei.; Rei.; 

01 4mi 

[Q Imi.; [Q] ·Imi.; 

Rei.; Ret; 

s-iE 
4m~ 

, 

P11cyHoK 4.3. Bo3MO)J{IIhW KOIITYPhl liHTcrpllpoBaHliH B KOMIIJICKCHofi ( -IIJIOCKOCTH B 

ypaBIICIIHHX (2.4} ll (4.74} II CJIY'IaC IICIIYJICBOH MaCChi JICr'IalllllCrD a,n;pOHIIOrO COCTO

HHliH (m,. =/= 0) )J,JIH !la,I\IIOpOrOBhiX (4m; :S S, pHCYf!KH "A" ll "B") ll IIO)J,IIOpO

rOBhiX (0 :S S < 4m;, pHCYIIKH '~C" ll "D") 3Ha'ICHllll 3Heprllll. <I>H3li'ICCKllll pa3pe3 

( 2: 4m; <lJYHKI\liH A)(Jiepa D( -() rroKa:mH B)J,OJih rr~JIO)J{liTCJihHOfi qacTH )J,e.ficTBliTCJih

Hofi ocn Re( 

ypaBHeHHH (2.4) H (4.66): 

s-it: - s-ic 

_R(Ol(s,m2 ) =~lim J jj(O)(-(,m2 ) d( =~lim J __5_ . 
27T'l c-->0+ ( 2m c-->0+ ( - m2 

s+it: · · s+it: '. 
(4.67) 

PaccMOTpHM cuaqana cnyqaii: no.n;noporoBbiX ::meprnii: ( 4m; :S s) H Bbi-' 

6epeM B ypaBneHHH ( 4.67) KOHTYP HHTerpnpoBanna, npe,n;cTaBJieiiiibiii: na 

4.3. MnTerpaJibHbie npe,n;CTaBJienna .n;na D(Q2) H R(s) (mtr =f- 0) 79 

pncynKe 4.3 B: 

• ., -s~i~ ]' . 
' d( 

+m[~ (-m' . 
_R(Ol(s, m,2) = ~ lim[·m/2+it: d(, . + ·j- d( 
_ 2m c-->0+ ( - m~ 

s+it: Cm 

{4.68) 
II~pBoe u TpeTbe cnaraeMbie B KBa,n;paTHbiX CK06Kax sToro ypaBnenna 

B3aHMHO · COKparn;aiOTC51; Bo BTOpOM CJiaraeMOM a· KBa,n;paTHbiX CK06-

KaX B ypaBHeHHH ( 4.68). C,D;eJiaeM 3aM~IIy. nepeMeHHOH HHTerpHpOBaiiH51 

( = m 2 + r.ei'P, r_-t 0+: 

2tr-t: 
- 1 j riei'P 

R(0l(s, m2
) = -. lim lim ---- d<p = 1, 

27rz c-->Ot r-->0+ r et'P 
2 ' m :S s. (4:69) 

c ' 

Mo)KHO TaK)Ke noKa3aTb, 'ITO HHTerpnpoBanne ypaBnenna ( 4.67) no KOH

Typy, npe,n;cTaBJiennoMy na pncynKe 4.3 A, npnBo,n;nT K pe3yJibTaTy, n,n;en

TH"'HOMY Bbipa)KeHI~IO {4~69). 

,ll;aJiee, ,n;na no.n;noporoBbiX 3Haqennii: sneprnn (0 :S s < 4m;) ypaB

nenne · ( 4.67) npHHHMaeT BH,Li,35 

" 
_R(0l(s, m 2

) = 0,. . 0 :S s < m2 • (4.70) 

TaKHM o6pa3o:M, H3 ypaBnen.nii: (2.4) H (4.66) cJie,n;yeT, _'ITO 

s-it: 

-(o)( 2) 1 . j d( ( m~) . R s, m = -. hm = () 1 - -. , s 2: 0, 
- , 27TZ c-->0+ · ( - m 2 s 

s+it: 

(4.71) 

'ITO COBna,n;aeT C Bbipa)KeHHeM (4.65). 

· · Heo6xo,iJ;nMo OTMeTHTh, <iTo npe,n;cKa3anna llapTonnoii: M:o,n;eJin (4.65) 
H -( 4.66) y"l-HTbiBaiOT TOJibKO noBe,n;enne paccM~l.TpimaeMbiX ¢ynKu;Hii: B 

acnMnTOTH"!ecKoii: YJibTpa¢noJieTOBoii: o6JiaCTH ( npn I Q2 1 -t oo) ' ~~ Bbi

rueynoManyToe KHHeMaTH"leCKoe orpann'l'enne na R-oTnornenne (1.38) 
( CM. TaK)Ke pa60Tbl [76, 80-82]). 

35 
Bo3MO)J{Hhie imHTYPhi liH1'eq1llpcmamm a ypaBHCHHu ( 4.67} )J,JIH rio;,rroporoBhix 3Ha

'Ieniifi 3Hepriiii 0 :S s < 4m; rrpe)J,CTaBJICHhi na pncynKax-4.3 C 11 4.3 D. 
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80 fJiaBa 4. ,ll;ncnepcnoHHbiti no,JVCo~ B KX,ll; 

fiepeti~eM Tenepb K paCCMOTpeHIIIO CHJibHbiX nonpaBOK K Q>yHKIJ;HH 

A~Jiepa n R-oTHmnemuo ::meKTpOH-n03HTpOHHoti aHHnrnJIHIJ;HH B a,LUJOHbi: 

D(Q2, m2) =j){O)(Q2, m2)+d(Q2, m2), R(s, m2
) =fl(O)(s, m2 )+r(s, m2). 

•' 
{4.72) 

AHaJIOriPmo paccMOTpeHHOMY B pa3~eJie 4.1 npn6JimKeHino 6e3Maccosoro 

7r-Me3oHa, cnJihHbre nonpaBKH d(Q2
, m 2) n r(s, m 2) (4.72) y~o6Ho Bbrpa-

3HTh B TepMnHax o6xu;eti cneKTpaJibHOti Q>yHKn;nn. KaK y)Ke ynoMnHa

JIOCh paHee, HHTerpaJibHbie COOTHOIIIeHHH (2.2) H (2.4) Me)K~ Q>yHKIJ;HH

MH D(Q2
, m 2

) n R(s, m 2
) o6Jia~aroT csoticTBOM aMHTHBHOCTH. Ilo3TOMY 

CHJibHhre nonpaBKH (4.72) TaK)Ke CBH3aHbi Me)K~ co6oti no~o6HbiMH co-

OTHOIIIeHHHMH: . 
00 '' 2 2/ r(s,m) ds 

d(Q2,m2)=Q (s+Q2)2 ' (4.73) 

m2 

s-ie 

( 2 1 ' . J 2) d( r s,m) = -. hm d(-(,m -;:-· 
27r~ e->0+ -, 

(4.74) 

s+ie 

Bo3MO)J{Hbre KOHTYPhi HHTerpnposaHnH B ypasHeHnn (4.74) npe~cTaBJieHbi 

Ha pncyHKe 4.3. 

PaccMoTpnM CHa'laJia ypaBHeHne ( 4. 7 4) ~JIH Ha~noporoBhrx 3Ha'leHnti 

3HeprHH ( m 2 < S). H BbJ6epeM K?HTyp HHTerpnpoBaHHH B BH~e, npe~CTaB7. 
JieHHOM Ha pncyHKe 4.3 A: 

r(s,m2)= 2~ie~~ [ 7;(-(,m2)~ +/d{-(,m2)~( +]:(-(,m2)~]· 
s+te Coo oo-te 

(4.75) 

,lJ;etiCTBJH aHaJIOrH'lHO paCCMOTpeHHOMJ Bbiiiie 6e3MaCCOBOMJ CJiyqaro 

(eM. ypaBHeHHH (4.15)-{4.18)), rrpe~CTaBHM ypaBHeH~e {4.75) B CJie~': 

'l roxu;eM sn~e: 
00 

2 j ·( ) da r(s,m) = Po a -;;• m2
· < s - ' (4.76)' 

s 

r~e cneKTPaJibHaH Q>yHKIJ;HH p0 (a) orrpe~eJieHa B ypasHeHnHx (4.19r 

n {4.24). 3aMeTHM, 'ITO HHTerpnpoBaHne ypaBHeHHH (4.74) no KOHTYPY! 

4.3. IfHTerpaJibHhre rrpe~cTasJieHnH ~JIH D(Q2) n R(s) (m
11 

# 0) 81 

npe~cTaBJieHHOMY Ha pncyHKe 4.3 B, rrpnso~nT K pe3yJibTaTy, n~eHTH'lHO

MY {4.76). ,ll;eiicTBHTeJibHo, B 3TOM cJiyqae 

r(s, m 2
) 

1 . [ m/2+ie d( s~-ie d( 
= -. hm d(-(,m2)·- + d(-(,m2)- + 

27r~ e->0+ ( ( 
s+ie m2-ie · 

+ [d(-(,m2
) ~] ~. 

s 

1 . I 2 d( 1· da -. hm d(-(,m)-- Po(a) -, 
27r~e->O+ ( a 

m2 ·::; s. ( 4. 77) 
Cm m2 

IlpnHnMaH so BHHMaHne, 'ITO ~JIH CHJihHo:ii: rronpaBKH K Q>yHKIJ;HH A~Jiepa 
nMeeT MecTo HHTerpaJibHoe rrpe~CTaBJieHne ( 4.82), npeo6pa3yeM ypasHe

7 
HHe ( 4. 77). CJie~IOIIJ;HM o6pa30M: , . . 

00 s 00 

J daf da Ida r(s, m2
) = .Po( a)-. - Po(a)- = Po(a) -, 

. . a a . a 
m2 m2 s 

m 2 ::;s. (4.78) 

9TO ypaBHeHHe COBna~aeT C noJiy'leHHbiM Bbiiiie pe3JJibTaTOM ( 4. 76). 

H~eHTH'lHOCTb Bbrpa)KeHnii (4.76) n (4.78) .o6ycJIOBJieHa TeM Q>aKTOM, 'ITO 

KOHTJpbi HHTerpHpOBaHHH B ypaBHeHHH ( 4. 7 4), rrpe~CTaBJieHHbie Ha pH

CJHKaX 4.3 A n 4.3 B, Mory'f 6biTh HenpepbiBHO ~eQ>opMnposaHbr36 ~pyr B 
~pyra. 

,ll;JIH no~noporoBbiX 3Ha'leHnii ·3Heprnn (0 :S; s < 4mi) HHTerpnposa

Hne ypaBHeHIIH (4.74) no KOHTypaM, npe~cTaBJieHHhiM na pncynKax 4.30 

H 4.3 D, rrpHBO~HT K CJie~roxu;eMy pe3yJihTaTy: 

r(s,m2
) = 0, ' 2 o::;s<m .. ' '(4.79) 

TaKnM o6pa30M, CHJihHaH rronpasKa K R-oTHOIIIennro 3JieKTpon-rro3nTpoH-

36 3aMeTHM, qTQ 3TO DhliiOJIHHeTCH TOJihl(Q )J;JIH 'TeX ¢YHKIJ;l!H d( Q2, m 2), KOTOpbie o6Jia

,!l;aiOT KOppeKTHbiMH aHMHTHqecKl!MH CBOitCTBaMU IIO KHHeMaTiiqeCKOH rrepe?.leiiHOH Q2• 

A liMeuno ll3 ,u;HcrrepcHounoro cooTHOilleHHH )J;JIH ¢YHKIJ;UH A,u;Jiepa (2.2) u ypanne

IIHH ( 4. 72) cJie,u;yeT, qTo CHJihllaH rrorrpanKa d( Q2; m 2) ,u;oJI)KHa HMeTb TOJihKO : iienhiii 

PaJpe3 Q2 ~ -m2 
n,u;oJib OTpm~;aTeJihHOit qacTH ,u;eficTBliTeJihHoii ocH Re Q2• 



82 rnaBa 4. ,ll;ncnepcnoHHhi:il: no)J.XO)J. B KX,ll; 

HO:il: aHHHrHmiiJ;HH B a)J,pOHbl (4.72) npHHHMaeT BH)J, 

( 
m

2)/oo da r(s, m2
) = () 1 - --;- Po(a) -;;• s ~ 0, (4.80) 

s . 

r)J.e cneKTpaJibHa.H cPYHKIJ;HH p0 (a) onpe)J.eneH:a' B ypaBHemmx (4.19) 
II (4.24). 

B CBOIO O'Iepe)J.b, CHJihHJIO nonpaBKY K cPYHKIJ;HH A)J.nepa (4.72) MO:>K

HO Bbipa3HTb B TepMHHax cneKTpaJibHO:il: cPYHKIJ;HH p0 (a) c noMOIIJ;biO co-

OTHOnieHH:il: (4.73) II (4.80), a HMeHHO ' 

( 2 2) 2/

00 

ds ( m
2)/oo ( ) da d Q , m = Q (s + Q2)2 () 1 - --;- Po a -;;· . 

m2 ' s · 

(4.81) 

II acne IIHTerpnpoBaHHH no '!acTaM 3TO ypaBHem!e npnHHMaeT cne)J.JIOIIJ;H:il: 

BH)J,: 

oo s=oo oo 

d(Q2, m2) = _ _..!!___ JPo(a) da _ q2j Po(s) ds = 
s + Q2 a s + Q2 s 

s =m2 m2 
00 

Q2 J a-m
2 da 

= , Po(a) a+ Q2 -;;· (4.82) 
'' 

m2 
t 

TaKHM o6pa3oM, B paccMaTpnBaeMoM cnyqae HeHyneBo:il: MaCChi ner-:

qa:il:rnero a)J,pOHHOrO COCTOHHIIH (mrr # 0) )J,JIH cPJHKIJ;HH A)J,Jiepa (2.1) II 

R-oTHorneHHH 3JieKTpoH-n03HTpOHHO:il: aHHHrHJIHIJ;HH B a)J,pOHbi (1.13) nMe

IQT MeCTO HHTerpaJibHbie npe)J,CTaBJieHHH ( CM. pa60Tbl [80~82]) 

n1 · · 2 [ 
00 

· 2 l 2 2 2 Q a - 4mrr da D(Q,4mrr)=Nc~Q!Q2 4 2 1+/p0 (a) Q2 -, {4.83) 
f 

+ mrr a+ a 
=1 4mi 

!

' . . '[ 00 ]' ~ .! n, 4m2 da 
R(s,4m;) ~ N,f; Q}o( 1- --.") 1+ [p0 (a) -q . (4.84) 

B 3THX ypaBHeHHHX cneKTpaJibHaH .cPYHKIJ;HH p0 (a) MO:>KeT 6biTb onpe-' 

)J,eJieHa JIH60 · KaK CKa'IOK MHHMO:il: 'IaCTH TeOpeTH'IeCKOrO Bbipa:>KeHHH 

4.3. MHTerpaJibHbie npe)J,cTaBJieHIIH )J,JIH D(Q2) II R(s) (mrr '# 0) 83 

)J.JIH cPYHKIJ;IIH A)J,nepa Ha cPH3H'IeCKOM pa3pe3e (4.19), JIII6o KaK nora

pHcPMH'IecKasr npOII3BO)J,HaH 3KCnepnMeHTaJibHbiX )J,aHHbiX nd R-OTHOIIIe

HHIO (4.24): 

Po(a) = 2
1 

· Ii~ [.Dth~or( -a~ ic:) ~ [Jt~eor( -:a+ ic:)J = . d :~xp(a). 
7rZ c-->0+ na 

(4.85) 
Heo6xo)J.IIMO nO)J.'IepKHJTh, .'ITO yp~BHeHne (4.83) aBTOI\IaTH'IeCKH yqn-

TbiBaeT nee HenepTyp6aTHBHhie · orp~HH'Ieimsr Ha cPYHKIJ;HIO A)J,nepa, 

CJie)J,yiOIIJ;He H3 )J,HCnepCHOHHOrO COOTHOIIIeHHH (2.2) (cr.r. pa3)J,eJI 2.1). 
A IIMeHHO cPYHKIJ;HH A)J.nepa D( Q2) ( 4.83) IIMeeT TOJibKO JieBbi:il: pa3-

pe3 Q2 
::;· -4m; no imHeMaTH'IeCKO:il:, nepeMeHHO:il: Q2 B,ZJ;OJib OTpHu;a

TeJibHO:il: qacTn )J.e,:il:cTBIITeJibHO:il: ocn Re Q2 II D( Q2) ----+ 0 ~pn Q2 ~ 0. 

B CBOIO oqepe)J.b, YP<;BHeHne ( 4.84) J'IHThiBaeT KaK KHHeMaTII'IecKoe 

orpaHH'IeHne .Ha R-oTHorneHne (l;38), ia:K II 3cPcPeKThi, o6ycJIOBJieHHhie 

npO)J,OJI~eHHeM TeopeT~'IeCK~X pe3JJibTaTOB II3 npOCTpaHCTBeHHOnO)J.06-

HO:il: BO BpeMeHHnO)J.06HyiO 06JiaCTp (eM. pa3)J,eJI 4.2). 3aMeTHM, 'ITO 

B npe)J.eJie 6e3r.iaccoBoro 7t-Me3oHa (npn mrr =· 0) ypaBHeHHH (4.83) 
II (4;84} ccmna.IJ.aiOT c noJiy'IeHHbiMHB Pa3)J,eJie 4;1 Bbipa:>KeHHHMM (4.31) 
II (4.32) ... 

MHTerpaJibHhie npe)J.cTaBJieHHH (4.83) II (4.84) 6biJIH nonyqeHbi )J.JIH 

cPYHKn;n:il: D(Q2
, m

2
) II R(s, m 2

), KOTOpbie J)J.OBJieTBOpHIOT cooTHorneHn

HM (2.2) II (2.4). ,ll;onOJIHHTeJibHO 6i.mo C)J,eJiaHo npe)J,nOJIO:>KeHne o npe)J,

CKa3aHHH napTOHHo:il: MO)J.eJin )J.JIH R-oTHorneHHH (4.65), a TaK:>Ke y~mTbi

Bancsr TOT cPaKT, 'ITO CHJibHaRnon"paBKa K cPY~KIJ;HH ·A)J,Jiepa CTpe!IIIITCH 

K HJJIIO B JJibTpa<PnoJieTOBOM npe)J,eJie B CHJIJ aCHMnTOTH'IeCKOH CB060)J,bl 

KBaHTOBoil xpoMO)J,HHaMHKH. HnKaKHX )J.pyrnx npe)J,nono:>KeHm'i o cPYHK

u;nsr~ D(Q2
, m2

) II R(s, m2
) )J,~H BhiBo.rr.a ypaBHeHnii .(4.83) .11 (4~~4) He 

. ' I • . - • 

Tpe6yeTCH •. 

,ll;nsr Bhi'IHCJieHHH cPYHKIJ;HH A)J.nepa (4.83) II R-oTHornemm '3JieK

TpoH-no3nTpOHHoil aHHHrHJIHIJ;HH B a)J.pOHbl (4.84) 6y)J,eM HCnOJib30BaTb37 

npn6Jin:>KeHHoe nepTyp6aTHBHoe Bbipa:>KeHile Ppcrt(a) (4.34). B 3TOM chy-

:!7 .LJ.eT<UlbliOC o6cy)!(J~CIIIIC BOUpOCOB, KaCaiOII~HXCH Bbi'IIICJICIJHH CIICKTp<UibiJOll <l>YHK-

1.\HU ( 4.85), IIJH!Bc,ll;eno B pa3,ll;eJie 4.2 u IIJliiJIO)Kcnlm II. 
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rnaBa 4. ,lJ;HcrrepcHO~Hbi:fi IIO~XO~ B KX,ll; 

qae Bbipa)KeHHH (4.83) H (4.84) MOPJT 6biTb rrpe~CTaBJieHbl.CJie~IO~HM 
o6pa3oM [80-82}: 

n1 2 [ 

00 

2 ] (£) 2 2 2 Q (£) a - 4m1r da 
DMAPT(Q ,4m1r) = Nc Lf_ Qf Q2 + 4mi 1 + /Ppert(a) a+ Q2 -;; = 

-
1 4m~ 

= Nc L Q] Q2 4 2 + L dj 4 A~2j(Q2, 4~;) ' (4.86) 
n, [ Q2 . e ( 4 )i . J ·., 

/=1 + m1r i=1 ·/JD . 

(£) 2 2 . 4m1r . (£) da n1 
2 

[ · 
00 

·] RMAPT(s,4m1r) = Nc~Q1 e(1- -
8
-) 1-t /Pp,,k)-;; ~ 

· ~ N,~Q} [o(l- 47;) + td;(~f~.;(s,4m~)J (4.87) 
!:T 

B 3THX ypaBHeHHHX A~2i(Q2 , m 2
) H A~~.i(s, m 2) rrpe~CTaBJIHIOT co6oit 

a¢¢eKTHBHbie f-IIeTJieBbie cPJHKIJ;HH pa3JIO)KeHHH j-ro IIOpH~Ka B IIpOCT-. . . 
paHCTBeHHOII0~06HO:fi H BpeMeHHII0~06Ho:fi 06JiaCTH COOTBeTCTBeHHO:' 

(£) 2 2 · (£) a · -Q2 ;

00 

a - m2 da . 
AsL,j(Q 'm) = Q2 + m2 f!j ( ) a+ Q2 a ' 

A(e) ·(s m2) = 
TL,J I 

, m2· . 

' ( m
2

) }

00 

(£) da e 1 '--;- f!j (a)-;;· 
s 

( 4.88) 

( 4.89) 

B ypaBHeHH~x (4.86) H (4.87) di o6~3Ha%eT j-rreTJieBo:fi Koa¢¢Hn;HeHT. 

rrepTyp6aTHBHOro Pa3JIO)KeHHH cPYHKIJ;HH A~nepa ( CM. IIpHJIO)KeHHe I)' a: 
HBHbie Bbipa)KeHHH ~JIH CIIeKTpaJibHbiX cPYHKIJ;H:fi eY) (a) IIpHBe~eHbi B rrpn2 

ti JIO)KeHHH II. 

. YpaBHeHHH (4.86) H (4.87) rrpe~CTaBJIHIOT <;o6oit HecTerreHHhre P~; 
JIO)KeHHH

38 
no Ha6opaM ¢YHKIJ;H:it (4.88) n (4.89). ITo orrpe~eJieHHIO,. 

' 38 rr~ymMH CJIOBaMH A(t) ·(Q2 m2) .J. [A(t) (Q2 m2)Ji H A(t) .(s m2) .J. [ACt) (s rn2)Ji 
,L-IJ-1 ' SL,J ' I SL, I ' TL,J J I TL, 1 ' 

NIH j 2:2. 

4.3. MHTerpaJibHhie rrpe~cTaBJieHnH ~JIH D(Q2) n R(s) (m1r =!= 0) 85 

cPJHKIJ;HH pa3JIO)KeHHH IIepBOPO ,IIOpH~Kil: (j = 1) HBJIHIOTCH a¢¢eKTHB

HbiMH cPYHKIJ;HHMll CBH3H B paCCMaTpHBaeMOM IIeTJieBOM IIpH6JIH)KeHHH 

B rrpocTpaHCTBeHHorro~o6Ho:fi ( a~2 (Q2, m 2) = A~2 1 ( Q
2, m 2)) H BpeMe

HHIIO~o6Ho:it ( a~2 ( s, m 2
) = A~{,1 ( s, r,;2)) o6nacTH. ' <l>yHKII;IIH pa3JIO)Ke

HHH (4.88) II (4.89) Y~OBJieTBOpHIOT BCeM il:errepTyp6aTHBHbiM.QfpaHH.qe

HI;HM Ha ¢ym~~HH D(Q2,m2) H R(s,m2), H3JIO)KeHHhiM B pa3~enax 1.2 
H 2.1. B qacTHOCTH, B nro6oM rreTJieBoM rrpH6JIH)KeHHH 

D <£> (Q2 2) .0 Q2 MAPT , 4m1r ~ · IIpH ~ 0, 

R (e) ( 4 2) · 2 MAPT S, m1r = 0 IlpH 0 ~ S < 4m1r. 

(4.90) 

(4.91) 

Heo6xo~HMO TaK)Ke OTMeTHTh, qTo B o6nacTn · yMepeHHhiX IJ: '6oJib¥JHX 

aHeprnii: (~pn jQ
2

1 » 4m;) Bbipa)KeHnH (4.86) n (4.87) coBrra~aroT39 
C ypaBHeHHHMH (4.59) H (4.47), IlOJIJ'IeHHbiMH B paMKaX "6e3MaCCO

BOM" AHaJinTnqecKo:it Teopiin B03My~eHn:it [144, 145}. B CBoro Qqepe~b, 
B acnMrrToTnqecKo:it YJib~pa¢noneToBo:fi o6nacTn Q2 ~. oo Bhrpa)Ke-

00 . 00 . . . 
HHH DMAPT(Q

2
,4m;) (4.86) n DAPT(Q2) (4.59) coBrra~aroT c rrepTyp6a:-

TIIBHO:it arrrrpoKCHMan;ne:it ¢YHKIJ;HH A~nepa D~?rtCQ2) (2.42). 

B o~HOIJeTJieBoM rrpH6JIH)KeHIIH ¢YHKIJ;HH A~nepa ( 4.86) MO)KeT 6hiTb . . 
rrpe,n;cTaBJieHa cne~ro~IIM o6pa3oM: 

n1 [ 2 ] (1) 2 2 2 Q 1 (1) 2 . 2 
DMAPT(Q '4m1r) = Nc L Qf Q2 +4m2 + ;asL (Q '4m1r) . 

/=1 1r 
(4.92) 

3,D,ecb a~~ ( Q2
, m

2
) o6o3HaqaeT o~HorreTJieBy~ a¢¢eKTIIBHyro 6ery~ro 

KOHcTaHTy CBH3n B rrpocTpaHCTBeHHorro~o6Hoii: o6nacTn ( z = Q2 j A 2 , 

X= m2jA2): 

a~~)(Q2, m2) = 
00 

47r Q
2 J 1 a - m2 da 

f3o Q2 + m2 In2(ajA2) + 7r2 a+ Q2 -;; = 
m2 

47r 1 . z 1 + X z 1 - x/ a da 
= /f; ~ + ~ z +X - z +X I ln2 a+ 7r2 a+ z · (4.93) [ 

X ] 

39 
Bbipa:lKeHH.H ( 4.87) H ( 4.47) ecmmt;~a!OT )vm Beex mt/inoporoBhiX 3Ha'leHHl1 31Hip

rnu s;::: 4m~. 
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fJiaBa 4. ,Il;ncnepcnoHHbi:ti: IIOAJ<:O,lJ. B KX,LJ; J _4.3. l1HTerpaJibHhie npe,n.cTaBJieHH5I )J.JI5I D( Q 2) II R( s) ( mn =/::. 0) 87 

1 It(s) I>(~2)\ 
I 

I \ 
I 1.5 \ 

/ ' -·-·; ~ ......... _ -· . . ·-·-·-· ·-·-·-·-
-------------------- 1.0 ----- -----------

,, 
! //. 

0.5 
I 

,

81

:\ <?~': 1 1 1 1 I 1 1 1 1 I , .I I 1 v 1 1 1 I 1 1 1 I I 
1 1 1 1 

I ?·
1 
~~~ 

2.0 1.5 1.0 · o.5 21Tln o.o o.s 1.0 1.5 2:o 

P11cynoK 4.4. fpa<f>HKH <f>ynKIJ,HH A,liJiepa b~lP:r(Q2 , 4m;) (4.92) 11 R-OTIIOllleHH.H 

:~JJeKT]lOII-TI0311TpOJIHOH aHII11I'I1JI.HIJ,HH B a,l(pOl!bl R~lP:r(S, 4m;) (4.94) B O,l(IJO~CT
JieBOM npn6JIJDKemm (nenpepbiBHbie mmnn). Ilpe,l(cKaJann.H napTOJmoii Mo.i:\eJI·H 

fl{
0
)(Q

2
, 4m;) (4.66) H _R{OJ(s, 4m;) (4.65) IIOKaJal!bl IIJIIKTH]lHb!MH JIHHH.HMH. fiepTyp~ 

6aTHllllbJC annpoKCHMau,nn 'D~~~1 (Q2) (2.41) n R~~ve(s) (4.42) o6o3Ha•JeiJbl liiTfmxnyiiK

THpHhiMH JIHHH.HMH. 3Ha'IcHn.H riapaMeTpoB: n1 = 3, A= 350 M3B_ 

Bo BTopo:ti: CTpoKe 9Toro ypaBHeium nepBoe cJiaraeMoe npe,n.cTaBJI.HeT co-

6oii O)J.HOIICTJICBOM nepTyp6aTIIBHblll IIHBapiiaHTHbiM 3ap5I)J. (3.15), BTOpbe 

cJiaraeMoe BbJqiiTaeT He¢II3IIqecKyiO oco6eHHOCTb B TOqKe Q2 = A 2, a 

TpeTbe cJiaraeMoe 5IBJI5IeTc5I IIH¢paKpacHoii nonpaBKoii. B CBOIO oqe

pe,n.h, o,n.HoneTJieBoe Bbipa)J{eHIIe )J.JI5I R-oTHOIIIeHH5I ( 4.87) npHHHMaeT 
BII)J. 

n1 [ ( 2) ] (1) 2 2 4mn 1 (1) 2 
RMAPT(s,4mtr)=NcLQJ e 1--s- +:;;:aTL(s,4mtr). 

' !=1 . '. 

B 9TOM ypaBHeHHH 

a (s m
2
) = -e 1-- ---arctan -- · 

(1
) 471' ( m

2
) [1 1 (In w)] 

TL> f3o 8 2 71' 71'' 
s 

W= A2 

(4.94) 

(4.95) 

0603HaqaeT O,lJ.HOIICTJieByiO 9¢¢eKTIIBHYIO 6eryuzy10 KOHCTaHTY CB5I3II 'BO 
BpCMCHHIIO)J.06HOM 06JiaCTH. 

- 2) 1.5 r- D(Q · , 
"' .-'\.' .... 

--
..... -·-

1.01 ~ 

0.5 

·- ;.;.;::.·,:::~::...-~""'=-·=r· ..... 

Q,GeV 
0. 0 IL.a.._,__..__,_....L.,_..__,__,__L-L_._.__._......__JL-.J........__...._._...1....,_,..._.__.__.___. 

0.0 0.5 1.0 1.5 2.0 2.5 

PncynoK 4.5. fpa<f>nKH O,l(IIOliCTJ!eBOii <f>ynKI~Illl A,H,JlCpa DL1l.,,.(Q2 ,4m.;) (4.92) (nenpe

pbiBHa.H JIHHH.H) H fl~1J:r(Q2 ) (4.62) (nynKTIIpllaH JIIIIIIHI). IlcpTypoaTIIBIIaH Hllll]lOKCHMa

ll,IIH fl~!!rt ( Q2
) (2.41) 0603na•Jena IIIT)JIIXIIYIIKTIIjJIIOif .lllllll!Cil. 8KCIIC)lii~ICIITaJIJ,IIOC IIIJC)l;

CKa3aHJIC ,l(JI}l cpynKIVIII A,liJiepa D(Q2
), noJIY'ICtmoe c ncJJoJihJOBaJJJJC~I IIIIKJ1J0311BHOH 

BCKTO]lHOH CfJeKT]laJ!biiOH <J>JIIKI~IIII Vt (s) (c~l. pa:l/V'Jl 2.3), llOKa:mno :JaiiiT]liiXOBaHIJOH 

JJOJJOcoil. 3ua•ICIIIIH rrapaMCTJlOB: TlJ = 3, A= 350 J\hB 

fpa¢HKII ¢YHKIWii D~~lPT(Q2 , 4m;) (4.92) II R~~l"As, 4m;) (4.94) 
rrpe,n.cTaBJICHhi ua piicynKe 4.4. B OTJIIPme OT nepTyp6aTIIBUbiX Bhrpa)J{e

HIIil: Dpcrt(Q
2
) (2.42) ll Rnaive(s) (4.42), ¢YHKI1IUI DMAPAQ2,m2) (4.86) 

II RMAPA s, m2) ( 4.87) ue co.n;ep)J{aT ue¢n3wrecKnx oco6eHnocTeii 

B o6JiaCTII MaJihiX 9Hepriiii. • BoJiee Toro, B OTJiwme oT "6e3-

MaccoBhrx" Bhrpa)J{eHIIii DAPT(Q2) (4.59) n RAPT(s) (4.47), ¢YHK

l1HH DMAPA Q 2, m2) ( 4.86) II RMAPT( s, m2) ( 4.87) y,n.oBJieTBOp5IIOT BceM 

HerrepTyp6aTIIBHbiM orpaunqeHH5IM ua ¢YHKI1IIIO A.n;nepa u R-oTHOIIIeHue 

3JICKTpOH-II03IITpOIIHOM auunrHJI5II1IIII B a,n.pOHhi, IIOJiyqeHHbll\1 B pa3.n;e

Jiax 1.2 II 2.1. 

B 3aKJIIOqeHIIe cne,zzyeT OT.l\leTUTh, qTo Bee noJiyqennhre B 9TOfi rJia

Be pe3yJihTaThi UMCIOT CBOII rp9-HHI1hi rrpnMennMOCTn. B rrepByro o~e

pe,n.h, .9TO o6ycJIOBJICHO TCM, ~TO paCC.l\IaTpHB~C~Ihlll IIO,lJ.XO,lJ. OCHOBhiBa-. . . . ' ~· . ' - . . . '-. . 

CTC5I TOJibKO Ha ,lJ.IICIICpCHOHHbiX COOTHOIIICHH5IX II Ha Teopnn B03l\1YIII,e-
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rnaBa 4.' ,lJ;IIcnepciiOHHhiil: no,n;xo,n; B KX,JJ; 

HIIil:
40

• B qacTHOCTII, npiiBe,n;eHHhre Bhiiiie Bhrpa)KeHim •,n;JHI R-OTHomeHII.SI 
' ' . 

::meKTpOH-n03IITpOHHOil: aHHIIriiJI51IJ;IIII B a,n;pOHbi (4.47) II (4.87) He BOC-
'· 

npOII3BO,lJ;5IT TaKyro xapaKTepHyro oco6eHHOCT~ <f>yHKIJ;IIII R(s) (1.15), KaK 

ee pe3oHaHcHaa: CTpyKTypa (eM. piicyH<):K (4). TeM He MeHee, ypaBHe-

HIIa: (4.47) II (4.87) MoryT 6hrTh IIcnonh3~BaiJ:I:.r,n;na: aHanii3a cooTBeTcT-1 IlpHJIO)KeHHe I 
BJIOin;IIX 3KCnepiiMeHTaJibHhiX ,n;aHHhiX B 06JiaCTII yMepeHHbiX II BhiCOKIIX 

3Hepriiil: B,lJ;aJIII OT noporoB po)K,n;eHIIa: qacTIIn;. KpoMe 3Toro, nonyqeHHoe 

Bhrme Bhrpa)KeHIIe DMAPT( Q2, 4m;) ( 4.86) xopomo tornacyeTca: c 3Kcne

PIIMeHTaJihHhiM npe,n;CKa3aHIIeM ,n;Jia: <l>YHKIJ;IIII A,n;Jiepa ,n;na: Bcex 3Hepriiil: 

0 ~ Q2 < 00, CM. piiCJHOK 4.5 a TaK)Ke pa60Tbi (80-82). 

4
DTaK, HarrpHMep, ypaaHeHHH D~lPT(Q2,4m~) (4.92) H RmPT(s,4m~) (4.94) 6wm rro

JIY'IeHbi C HCIIOJib30BaHHeM TOJibKO HHTerpaJibHblX COOTHOIIIeimit (2.2) H (2.4), rrpe)J.CKa-

3aHHH rrapTOi!HOit MO)J.eJIH (4.65) H O)J.HOIIeTJieBoro rrepTyp6aTIIBHOro Bblpa)!{eHIIH (2.41). 

IIepTyp6aTHBHbie Bbipa)KeHH.H. 

,n;JI.H D( Q2) H R( s) 

B paMKax Teopiiii B03Myrn;eHIIil: <l>YHKIJ;IIa: A,n;Jiepa D(Q2) (2.1) B yJihT

pa<f>IIoJieToBoil: aCIIMnTOTIIKe MO)KeT 6biTb annpOKCIIMIIpOBaHa nepTyp6a

TIIBHbiM pa:,n;OM no CTE:meH51M 6eryrn;eil: KOHCTaHTbi CB513II CIIJihHOrO B3aii

MO,n;eil:CTBII51, D(Q2) ~ Dpert(Q2) npii Q2 -too, eM:. pa3,n;eJI 2.2. 'B £-neT-

JieBOM npii6JIII)KeHIIII 

nt 

D~~rt ( Q2
) = Nc L Q} [ 1 +d~e~rt ( Q2

) J, 
f=l 

e. '. . 

d~~rt ( Q2) = ?=dj (;o J [a~ f) ( Q2) J ~ 
J=l· .. 

(1.1) 
r,n;e a~fl)(Q2 ) = a~e)(Q2) f3o/(47r) o6o3HaqaeT nepTyp6aTIIBiiyiO £-neTJieByro 

"<l>YHKIJ;IIIO CB513II" KBaHTOBoil: xpoMO,lJ;IIHaMIIKII (eM. rnaBy 3}. Bhrpa)Ke

HIIa: ,li;JI51 K03<f><f>IIn;IIeHTOB dj CTeneHHOrO pa3JIO)KeHII51 (1.1) H3BeCTHbi ,li;O 

TpexneTJieBOrO ypOBH51, BKJIIOqnTe.)lbHO ( CM. pa60Tbl [96, 97, 185-189]): 

dl = 1, (1.2) 

d2 365 [ 11 2 ] "24- 11 ((3) +.nf -
12 

+ 3 ((3) , (L3) 

d = 87029 - 1103 ((3) 275 (( ) . 
3 288 4 + 6 . 5 + 

[ 
7847 262 25 ] 2 [151 19 ] + nf --+- ((3) - - ((5) + n1 - -- ((3) + 
216 9 9 162 27 

+ (f=Q~J[~~ c- ~((3)](Ncf=Q}r
1

. 
f=l . . f=l : 

(1.4) 
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IIpnn<»Keuue I. IIepTyp6aTKBH!Je Bb!pa>Keu"" MU D(Q2
) u R(-'2/ IIplillOJKeHHe 1. 1Iepryp6amau!Je Bblpa>Keuuu ""'" D(Q?) u R(s) 

B nux ypaBHeHuax nf - 'liiCJIO aKTIIBHbiX apoMaToB, a ((x) o6o3Ha
'laeT (-<f>yHKIJ;IIIO PnMaHa, ((3) ~ 1.202, ((5) ~ 1.037 (eM., HanpnMep, 

KHIIry [95]). 3Ha'leHIIH K03<f><f>nn;neHTOB (J.2)-(J.4) COOTBeTCTBJIOT KMII6-

pOBO'lHO:li rpynne SU(3). O,n;HoneTJieBoii Koa¢¢un;neHT nepTyp6aTIIBH~
ro Pa3JIO:IKeHIIH d1 (J.2) HBJIHeTCH CXeMHO-He3aBIICIIMOif BeJIII'lllHOif, B 0TO 

npeMa KaK Bbipa:IKeHua )J;JI» ,n;nyxneTJienoro (!.3) u TpexneTJienoro (1.4) 

Koa¢¢un;neHTOB npune,n;eHbi ,!J;JI» CJiy'laa MS-cxeMbi Bbi'liiTaHua. Bbi'lnc

JieHue Koa<P<Pnn;neHTo~ (I.2)-(I.4) ·6:bmo npoile,n;eHo B npn6Jiu)KeHuu 6~3~ 
MaccoBbiX KBapKoB. B ypaBHeHuu (!.4) cJiaraeMoe, nponopn;noHM!>HOe 

91 

2 ' ' . ' . (LJ QJ) , COOTBeTCTBJeT BKJia,n;aM B a,n;pOHHbi:li TeH30p nC>JIHpii3an;u~ ~a~' 
KyyMa IIW ( q2

) CIIHrJieTHbiX ,D;IIarpaMM, IIJIII TaK Ha3biBaeMbiX ,D;IIarpaMM 

Tuna "pacceaHne cneTa Ha cneTe", CM. pa6~Tbi [188, 189] u n;nTupyeMyro 
TaM JIIITepaTypy. 

K HacToarn;eMy npeMeHu 6bmo BblllOJIHeHo TOJibKo npe,n;napnTeJibHoe 
Bbi'liiCJieHue 'leTbipexneTJienoro Koa<P<Pnn;neHTa d4 nepTyp6aTIIBHoro pa3-: :,, 

JIO:IKeHua ¢YHKIJ;IIII A,n;Jiepa [190]: 

d = 144939499 - 5693495 ((3). 5445 (2(3) ~ -((5) - 7315 ((7) 4 

20736 864 + 8 + 288 . 48' t 
' ' 

[ 13044007 12205((3) - 55 (2(3) 29675((5) 665((7)] +n, 10368 + 12 + 432 + 72 + 

2 [1045381 - 40655 ((3) ~ (2(3)- 260 ((5)] +n, 15552 864 + 6 27 . + 
. 3 [ 6131 203 . 5 ] 

+ nf -5832 + 324 ((3) + 18 ((5) ' 
(!.5) 

r,n;e ((7) ~ 1.008. llpu Bbi'liiCJieHuu a,n;poHHoro TeH3opa noJiapn3an;uu 

BaKyyMa IIi~(q2) B pa6oTe [190] He J'liiTblBaJIIICb BKna,n;bl OT ,D;IIarpaMM 

Tuna pacce~mua CBeTa Ha cneTe. TeM He MeHee, Bbipa:~KeHue (!.5) MO:IKeT 

6biTb IICnOJib30BaHO ,!J;JIH TeX 3Ha'leHIIif 'lliCJia aKTIIBHbiX apoMaTOB n f 
1 

)J;JIH 

KOTOpbiX BblllOJIH»eTca ycJIOBIIe41 L]~1 Qf = 0, T.e., JI,JI» n1 = 3. CJie,n;y

eT ynOMHHJTb 0 TOM, 'ITO, nOMIIMO Henocpe)J;CTBeHHOro Bbl'liiCJieHIIH qe
TbipexneTJieBoro Koa¢¢IIn;IIeHTa d4 nepTyp6aTIIBHoro Pa3JIO:IKeHII» ¢YHK-

. 

41 

Tipii BhiiiOJJHcHIIII 3TOro YCJJOBII.H BKJJa,llbi C!IIIrJJeTUbiX /(IIarpaMM B a,llpOIJHblli TCH30p 
IIOJJHpU3aiVfli BaKyyMa TI1,,( (l) B3ai!MIIO COKpam;aJOTC.H. 

n;uu A,n;Jiepa;· TaK:IKe npe,n;npnHnMaJinCb pa3JIWIHbJe nonbiTKII 'liiCJieHHbiX 

on;eHOK 3Ha'leHIIif d4 · {191; 192] B paMKax HeKOTOpbiX OnTIIMII3aiJ;IIOHHbiX 
cxeM [193, 194]. 

KaK 6biJIO nOKa3aHo B pa3,n;eJie 4.2, npo,n;oJI:~Keiiue- pe3yJibTaTOB 
Teopnli B03Myrn;eHnii (!.1) BO . 'npeMeHIIno,n;o6HyiO ' o6JiaCTb . ripiiBO,!J;IIT K 

cyrn;eCTBeHHOMJ U3M:eHeHUIO .. IICXO,!J;HOrO 'nepTyp6aTUBHOro· Bbipa:IKeiiiiH 

,n;JI» paccMaTpiiBael\IO:li BeJIII'liiHbi. TaK, B 6e3MacconoM npn6mi:IKeHIIII 

Ha t'-neTJieBOM ypoBHe cooTBeTCTByrorn;ee Bbipa:IKeHIIe ,D;JI» R-oTHome

nua 3JieKTpOH-n03IITpOHHOM aHHIIriiJIHIJ;IIII B a,n;pOHbl (1.15) TipHHJIJ\IaeT 
BII,!J; (4.47) 

n1 [ f ( )j l (f) 2 4 {() 
RAPT(s) = Nc 2::: Qf 1 + 2::: dj f3o ATL,j(s) , (I.6) 

/=1 J=l 

r,n;e a¢¢eKTIIBHbie <PYHKIJ;IIII pa3JIO:IKenua A~i,y ( s) onpe,n;eJieHbi B ypan

Henuu (4.48). TeM He Menee, B Y!JbTpa<f>IIoJieTonoii aciiMTITOTIIKe ypaBne

HIIe (!.6) MO:/KeT 6biTb TaK:IKe annpOKCIIMIIpOBaHO nepTyp6aTIIBHbll\l pH,!J;OM 

no CTeneHHM a8 (isl), RAPT(s) ~ Rpert(s) npii s--+ oo, r,n;e 

(f) ~ ( 4 )j[ (f) ]j 
r pert ( s) ={:trj f3o as (lsi) . 

nl 

(f) ( ) - "' 2 [ (f) ( )] Rpert s -Nc6QJ 1 + rpert s ' 
f=I 

B 3TOM ypaBHeHIIII rj = dj - Oj, r,n;e 

OI = 0, 

02 = 0 , 

3 - - fJO 0 _ 1r
2 (a )2 

3 4 ' 

1r
2 ({30 )

2

( 5 {31 ) 04 = - - 3d2 + - - ' 
3 4 . 8f3o 

(!.7) 

(!.8) 

(!.9) 

(!.10) 

(I.ll) 

CM., HanpuMep, pa60Tbl [86, 122, 179, 191, 195] II IJ;liTIIpyeMyiO TaM JIIITe
paTypy. 

Heo6xo,n;nMo OTMeTIITh, 'ITO 3naqenna Koa¢¢IIIJ;HeHTOB rj CTenennoro 

P»,n;a (I.7) B BbiCIIIIIX nopa,n;Kax Teopuu B03Myrn;enuii (j 2:: 3) cyrn;ecTBenno 
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OTJIIIqaiOTeH OT 3HaqeHIIil: K03cpcpiiiJ;IIeHTOB dj IICXO,lJ;HOrO eTeneHHOrO pa

,n;a (I.1). · TaK, HanpiiMep, ,n;JIH n1 = 3 aKTIIBHhiX apoMaToB d3 ~ 6.371, 
ra ~ -10.284; d4 ~ 49.08, r4 ~ -106.88. CJie.n;yeT TaK)Ke ynoMHHJTb 

0 TOM, qTo f-neTJieBaH annpoKeiiMaiJ;IIH (!.7) MO)KeT 6biTb IIeiTOJib30BaHa 

BMeeTo ypanHeHIIa (I.6) IIeKJIIOqiiTeJihHo n o6JiaeTII sHeprnfi s, n KOTopofi I II pMJIO)KeHMe II 
nonpaBKII nopa.n;Ka ln -(t+l) ( s /A 2) HBJIHIOTea npeHe6pe)KIIMO MaJihiMII. 

IlepTyp6aTMBHrui CIIeKTpaJih~rui 

QJYHKIJ;l151 

B rJiane 4 ,n;JIH noeTpoeHIIH cpyHKIJ;IIII A,n;nepa II R-oTHOIIIeHna 

3JieKTpOH-IT03HTpOHHOH aHHHrHJIHIJ;HH B a,n;pOHbl HeiTOJib30BaJiaCb eneK

TpaJibHaH cpyHKIJ;HH (4.34) 

{f) ) - 1 . [ (f) . (f) . ] Ppert(a - -
2 

· hm dpert( -a- zc:)- dpert( -a+ zc:) ' 
7rZ £->0+ ' 

(II.1) 

BbrqncJieHHaH Ha OeHOBe nepTyp6aTHBHOrO Bbipa)KeHHH ,ll;JIH eHJibHOH ITO

npaBKH K cpyHKIJ;HH A,n;Jiepa (2.42) 

d~,(Q') ~ t d; (~J [al'l(Q2
) ]'. (II.2) 

B 3TOM ypaBHeHnn a~ e) ( Q2) o6o3Ha9:aeT nepTyp6aTHBHyld f-neTJieByiO 

cpyHKIJ;HIO eBH3H (eM. rJiaBy 3), a dj - K03cpcpHIJ;HeHT nepTyp6aTIIBHOrO 

Pa3JIO)KeHim cpyHKIJ;HH A.n;Jiepa (eM. npnJio)KeHim I). Bhrpa)KeHIIe (ILl) 
y,n;o6HO npe,n;eTaBIITb B eJie,lzyiOIIJ;eM BII,ll;e: 

e .. 
(t) - """'. ( 4 )J (f) 

Ppert(a) - f;;: di f3o l2j (a), (11.3) 

r.n;e 

l2Jf)(a) = ~ lim{[a~f)( -a- ic:)]i-[a~e)( -a+ ic:)r} (11.4) 
21rz c->O+ 

0603HaqaeT IIH,ll;IIBII,lzyaJibHbiH BKira,n; B ypaBHetJIIe (I1.1) OT j-fi eTeneHII 

f-neTJieBOH nepTyp6aTIIBHOH cpyHKIJ;IIII eBH3II a~ f) ( Q2). 
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KaK 6biJIO noKa3aHo B rnaBe 4, B paMKax ,II;ncnepcnoHHoro no,n;xo

,n;a B KBaHTOBoii: xpoMo,n;nHaMnKe <PYHKD;HH A,n;nepa n R-oTHomeHne sJieK

TpoH-n03HTpOHHOii: aHHHrHJIHIJ;llll B a,n;pOHbl MOryT 6biTb npe,n;cTaBJieHbl B 

BH)J;e HeCTeneHHbiX pa3JIO)KeHHH no Ha6opaM s¢¢eKTHBHbiX <PJHKD;HH, KO

TOpbie Bbr<IHCJIHIOTCH c ncnoJib30BaHneM Bbipa)KeHnii: f!)'->(u) (11.4). Ta:K, 

HanpHMep, B 6e3MaCCOBOM npH6JIH)KeHHll 

(l) 2 . . 2 . 4 (l) . • 2 n1 [ l j l 
D m(Q ) = N, "f, Q 1 I+ "f, d; (flo) A",;( Q ) , 

oo f!~l)(u) 
A(f) .(Q2) =I J 2 dO', 

SL,J (]' + Q • 
0 

n
1 

[ f j l (f) 2 4 (f) 
RAPT(s) = Nc L Qf 1 + ~ dj (If) ATL)s) , 

f=l ]=l 0 

00 

A(f) .(s) =} ~f)( ) dO' 
TL,J (!] 0" , 

(]' 

s 

CM. ypaBHeHHH (4.47), (4.48), (4.59), (4.60). B CBOIO oqepe,n;b, 

o6ID;eM cnyqae 

. (11.5) 

(11.6) 

(II.7) 

n1 [ Q2 l ( )j '] D~~PT(Q2,4m;)=NcLQ} Q2 + 4m2 +~dj ;
0 

A~2)Q2,4m;), ! 
f=l 11' ]=l I 

(11.9) ! 
2 oo 2 I 

(f) 2 2 Q I (l) 0' - 4mrr dO' !' 
AsL /Q ,4mrr) = Q2 4 2 f!j (C7) Q2 -, (11.10) ' + mrr O" + 0' I 

4rn~ ' 

(l) 2 - 2 4mrr 4 (f) 2 n1 [ ( 2) l ( )j l 
RMAPT(s,4m11')- Ncf;Qf e 1- -s- + f;tdj ,Bo ATL,j(s,4m11')' 

(II.ll) 

(f) 2 4mrr e dO' 
( 

2 
00 

ATL,j(s, 4m11') = e 1- -s-) lf!J )(0') -;;· (II.12) 
s 

I
.: 

I 

1 l :) 
J 

l 

i -i 
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eM. ypaBHeHHH (4.86)-(4.89). Cne,n;yeT OT?.IeTHTh, 'ITO B npe,n;ene mrr ---+ 0 

Bbipa)KeHHH (11.9) ll (II.ll) COBna,n;aiOT C Bbipa)KeHIIHI\III (11.5) H (Il.7) 

cooTBeTCTBeHHO, a nMeHHO 

D(f) (Q2 0) = D(f) (Q2). 
· > , MAPT ' . APT . ' . 

(f) (l) ) 
RMAPT(s, 0) = RAPT(s . (11.13) 

Heo6xo,n;ll:Mo TaK~e· ynoMHHJTb o TOM, 'ITO D~:~PT(Q2 , m 2) ---+ DieJT(Q2) 

Q
2 2 R(f) ( 2) _ R(f) ( ) > 2 B npn >> m H MAPT s, m - APT s npn s _ m . YJibTpa-

¢noneTOBOii: acnMnTOTHKe (npn* Q 2 ---+ oo) KaK DieJT( Q 2) (11.5), TaK 

n D~~PT(Q2 , m 2) (11.9) coBna,n;aiOT c nepTyp6aTHBHOii: annpoKCHMau;neii: 

<PYHKIJ;HH A,n;nepa D~f~rt(Q2 ) (2.42). 

0'leBH)J;HO, 'ITO llOCTpOeHHe cneKTpaJibHOH <PYHKIJ;llll p~~rt ( 0') (Il.3) 

B BbiClliliX neTJieBbiX npn6JIH)KeHHHX ( f > 1) conpH)KeHO C Onpe,n;eJieH

HbiMll TeXHH'leCKHMH Tpy,n;HOCTHMH. ,II;eii:cTBHTeJibHO, Ha BbiCmnx neT

JieBbiX ypOBH.flx Bbl'lliCJieHHe CKa'!Ka ' MHHMOH '!aCTH nepTyp6aTHBHOH 

6eryiD;eii: KOHCTaHTbl CBH3ll Ha ¢n3H'!eCKOM pa3pe3e (!~l) ( 0') npe,n;cTaB

JI~eT. C060ii: HeTpliBHaJibHJIO '3a,n;aqy B CHJIJ. rpOM03)J;KOCTH BbiJ:m)KeHHH 

,n;ns o:~f)(Q2 ) (eM. rnaBy 3). KpoMe 3Toro, ypaBHeHne (II.3) co,n;ep)KHT 

BKJia)J;bl (!y-)(0'); (1 < j:::; £), HellOCpep;CTBeHHOe Bbl'lliCJieHHe KOTOpbiX HB

JIHeTCH eiiJ;e 6onee CJIO)KHOii: 3a,n;aqeii:. TeM He MeHee, c noMOIIJ;biO ,n;oBOJib-. . . . . ' . 

HO npOCTbiX MaTeMaTH'!eCKHX paCCJ)K)J;eHHH MO)KHO Haii:TH cneKTpaJibHJIO. 

<PYHKIJ;HIO (!y) ( 0') (11.4), ,COOTBeTCTBJIOieyiO JII06oii: u;enoii:. CTeneHH j 6ery-. 

IIJ;eii: KOHCTaHTbl CBH3ll Q~f) ( Q2). 

A HMeHHO cneKTpaJibHYIO. <PYHKIJ;HIO f!Y)(O') (II:4)· y,n;o6Ho Bbipa3IITb 

B TepMHHax BeiD;eCTBeHHOii: A~J(O') n MHHMoii: A}~(O') qacTeii: C-neTJieBofi 

<PJHKIJ;llll CBH3ll a~ f) ( Q 2). Ha ¢H3H'!eCKOM pa3pe3e: 

l . (t)( ± . ) A(f)( ) . A(f)( ) 
Iillo as -0'. Zc = Re 0" =f Z7r .Im. 9" • 

E:-+ + 
'. (11.14) 

B 3TOM cnyqae ypaBHeHne (II.4) MO)KeT 6hiTb npe,n;cTaBJieHo cne,icyiOIIJ;IIl\I 

o6pa3oM 

. , . K· . . . . . . 

. f!j'>(C7) = ~ ck ~ 1) ( -1(7r2k [A~~(C7) rk+l [A~J(u) y~2k-l' (II.15) 
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r.n;e Kj.= j/2 + (j mod 2)/2- 1, 

(n) n! 
m - m!(n-m)! (11.16) 

o6o3Ha<JaeT 6HHOMHaJibHbiii Kos<P<I>Hu,HeHT II (j mod n) o6o3Ha<JaeT ,n;ene
HHe no MO,n;JJIIO n. B qacTHOCTH, nepBbie 'leTbipe cooTHOIIIeHHH (11.15) 

HMeiOT BH,ll; 

rAl)(a) = A~~(a), (11.17) 

{}~l)(a) = 2A~~(a)A~}(a), (11.18) 

{}~l)(a) = A~~(a){ 3[A~(a)] 2 - 1r2(A~~(~)] 2 }, (11.19) 

flil)(a) = 4A~~(a)A~}(a){[A~}(a)] 2 - 1r2 (A~~(a)] 2 }. (11.20) 

,II.anee npHBe,n;eH noJIHbiii Ha6op <PYHKU,Hii A~(a) II A~~(a) (11.14), 

Bbl'lHCJieHHbiX Ha OCHOBe nepTyp6aTHBHbiX <I>YHKU,Hii CI~H3H ail) ( Q2
) )J;O 

<JeTbipexneTJieBoro ypoBHH, BKJIIO'lHTeJibiiO (eM. TaK)Ke npHJIO)KeHHe III 
063opa [148) II pa60Tbl [196, 197]). 9TOT Ha6op <I>YHKU,Hii, ,li;OllOJIHeH

Hblii ypaBHeHHeM (11.15), onpe,n;eJIHeT HBHblii BH,ll; CITeKTpaJibHOii <I>JHK:.' 

IJ,HH fly) (a) (11.4), COOTBeTCTBJIOIIJ,eii JII060ii u,eJIOii CTeneHH j rrepTyp6a~ 
THBHOii <I>YHKIJ,HH CBH3H ail) ( Q2 ) Ha JII060M )J;OCTJIIHOM B HaCTOHIIJ,ee Bper.ui. 

rreTJieBOM ypOBHe {1 ~ e ~ 4). B CBOIO oqepe,n;b, 3TO II03BOJIHeT JierKO Hail

Til HBHbiii BH,ll; CIIeKTpaJibHOii <l>YHKIJ,HH p~~rt(a) (JJ.3), KqTopaH COOTBeTCT

ByeT £-rreTJieBOMJ rrepTyp6aTHBHOMJ Bbipa)KeHHIO (11.2). )J;JIH paCCMaTpH.: 

BaeMoii seJIH'lHHbi. B Ka<JeCTBe npHMepa Ha pHCJHKe 11.1 rrpe,n;cTaBJieHbi 

rpa<I>HKH crreKTpaJibHbiX <I>YHKU,Hii {}y.)(a) (11.4), COOTBeTCTBJIOIIJ,HX j-ii 

CTerreHH (1 ~ j ~ £) 'leTbipexrreTJieBOii (£ = 4) nepTyp6aTHBHOii <I>JHKIJ,HH 

CBH3H ai4)(Q2 ) (3.43). 

IITaK, B o,n;HorreTJieBOM rrpH6JIH)KeHHH <I>YHKU,HH (11.14), cooTBeTCTBY

IOIIJ,He rrepTyp6aTHBHOii O)J;HOIIeTJieBOii 6eryiiJ,efi ·KOHCTaHTe CBH3H (3.15), 

HMeiOT npOCTOii BH,ll; (eM. TaK)KeypaBHeHmi (4.35)-(4.37)): 
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·0.08 

,, . 
. . . , ·· · /1 t' I 5 ·-·....:;,·-:':, ":.5 .. ·\·· i i 

-10 . \ . ' 

~,.!, ~ 
'-2 .04, ! j=4 j- . ' I 

j=3 I j 

-15 10 15. 

I 

-0.08 

PncynoK ILL l.JeTbipexrreTJieBbie rrepTyp6aTHBHbie BKJia,LJ,Ioi QJ4J(u) (II.4) B crreKTpaJib

uyro ¢YHKU,liiO p~~rtCu) (II.3): {!~4l(u) (uerrpepbiBUaH JillllliH), {!~4)(u) (Toqe<maH JillllliH), 

{!~4)(u) (rryHKTllpHaH JlliHliH, MacinTa6Hblll ¢aKTOp xlQ) ll {!~4)(u) (niTpliXIIYHKTllpHaH 

JiliHliH, MacniTa6Hbiil ¢aKTop x 102)., 3uaqennH napaMeTpon: n f = 3, y = In( u /A 2) 

1 
A~~ (a) = y2 + 1r" ' 

y 
A~} (a) = y2 + 1r- · 

y = ln(:2), (11.21) 

(11.22) 

Ha ,n;ByxrreTJieBOM ypoBHe <I>YHKIJ,HH (11.14), cooTBeTCTBJIOIIJ,He rrep

Typ6inHBHoii ,li;BJXIIeTJieBOii 6eryiiJ,eii KOHCTaHTe CB5I3H (3.33), rrpHHHMaiOT 

CJie,n;JIOIIJ,Hii BH)J;: 

(2) ( ) 1 [ (2) ( ) ( 2 2) (2) ( )] A1m a = (y2 + 1r2)2. 2y81 y + 1r - y 82 y . , (11.23) 

1 . 
A~ (a) = (y2 + 7r2)2 [ (y2 - 7r2)8f> (y) + 27r2y8~2) (y)] ' (II.24) 

r,n;e 

8f>(y) = y- ~lln(y2 + 7r2), (II.25) 

.·,: 
(2) [1 1 · · (Y)] 82 (y) = 1 - B1 2 - :; arctan :; , (11.26) 
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Bi = (3i/ !36+ 1 
rrpe.n;cTaBJI.HeT co6oii: OTHorrreHHe K03cpcpli~HeHTOB rrepTyp-

6aTHBHoro pa3JIO)KeHH.H {3-cpyHK~lili ( CM. pa3.n;en 3.1). IT pH BhP:mcneHHR 
3TliX ypaBHeHliM 6biJIO HCIIOJib30BaHO COOTHOIIIeHHe 

ln(a ± ib) =% ln(a
2 

+ b
2

) ± itr [%~~arctan(~)], b > 0. (11.27) 

KaK y)Ke 6brno OTMe<JeHo paHee, 3.n;ecb rro.n;pa3yMeBaeTca, 'ITO arctan(x) 
.HBJI.HeTC.H HerrpepbiBHOH MOHOTOHHO B03pacTaiO~eit cpyHK~lieii: CBOero ap
ryMeHTa, -tr/2:::; arctan(x):::; tr/2 rrpn -bo < x < oo. 

B CBOIO oqepe.n;h, B TpexrreTJieBoM rrpn6JIH)KeHRli cpyHK~liR (11.14), co
OTBeTCTBYIO~ne rrepTyp6aTliBHOii: TpexrreTJieBOli 6ery~eii: KOHCTaHTe CB.H-
3li (3.42), MoryT 6biTh rrpe.n;cTaBJieHbi B cne.n;yro~eM BH,n;e: 

A}~(o")= f112 ~ '11"2)3 [(3y2- tr2)8~3)(y)- y(y2- 3tr2)8~3)(y) ], (IL28)' 

A~~(a) = , , .
1 

'n? [y(y2- 3tr2)8~3)(y) + tr2(3y2 - tr2)8~3)(y)], (11.29) 

r.n;e 

Sf
3
l (y) = % ln(y2 + tr2), (11.30) 

· 1 1 (Y) 8~3)(y) =-~-arctan - ' (11.31) 
. 2 7r 7r . ' 

8~3)\Y) = y2- tr2- Bt [y813)(y)- tr28~3)(y)] + 

+Bi{8f
3
l(y) [8f

3
l(y)- 1] - tr2 [8~3)(y) r- 1} + B2, (11.32) 

8~3) (y) = 2y - Bt [ 8f
3
l (y) + y8~3) (y)] + Bi S~3) (y) [ 2813) (y) - 1]. (11.33) 

Ha <JeTbrpexrreTJieBOM ypoBHe cpyHK~Rli (11.14), cooTBeTCTBYIO~Re 
rrepTyp6aTliBHOM 'IeTbipexrreTJieBOM 6ery~eii: KOHCTaHTe CBH3H (3.43), RMe
IOT. Bli,II;: 
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A.~!!(a) = (u2: tr2)4 {4y(y2- tr2) [8~4)(y) + 8~4)(y) + 8i4l(y)] + 

+[4tr~y2- (y2 -tr2)2H8~4)(y)~ 8d4)(y) + ~~4)(y)J} (11.34) 

.'A<4l.(a) = 1 · {[(y2 _ 1r2)2 _ 4~2Y2] [8 <4l(y) + 8(4)(~) ~ 8 <4)(y)] + 
. Re ( .,2 I -2\4 • • 3 5 · 7. 

+4tr2y(y2 - 1r2) [8~4l(y) + 8d~)(y) + 8~4i(y)J} (11.35) 

r.n;e 

8f4l(y) = ~ ln(y2 + 7r2), (11.36) 

(4) 1 1 (Y) 82 (y) = - - - arctan - , 
2 7r 7r 

(11.37) 

, s~4)(y) = Biy{8f4)(y)[8f4l.cy) -1] -7r2[8~4)(y)r +~? -1}-

~si;-28~4l(y)[28f4l(y)-1], · ~ (11.38) 

8~4)(y) = Bi{8f4)(y)[8f4'(y) -1] -7r2[8~4)(~)r + 

{4) ( ) [ (4) ( ) ] . B2 } + y 82 y 281 y - 1 + Bt - 1 , 

8~4)(y) = Bf{8f4l(y) [3tr2(8~4l(y)y- ( 8f4l(y)r] + 

+ ~ [ ( 8f4l(y) r- 7r2 ( 8~4)(y) r] + 

{4) .. ( B2) '1 (B3 )} .. + 81 (y) 2-3 Bt + 2 Bf- 1 ' 

8d4)(y) = Bf8~4)(y){tr2[8~4)(y)r- 3[8f4l(y)r +: 

(4)( ) B2 -} + 581 y - 3 Bt + 2 , 

(II.39) 

(II.40) 

(II.41) 
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Si4)(y) = y(y2- 311"2) + BI [211"2y8~4)(y)- (y2 -1r2)8~4)(y)], (II.42) 

S~4)(y) = 3y2 -71"2- BI [(y2 -1r2)8~4)(y) + 2y8~4)(y)]. (II.43) 

B BhiCIIIHx neTJieBbiX npH6JIII)KeHH.HX BbiqHcJieHHe 3QJQJeKTHBHhiX 

QJJHKIJ;Hii: HeCTeneHHOrO pa3JIO)KeHII.H (II.6), (Il.8), (IJ.10), (Il.12) MO)KeT 

6biTb BbiiTOJIHeHO TOJibKO C IICITOJib30BaHHeM qliCJieHHbiX MeTO,lJ;OB. fipH 

3TOM BbiiiieynOM.HHJTbie ypaBHeHH.H y,n;o6HO npe,n;cTaBHTb B CJie.n;yroru;eM 

BH,n;e: 

0 I I I 

AsL(Q2) = J r(x)ei x dx + j f2v(Y) dy + J r(x) dx, (II.44) 
· ei/x + z 1 + ze-v ·1 + ze-I/x 

-I -I 0 

r.n;e z = Q2jA2, 

f2v(Y) = f2(o")L=A2eY' f2x(x) = f2y(Y)'y=I/x 1 r(x) = f2x~); (II.45) 
X 

JI ( -1, lnlw) + J2( -1, 1) + JI(O, 1), lnw < -1, 

ATL(s) = { J2(ln w, 1) + JI(O, 1), -1::; lnw < 1, (II.46) 

JI ( 0, lnlw). 1 ::; ln w, 

r.n;e w = sjA2, 

x2 

JI(xi,x2) = j r(x)dx, 
Y2 

J2(YI, Y2) = J f2v(Y) dy; (II.47) 
Xt Yt 

AsL(Q2, m2) = 

z: X [ly (-1, ln\)+12( -1, 1)+13(0, 1)], lnx < -1, 

_z_ [I2(1n x, 1) + Ia(O, 1)], -1 ::; ln X < 1, 
z+x 

_z_ ! 3 (o, -
1

1 
) , 1 ::; lnx, 

z+x nx 
(II.48) 
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PH:cyHoK II.2. 9¢¢eKTITBHhre 'leThrpexireTJieBhre (PYHKr~rrrr pa3JIO)KeHrrSI j-ro rropSI)l;Ka 

B 6e3MaccoBoM rrpe)l;e.Tie A~2.i(Q2 ) (II.6) rr A~lL(s) (II.8): j = 1 (nerrpepbiBI~hre Jirr

Iirru), j = 2 (To'le'IHhie JllfHlllf, Macnna6Hb!H <fJaKTOp X 10), j = 3 (nyHKTIIpiible Jill· 

HHJl:,' Macnna6HhiH ¢aKTop xl02) 11 j = 4 (nnprrxrryuKTIIpHhre Jinurru, Macnna6Hhrti 

¢aKTop x103). 3ua'IeHI!H rrapaMeTpoB: n1 = 3, A= 350M3B 

r,Ae X= m2jA2, 

(II.49) 

:' .. x2 . . J elfx- x' 
!y(x1,x2)·= · r(x) 11 dx, 

e x + z 
Xt 

JY2 eY- X 
I2(YI, Y2) = · f2v(Y) eY + z dy, (II.50) 

Yt 

x2 

J 1- xe-1/x 
Ia(xl, x2) = r(x) 

11 
dx; 

1 + ze- x 
(II. 51) 

Xt 

ATL(s,m
2

) = e(I- ~2

)ATL(s). (II.52) 

IIo.n;po6Hoe H3JIO)KeHHe TeXHII'IeCKHX BonpocoB, CB.H3aHHhiX c qHcJieHHhiM 

IIHTerpiipOBaHIIeM ypaBHeHIIii: (Il.6), (1!.8), (II.10), (Il.12), npiiBe,n;eHO B 

pa6oTax [196, 197]. 
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102 llpiiJIO)KeHIIe II. I1epTyp6aTIIBHa.a cneKTpaJibHa.H <PYHKU.IIa 

Ac;/.)s,ni)·l ct•> 1.0 

'=3 j=2 J •• 
- - - ~.:.::.:><··· i 

·.-·.::······ ' : 0.5 . ,: 

112 a· v' s , e. • 

1.0 0.5 
\ 

' . ' . ]=4\ ! -0.5 
• I ' . • I ' . .. 

'i -1.0 

A~~1(q,nf)·lff
1> 

j=3 

.~-,-~-~-~J~~,=·=·=· 

··"~ -~ J=l .• -·--· ....... .,.·""" 
j~· 0·5 Q, Gev1.0 

PHCYIIOK II.3. 8<P<PeKTHBIIhie 'ICThipexneTJieBhie <l>ynKU:IUI pa3JIO)KCHJUI j-ro nopH,ll.Ka 

A~?.i(Q2,m2 ) (11.10) n A~~~.i(s,m2 ) (II.l2): j = 1 (HerrpephiBHhie JIMHnu), j = 2 (TO

'IC'IHhie JIHHMH1 MaCIIITa6HhiH <l>aKTOp X 10), j ::;= 3 (rryHKTllpHb!C JlllHlll11 MaCIIITa6HbiH 

<l>aKTOp X 102) ll j = 4 (nrrpHXIIYIIKTHpllbiC JII1Jilll11 MaClliTa611hiH <l>aKTOp X 103). 3na'IC:. 

HHH rrapaMeTpon: n1 = 3, 1\ = 350 M3B, m = 270 M3B 

B KaqecTBe npiiMepa rpa<I>IIKII "6e3MaccoBhix" (eM. ypaBHeHifH (II.6) 

II (11.8)) II "MaCCIIBHbiX" (eM. ypaBHeHIIH (11.10) II (II.12)) a<P<PeKTIIB
HbiX qeTbipexneTJieBhiX ( f = 4) . <I>JHKIJ,IIH pa3JIO)KeHIUI j-ro nopa)J,Ka 

(1 ~ j ~ £) npe)I,CTaBJieHhl Ha piiCJHKaX 11.2 II 11.3 COOTBeTCTBeHHO. 
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11 ceMecTp, JieKu;nn (34 qaca) n ceMnuaphr (34 qaca) 

AHHOTau;n:.H 

Kypc JieKu;nil: rrocmnu;eu cucTeMaTu<JecKoMy H3JIO:tKeuuro coBpeMeuuoil: 
Teopun CIIJihHbiX.B3aiiMO,n;eil:cTBIIil:,- KBaHTOBOii xpoMo,n;uuaMHKIL B rrep
Boii '!aCTll Kypca H3JIO:tKeHbi OCHOBbi KBaHTOBOH · XpOMO,li;HHaMHKH KaK 
KBaHTOBoil: uea6eJieBoil: Teopuu IIOJIH. BTopaH qacTh Kypca rrociimu;eua Te
opeTu<JeCKOMY orrucaHIIIO rrpou;eccoB CIIJibHoro B3auMo,n;eil:CTBIIH rrpu 6oJib
IIIux ::mepriiH~ B paMKax T~opuii B03Myru;e~mii .. B, TpeT~eft .'IaCTII . K;p~a 
paCCMaTpiiBaiOTCH HerrepTyp6aTIIBHbie MeTO,lJ;bi OIIIICaHIIH a,n;pOHHOH ,lJ;IIHa-. . '. ,. . ' 

MIIKII B 06JiaCTII MaJibiX ::mepriiH. 

JleKu;n:.H 1. Bae.n;eHn:e ( qacTh 'I). 
ITpe,n;rrochiJIKII K co3,n;auuro KBaHTOBOii xpoMO)l;IIHaMIIKII. KBapKII u 
rJIIOOHhi. Hea6eJieBhi KaJiu6poBO'IHbre rroJIH. JloKaJibHaH. KaJiu6po
BO'!HaH IIHBapuaHTHOCTb TeOpiiii. JlarpaH:tKIIaH KBaHTOBOH XpOMO,ll;ll
HaMIIKll. KoBapuaHTHbie II aKCIIaJihHhre KaJIII6poBKII. 

JleKIJ;H.H 2. Bae.n;eHn:e (qacTh II). 
Oco6euuocTH KBaHTOBaHIIH KaJIII6poBO'IHhiX Teopuii. IT pe,n;cTaBJieuue 
B3aiiMo,n;eiicTBIIH II MaTpiiu;a pacceHHIIH. 06ru;IIe cBoiicTBa S-MaTpii
D;bi. TeopeMbi BIIKa. ITpaBHJia <Peil:HMaHa ,n;JIH KBaHTOBOil: xpoMO,D;II-
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JleKIJ;IUI 3. Pacxo,n;HMOCTILB KBaHTOBoii TeopHH IIOJUI 11 MeTO,ll;hi 

HX ycTpaHeHJUI. 

TexHHKa Bbi'1HCJienna rreTJieBbiX rrorrpaBOK. MeTO,[I;bi perynapn3a

IJ;HH HMIIYJibCHbiX HHTerpan?B. CxeMbi BbiqnTanna pacxo,n;nMOCTett. 

KonTpqneHhi n rrepenopMnpoBKH. IIpeo6pa3oBanna ,JJ,attcona. Ilpn

qnnhi paCXO,[I;HMOCTefi B JIOKaJibHOfi KBaHTOBOfi TeOpHH IIOJI.H. 

JleKIJ;IUI 4. MeTo,n; peHopMaJIH3aiJ;HOHHoii rpyrrrrhi B KBaHTOBoii 

xpoMO,ll;HHaMHKe ( qacTh I). 
IIepenopMnpoBKa B rnroo,n;nnaMHKe. MeTo,n; penopMaJIH3aiJ;HOHHOfi 

rpyrrrrbi. I1nBapnaHTHbi'ii 3apa,n; KBaHTOBofi xpoMo,n;nnaMHKH. YpaB

nenna peHOpMaJIH3aiJ;HOHHOfi rpyiiiibl B cPYHKIJ;HOHaJibHOfi H ,[I;HcPcPe:; . 
peHIJ;HaJibHOfi cPOpMe. 

JleKu;Ha 5. MeTo,n; peHopMaJIH3aiJ;HOHHOii rpyrrrrhi B KBaHTonoii 

xpoMO,ll;HHaMHKe ( qacTh II). .1 

PenopMrpyrrrroBaa. ,6-ci>YHKIJ;H.H B paMKax Teopnn B03MyiiJ;enntt. Bbi-; 

qncJieHHe ,6-cPJHKIJ;HH KBaHTOBOfi XpOMO,[J;HHaMHKH B O,[I;HOIIeTJieBOM 

IIpH6JIH:tKeHHH. 

JleKu;Ha 6. HHnapHaHTHhiii 3apa.n; 11 acHMrrToT:iiqecKaa cno6o.n;a a 
KBaHTOBOH XpOMO)J,HHaMHKe. . . : 

Berylil;aa KOHCTaHTa CB.H3H "CHJibHOro B3aHMO,n;efiCTBH.H as( Q~) Ha o,n;

HOIIeTJieBOM ypoBne. MacniTa6nbifi rrapaMeTp Aqco· I1nBapnaHTHbifi 

3apa,n; as ( Q2) B BbiCIIIHX rreTJieBbiX rrpn6JIH:>Kennax. I13BJieqenne 6e

ryiiJ;efi KOHCTaHTbi CB.H3H KBaHTOBOfi XpOMO,[I;HHaMHKH H3 3KCIIepnMeH-' 

TaJibHbiX ,n;aHHbiX. IloporOBbie 3cPcPeKTbi. 3aBHCHMOCTb pe3JJibTaTOB 

TeOpHH B03MyiiJ;eHHfi OT CXeMbl BblqHTaHH.H. 

JleKu;Ha 7. IIapTOHHaa Mo,n;eJih (qacTh I). , 
KnneMaTHKa rrpoiJ;eccoB nerrTon-a,n;ponnoro pacceanna. Ceqenna 

yrrpyroro pacceanna 3JieKTpona na ToqeqnoM n peanbHOM rrpoTone., 

fny6oKoneyrrpyroe pacceanne nerrTOHOB na nyKnonax. CTpyKTYPHbie 

cPJHKIJ;HH, 6bepKeHOBCKHfi CKefiJIHHr. )J,HcPcPepeHIJ;HaJibHOe ceqeHHe 

rny6oKoneyrrpyroro 3JieKTpon-rrpoTonnoro pacceanna. 9KcrrepnMeH

TaJibHbie ,n;aHHbie. 

flporpaMMa Kypca JieKIJ;Hfi "KBaHTOBa.H XpOMO,[I;HHaMHKa" .123 

JleKIJ;HH 8. IIapTOHHaH MO)J,eJih ,(qacTh H). 
IIapTOHHbie cPYHKIJ;HH. pacrrpe,n;enenna, cPYHKIJ;HH . • cl>pan.mnTaiJ;nH, 

crroco6hi. nx napa::MeTPH3aiJ;HH. OrrepaTopnoe pa3JIO:tKenne n MOMeHTbi 

CTPYKTYPHbiX cPYHKIJ;Hfi. YpaBnenne penopManH3aiJ;HOHHOfi rpyrrrrhi 

,n;na MOMeHTOB cTpyKTYPHbiX Q>ynKIJ;Hfi H ero peiiienne B paMKax Teo

pnn B03MyiiJ;eHHfi. · 

JleKIJ;HH 9. 9JieKTpOH-1103HTpOHHaH aHHHrHJIHIJ;HH B a,n;pOHhl. 

KnneMaTnKa Ii ce<ieime rrpoiJ;ec~a e+ e--annnrnJI.HIJ;HH B a,l:J;poH:hi. Oco-

6ennocTn orrncanna rrpoiJ;eccoB ciiJibHoro B3anMo,n;eficTBH.H BO Bpe

Mennrro,n;o61Iott o6JiaCTH. )J,ncrrepCHOHiiOe COOTHOIIIeHHe ,[J;Jl.H a,n;pOH

HOfi cPYHKIJ;HH rronapn3aiJ;HH BaKyyMa II(q2). )J,H:crrepcnoimoe cooT

noiiienne ,n;na cPYHKIJ;HH A,n;nepa. BKna,n; CHJibHOro B3aH1W,n;ettcTBHH 

B II(q2). Bl,Ii:riicnenne R-oTHOIIIenna B paMKax Teopnn B03MyiiJ;enntt, 

7r2-BKJia,n;bi. 9KcrrepnMeHTaJibHbie ,n;aHHbie n nx TeopeTnqecKnfi ana

JIH3. 

JleKIJ;HH 10. :rfHKJII03HBHblll' pacrra,n; T-JieiiTOHa B ':}~pOHbi. 
KnneMaTnKa n IIInpnna a,n;pon":noro pacrra,n;~ -i--,;ienTona. Cnnhn~re rro

npaBKn K a,n;ponnott cPYHKil;iin rronHpH3aiJ;II~I BaKyyMa. CrreiJ;HcPHKa 

OIIHCaHH.H liHKJII03liBHOrO pacrra,n;a T-JieiiTOHa B paMKaX Teopnn B03-

MyiiJ;eHHfi. 9KcrrepnMeHTaJibHbie ,n;aHHbie ~~ HX ~eopeTni:reCKHfi ana

JIH3. 

JleKu;Ha 11. BKJia,n; CHJihHOro B3aHMo,n;eiicTBHH B 3JieKTpocJia6Lie 

rrpou;ecchi ( qacTh I). 
Orrncanne anoManbnoro MarnnTnoro MmrenTa MIOOHa aJ.L = (g-2)/L/2. 

9KcrrepnMeHTaJibHbie ,n;aHHbie n HX TeopeTHqecKnfi anaJIH3. 

JleKu;Ha 12. BKJia,n; CHJihHoro B3aHMo,n;eiicTBHH B 3JieKTpocJia6bie 

rrpou;ecchi ( qacTh II). 
9BOJIIOIJ;H5I 6eryiiJ;efi KOHCTaHTbl CB5!3H 3JieKTpOMarHHTHOrO B3aHMO

,n;efiCTBUH: BblqHCJieHHe ~CYem(Mi.). 9KcrrepnMeHTaJibHbie ,n;aHHbie H 

nx TeopeTnqecKHfi anann3. 
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JleKIJ;lUI 13. KoH<}>aiiHMeHT KBapKon: rroTeHD;HaJihHhie Mo.n;eJIH. '. 

3aKoH KynoHa B crriiHOpHoii 3JI€KTpO)l.IIHaMIIKe. KnapK-aHTIIKBapKo

Bhiii IIOT€HD;IIaJI B IIpii6JimK€HIIII O)l,HOI'JIIOOHHOI'O o6MeHa. 0IIIICaHII€ 

Me30HOB II 6apiiOHOB B paMKax rroTeHIJ;IIaJihHoro IIO)l.XO)l.a. HeKOTO

pbie MO)l,€JIII CTaTIIqeCKOI'O IIOTeHIJ;IIaJia KBapK-aHTIIKBapKOBOrO B3a

IIMO)l,€il:CTBIIH. MeTO)l.hi perynapii3aD;IIII CIIHrynapHhiX <I>yphe-rrpeo-

6pa3oBaHIIii. I1CCJie)l,OBaHII€ KOH¢ail:HMeHTa KBapKOB Ha peiiieTKe. 

JleKIJ;HSI 14. KoH<}>aiiHMeHT KnapKon: Mo.n;eJih MernKon. 

<l>eHOMeHOJIOriiqeCKOe OIIIICaHIIe BaKyyMHOrO COCTOHHIIH.B KBaHTOBOit 

xpoMO)l.IIHaMIIKe. <I>opMyJIIIpOBKa MO)l.eJIII M:eiiiKOB, rpaHIIqHhie ycno

BIIH )l,JIH KBapKOBbiX II l'JIIOOHHhiX IIOJieit. ;lJ:aBJieHII€ BHYTPII M€IIIKa 

II era ycToiilliiBOCTh. Mo)l.eJih "MIT bag": rrpeiiMyiu;eCTBa II. He)l.o

CTaTKII. OcHOBHhie pe3yJihTaThi II o6nacTb rrpiiMeHIIMOCTII MO)l.eJIII 

M€IIIKOB. 

JleKIJ;HSI 15. TorroJiornqecKaSI cTpyKTypa naKyyMa n KBaHTonoii 

XpOMO,ZJ;HHaMHKe. 

EBKJIII)l.OBhi KoH¢IIrypa:u;IIII rroneBhiX ciicTeM. I1H)l.eKc IIoHTpa;mia. 

YpanHeHIIH caMO)l.yaJihHOCTII. I1HcTaHTOHhi B Teopiiii 5IHra-MIInnca 

II HX ¢II3IIqeCKaH IIHTeprrpeTaiJ;IIH. 0)l,HOIIHCTaHTOHHOe peiiieHII€ )l,JIH 

Kanii6ponoqHoii rpyrrrrhi S U ( 2) II ero cnoiicTna. BKna)l. IIHCTaHTOHOB 

B rrpou;ecchi CIIJihHOro B3aiiMO)l,eiicTBIIH. I1ccne)l.oBaHIIe Torronoriiqec

Koii CTpyKTypbl BaKyyMa KBaHTOBOH XpOMO)l,IIHaMIIKII Ha peiiieTKe. 

3a,rr,aqn K Kypcy JieKIJ,Hfi 

KBaHTOBrui xpoMO,LJ;HHaMHKa 

)I.JIH CTy,n.eHTOB 6-rO Kypca 

Ka<j>e,n.pbl <j>yH,n.aMeHTaJibHbiX H npHKJia,ti;Hb!X npo6JieM <j>H3HKH MHKpOMHpa 

MocKOBCKoro <j>H3HKo-TexHnqecKoro HHCTHTyTa 

(Yqe6Ho-HayqHbli1 u;eHTp OIUII1, ,lzy6Ha) 

K.¢.-M.H. A.B. HecTepeHKO 

Jla6oparopnH TeopeTnqecKoil <j>n3HKH HM •. H.H. Boromo6oBa Ol15Ul, ,Izy6Ha 

E-mail: nesterav@theor.jinr.ru 

3aAaYa 1. I10Ka3aTh, .qTO II3 ycJIOBIIH MIIHIIMyMa )l,eil:CTBIIH CIICT€Mbl 

8A = 0 cne)l.yiOT ypa13HeHIIH 9il:nepa-JlarpamKa 

~-a ac -o 
aua(x) Jl. 8[8p.ua(x)] - ' 

(1) 

r)l,e A = I C(x) d4x - )l,eil:CTBIIe, c = C[ua(x), ap.ua(x)] - narpaH

)KIIaH, { Ua(x)} - Ha6op <i>YHKIJ;IIH IIOJIH. 

3aAaYa 2. I10Ka3aTh
1 

qTO B CIIIIHOpHOH3JieKTpO)l,IIHaMIIKe 

1 -( ~ ) LqED = _.:.. Fp.vFp.v + 'lj; iD - m 'lj; 
. 4 

ypaBHeHIIH )l,BII)KeHIIH (1) IlpiiHIIMaiOT BII)l, 

{

ap..pp.v = ef . 

(if5-m)'l/J=0 

(2) 

(3) 

r)l,e Fp.v = 8p.Av- 8vAp., jj = Dp./P., Dp. = ap.- ieAp. II iv = "if'Yv'l/J· 

3aAaYa 3. BhmecTII )l,imaMIIqecKIIe IIHBapiiaHThi )l.JIH cno6o)l,Horo rrona 

)J;IIpaKa. B qacrHOCTII, IIOKa3aTh, qTo TeH30p 3Hepriiii-IIMIIYJibCa Tp.v 
II BeKTOp TOKa j p. IIMeiOT CJie)l.yiOiu;IIii BII)l,: 

Tp.~ = ~ ["if1p.8v'l/J .- 8v"iflp.'l/J ], 

jp. = '1/J/p.'l/J· 

(4) 

(5) 
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3aAa'-la 4. I1oKa3aTh, HTO ypaaHeHIIe ,n;an)KeHna cao6o,n;Horo :meKTpo

MarHIITHoro n;oJI~. B CJiyqae KoaapnaHTHOil: K?JIIIf?poBKII Lgauge ::::: 

(oJLAJL) 2 /(2~) IIMeeT BII,ll; 

o1LFJLv + ~ OvoJLAJL = 0, (6) 

r,n;e ~- KaJIII6pOBO'IHbiil: rrapaMeTp (rrpOII3~0JlbHa51 ,n;eil:CTBIITeJihHa51 

rrocT051HHaa). I1oKa3aTh, 'ITO :B Kcmapm1HTHoil: KaJIII6poaKe rrporrara

Top 3JieKTp6MarHIITHOrO IIOJI51 OIIpe,n;eJI51eTC51 cPOPMYJIOil: 

( ) i [ ( . kJLkv] DJLV k = k2 -gJLV + 1 - ~)1(2 . (7) 

3aAa'-la 5. I1oKa3aTh, 'ITO ypaaHeHiie ,n;an*eHna cao6o,n;Horo 3JieKTpo.:> 

MarHIITHoro IIOJI51 B -cJiyqae akcnaJihHOil: KaJIII6poalm Lgauge = 

(nJLAJL) 2 j(2~) IIMeeT BII,ll; 

!) FJLI> 1 v AJL - 0 u1t - ~ n nJL - , (8) 

r,n;e ~ - KaJIII6pOBO'IHhTii rrapa~1eTp, nJL .- HeKOTOpbiil: IIOCTQ51HHhiil: 

4-BeKTOp pa3MepHOCTII MaCChi (n2 < 0). I1oKa3aTb, 'ITO B aKCIIa,/IbHOil:_ 

KaJin6poaKe rrporiaraTop 3JieKTpciwirHIITHoro IIOJI51 rrpnHnM'aeT< aH:,n;·': 

··) . i [ . ( ' kJLkv 2 kJLnv + kvnJL] 
DJLv(k = k2 -g,Lv + 1- ~) (kn)2n + kn . (9) 

3aAa'-la 6. BhmecTn ypaaHeHna ,ll;BII)KeHna B xpoMo,n;nHaMIIKe 

Lqcu = -~ GaJLvGaJw + _'L1/J; [h~'(DJL)ij- mf5ij]'l/Jj, (10) 
4 t· 

r,n;e i,j =1,2,3, a= 1, .... ,_,8, f o6o3HaqaeT apoMaTKBapKa, 

G~v = oJLA~ --:-ovA~- gf_abcAtA~, (11) 

(DJL)if = · 5ii8JL + i ~(..\a)iiA~, . (12) 

Aa - MaTpiiiJ;hi reJIJI-M~H~a, ta ~ Aa/2 - reHepaTOpbl KaJin6po

BO'IHOil: rpyrrrrhi SU(3), Jta, tb] = ifabctc. IToJiy'IIITh Bhipa*eHII51 ,ll;JI51 

rJIIOOHHOrO rrporraraTopa B KOBapiiaHTHOil: II aKCIIaJihHOil: KaJIII6pOB

KaX. 
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3aAa'-la 7. I1oKa3aTh, 'ITO MaTpnu;a pacceaHII51 MO)KeT 6hiTh rrpe,n;cTaBJie

Ha B BII,ll;e 

8= Texp_[ if Lint(x) d4x], (13) 

r,n;e Lint ( x) co,n;ep*IIT TOJihKO 'IJieHhi B3aiiMo,n;eiicTBII51. 

3aAa'-la 8. B rrpe,n;rroJio)KeHIIII MaJIOCTH KOHCTaHThi CB513II rroKa3aTh, 'ITO 

MaTpnu;a pacceaHIIa (13) MO)KeT 6biTh rrpe,n;cTaaneHa B an,n;e pa,n;a 

TeOpiiii B03MyiiJ;eHIIil: 

S ~ 1 + L ~ J Sn(Xt, ... , Xn) dxt···dXn, 
n;:>:l n. 

(14) 

r,n;e 

Sn(Xt, ... , Xn) =in T[£int(Xt) ... Lint(Xn)] · (15) 

3aAa'-la 9. ,II,na Teopnn CKanapHoro nona c Lint(x) = hcp3(x) BhiiiiiCaTh 

rrepBbie TPII 'IJieHa pa3nmi<eHII51 (n = 1, 2, 3) S-MaTpiiiJ;hi (15) n corroc

TaBIITh Ka)K,ll;OMY II3 HIIX COOTBeTCTBYIOin;IIe ,ll;IIarpaMMbl <l>eil:HMaHa. 
' ! ' ' •• 

3aAa'-la 10. ,Il,JI51 CIIIIHOpHOil: ::meKTpO,lJ;MHaMIIKII (2) BbiiiiiCaTb rrepBhie 

Tpii 'IJieHa pa3JIO)KeHII51 (n = 1, 2, 3) S-MaTpiiiJ;hi (15) II corrocTaBIITh 

Ka)K,ll;OMY II3 HIIX COOTBeTCTBYIOIIJ;IIe ,n;narpaMMhl <l>eil:HMaHa. 
' ~ ; .. • ~ J 

3aAa'-la 11. ,II,na xpoMo,n;nHaMIIKII (10) c yqeToM rroneil: ,n;yxoa £ghost = 

8JLwa(5abOJL - gfabcA~)wb BhiiiiiCaTh rrepBbie Tpii 'IJieHa pa3JIO)KeHII51 

(n = 1, 2, 3) S-MaTpiiiJ;bi (15) II COIIOCTaBIITh Ka)K,ll;OMy II3 HUX COOT-

BeTCTBYIOin;IIe ,n;narpaMMhl <l>eiiHMaHa. . 

3aAa'-la 12. ,II,na Teopuu CKaJI51pHoro nona c Lint(x) ==: hcp4 (x) IIOKa3aTh, 

'ITO MaTpn'IHhie 3JieMeHThi ~pou;ecca pacceaHua " 2 --t 2 " .B rrepam-1 

(Mt, Puc. 1 A) u BTOpoM (M2, Puc. 1 B) rropa,n;Kax Teopun B0311YIIJ;e

Hnil: UMeiOT BH,ll;: 

· ih 5<4>(Pt +P2- kt- k2) 
Mt = (27r)2 4jp~ pg k~ k~ ' 

. .,h .. 
M2 = -Mt (47r)2I(kt + k2), 

(16) 
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··<_.·Pl . ki . / 
·~. . ... ·· 

····· ............ ~. 
.··•·· . ·· ·· .. 

······ ... :r .. ·····3>···... . ·kt· .. /·: 
~.. ..·· ql ··.. ..·· 

~ : \ ~ 
-.··. : ·. .·· 

'•j :./ .... : •.. 
# I • I .. ·· ·... .: ·· ... _,.·· · .. 

•l ::1 

~ .... ···'p2 k2······· ... 
-:1' ••• q2 .... ·~ 

1n1 •• ·····.P2 ········<;········ k ··· ... 
L£J. 2 ••·· ·. 

PncyHoK 1. ITpor(ecc pacceHmm "2--> 2" B nepBoM (A) n BTopoM (B) nopH.n;Kax Teopnn 

B03Myrn;emiif B CKaJIHpliOif TeOpi!H C £int (X) = h<p4 (X) 

r,n;e Po = y'm2 + p2 II 

i J d4p 
I(k) = 71"2 [m2 _ p2J[m2 :.__ (p ~ k)2r (17) 

3,n;ec:b II ,n;a.n:ee B rrporraraTopax cKa.n:HpHoro rroJIH rro.n;pa3yMeBaeTcH, 

"JTO Macca IIMeeT 6eCKOHeqHQ MaJiyiO MHIIMJIO )l;06aBKJ -if. 

' ~ 

3aAa'-la 13. IlOKa3aTh, qTQ B pa3MepHOH peryJIHpii3all,IIII IIHTerpaJI 

I(k) (17) rrpiiHIIMaeT BII)l; 

. d4-2cp 
regl(k) = ;2 f..L2cf[m2-p2J[m2-(p-k)2]~ 

1 

1 _ h [m2
- x(1- x)k2

] . . 
~ -~+'YE-ln(4n)+J ln . f..L2 . dx +O(c-), 

0 

c ---t 0+, (18) 

r,n;e f..L - TQqKa HOpMIIpOBKII (rrpOII3BOJibHbiH IIOJIO)I(IITeJibHhill: rra

paMeTp pa3MepHOCTII MaCChi), "fE ~ 0.577 - IIOCTOHHHaH 9ii:Jiepa. 

YKa3amie: ,n;.im BhiqiicJieHIIH ~MIIYJihCHoro IIHTeq)a.n:a IIcrroJih30BaTh 

a-rrpe,n;cTaBJieHIIe. 
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3aAa'-la 14. IloKa3aTh, qTo B peryJIHpii3au;nii IlayJIII-BIIJIJiapca IIHTerpa.n: 

I ( k) ( 17) rrpiiHIIMaeT BII,n; 

i/4 [ 1 1 ] regl(k) = n2 dp m2-p2-·M2-p2 x 

x [m2- (~- k)2- M2- tp- k)2] 

(M2) .~ [m2-x(1-x)k2] ( 1) ~-In f..L2 +Jln f..L2 dx+O M 2 , 
0 

M 2 
---+ oo, (19) 

r,n;e f..L - TQqKa HOpMIIpOBKII. 

3aAa'-la 15. IlOKa3aTb, qTQ B ¢eii:HMaHOBCKOH peryJIHpii3all,IIII ("rrJiaBHOe 

o6pe3aHIIe") IIHTerpa.n: I ( k) ( 17) rrpiiHIIMaeT BII,n; 

i J A
2 

d
4
p reg/ k = - ~ ( ) n2 A2 _ p2 [m2 _ p2J[m2 _ (p _ k)2] 

: (A2) _}, [m
2
-x(1-i)k

2
] ( 1) ~-ln f..L2 +} ln f..L2 dx+1+0 AZ , 

0 

A2 ---+ oo, (20) 

r,n;e f..L - TQqKa HOpMIIpOBKII. 

3aAaYa 16. BbiqiiCJIIITh IIHTerpa.n: I(k) (17) B aHaJIIITIIqecKoll: peryJIHpii-

3an,IIII 

i J d
4
p 

regl(k) = n2 (m2- p2]1+a_[m2- (p- k)2p+a' a ---+ 0+. (21) 

3aAa'-la 17. IlOKa3aTb, qTQ B rJIIOO)l;IIHaMIIKe ( T.e., B OTCJTCTBIIe KBapKO

BhiX IIOJieil:) 

1( . 2 
.Cgl = -- aJ.IAv - avAJ.I - g[AJ.I, Av]) 

. .4 ' . . , .. '· .(2~) 
BhlqiiCJieHIIe O)l;HOIIeTJieBbiX IIOrrpaBOK. K rJIIOOHHOMJ IIporraraTopy II 

BepiiiiiHaM TpexrJIIOOHHoro II qeTbipexrJIIOOHHoro B3aiiMo.n;eil:CTBIIH 

rrpiiBO,ll;IIT K cJie.n;yrolll,IIM KOHTpqJieHaM B LgF 

.C~~) = -l{ (z2 - 1)(8J.IAv- 8vAJ.I)2
-

-2g(zl-1)(8J.1Av.- OvAJ.I)[AJ.I,Av] + (z~z21 -1)g2 [AJ.I,Avf}, (23) 
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r.n.e 

Zl = 1 + ~ ln -2 ' 
2 (M2) 

1271" J.L 

5g2 ·(M2) z2=1+--ln - . 
2471"2 J.L2 

(24) 

Y Ka3aHIIe: IICIIOJih30BaTh peryJIHpii3ai.J,IIIO ITayJIII-BIIJIJiapca. 

3aAaYa 18. lloKa3aTh, qTo o6m.ee perneHIIe CIICTeMhi .IJ.II¢¢epeHI.J,IIaJih

HhiX ypaBHeHIIH peHOpMaJIII3ai.J,UOHHOH rpyrriibl 

[ 
a a·· J Blnx- f3(g) ag- 'lj;2(g) D(xx,g) = 0, (25) 

[81~ x- f3(g) :g - '!f;3(g) J r3(xx1, xx2, xx3, g) = o, (26) 

[m~ x- f3(g) :;] g(x,g) = o (27) 

MO:m:eT 6biTb rrpe,n.cTaBJieHO B BII,!J.e 

r.(xX;,g) = r.(X;,§)exp{ I .Pn[!i(x',g)] d;' }· (28) 

r.n.e 
. [3(g).= ag(t,g).i 

· at · 
t=l 

(29) 

3aAaYa 19. BhiiiiiCaTh MaTpnqHbiH 3JieMeHT, cooTBeTCTBYIOII1.IIH ,n.IIa

rpaMMe, rrpe,n.cTaBJieHHOit Ha PIIc. 2 A, II IIOKa3aTh, qTo 

rr~1J(k2 ) = i (:7rY ~ n1 (g11vk
2

- k11 kv) [~ -ln (~:) + const], (30) 

r.n.e .nf - qncJio aKTIIBHhiX apoMaTOB. YKa3aHIIe: ncrroJib30BaTb 

¢eitHMaHOBCKYIO rrapaMeTpii3ai.J,IIIO, pa3MepHyiO peryJIHpn3ai.J,IIIO 1I 

cqnTaTb BCe KBapKU 6e3MaCCOBbiMII. 

3aAaYa 20. BbmncaTh MaTpiiqHbiH 3JieMeHT, cooTBeTCTByiOm.nit .n.na

q)aMMe, i:rpe,n.cTaBJieHHoii Ha PIIc. 2 B, II rroK<i.3aTh, ..JTo 

( 
g )• 2 Nc . · · [1 · (k2

) ] 
II~2J(k2 ) = i 

4
71" l2 ( -19g11vk

2 + 22k11kv) € -ln J.L2 + const , 

{31) 
r.n.e Nc = 3- qncJio I.J,BeTOB. YKa3aHne: ncrrOJih30BaTb Bbipa:m:eHIIe 

,!J.JIH rJIIO.OHHOrO rrporraraTopa B KOBaJmaHTHOH KaJin6pOBKe. 
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k+q 

k+q 

[KJ .[ID c,p 

k+q Q k . k 

rmoo oom' 

_')>-, 

/ ' k' I \ 

, 0 cto 0 0 ' t...,o""'o.....xct~o~o"' 

k 

a,Jl , q / b,v 
-~- [ID a,JL b,v [QJ 

k 

~ [I] 

k+q 

~ 
@] k q 1.:. 

PucynoK 2. O,n;norreTJJCBbiC rrorrpanKII• K rJJIOOIIIIOMY IIJ>Omu·aTopy (A D), " nepnlllllC 

KBapK-rJJIOOHHoro B3aiiMO,ll;eiicTBHH (E, F) n K KBapKoBoMy nponamTopy (G) 

3aAaYa 21. BhmiicaTh MaTpnqHhiii 3JieMeHT, cooTBeTcTBYIOm.Iiit .U:H:a
rpaMMe, npe.n.cm:BJI~HHoit Ha Puc. 2 C, ll: rroKa3aTh; <iTo 

(3) 2 ·( g.)2
Nc (. 2 )[1 (k2

) ] ( ) II
11
v (k ) = z - - -g1wk - 2k1,kv - -ln 2 + const . 32 

471" . 12 . c J.L 
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3aAa'-la 22. BhmiicaTh MaTpii'lHhi:lt 3JieMeHT, cooTBeTCTBYIOin;II:lt ,n;IIa

rpaMMe, rrpe,n;cTaBJiennoii na PIIc. 2 D, II IIOK8.3aTh, 'ITO B KOBapii

aHTHoii KaJIII6pOBKe II1~{k2) = 0. 

3aAa'-la 23. BhiiiiiCaTh MaTpii'lHhie 3JieMeHThi, cooTBeTCTBYIOin;IIe ,n;IIa

rpaMMaM, iipe,n;cTaBJieHHhiM na PIIc. 2 E II PIIc. 2 F, II IIOK8.3aTh, 'ITO 

B IIpii6JIII:m:eHIIII 6e3MaCCOBbiX KBapKOB IIX COBOKYIIHbiH BKJia,LI; B Bep

lliiiHHYID cPYHKIJ;IIIO IIMeeT BII,II; 

r~{k2) = 9/~~i (J7rY (Nc- ~) U -In(~:)+ canst]. {33) 

YK8.3aHIIe: Bhi6paTb IIMIIYJihChi, yKa3aHHhie na piicynKe. 

3aAa'-la 24. BhiiiiiCaTb MaTpii'lHhiii 3JieMeHT, cooTBeTCTBYIOin;IIii ,n;IIa

rpaMMe, rrpe,n;cTaBJieHHoii na PIIc. 2 G, II rroK8.3aTh, 'ITO B rrpii6JIII

:m:eHIIII 6e3MaCCOBbiX KBapKOB 

~(k2) = ik (J7r Y ~ [~ -In (~:) + const]. {34) 

3aAa'-la 25. B paMKax Teopiiii B03My~n;eHIIti IIOK8.3aTh, 'ITO rrepenopMIIpo

sannaa KOHCTaHTa CBH3II CIIJibHOrO B3aiiMO,IJ;efiCTBIIH B O,IJ;HOIIeTJieBOM 

IIpii6JIII)KeHIIII IIMeeT BII,II; 

g = g [ 1 + (J7r Y ~0 In(~:)], {35) 

r,n;e fJo = ll{Nc/3) - 2(nJf3). IlOK8.3aTb, 'ITO COOTBeTCTBYIOin;aH 

fJ-cPYHKIJ;IIH {29) IIpiiHIIMaeT BII,II; 

{J(g) = -g (J7rY fJo. {36) 

3aAa'-la 26. IloK8.3aTh, 'ITO rrepTyp6aTIIBHoe pemeniie ypaBHe,HII» penop-

MaJIII3an;IIOHHO:lt rpyrrrrhi {27) ,n;JI» IIHBapll:anTHoro 3apa,n;a KX,LJ; ' 

dina~£)(~2) =- l-1 {3· [a~l)(~2)li+1 
d In~2 ~ 3 41r· 

J=O 

{37) 
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B O,II;HOIIeTJieBOM IIpii6JIII)KeHIIII ( /! = 1) IIMeeT BII,II; 

47r 1 (1)(Q2) =--I-, as (3
0 

nz 
Q2 

z= A2' 
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{38) 

r,n;e a 8 (Q2
) = g2 (Q2)/(47r). HaiiT~ 3aBIICIIl\IOCTh Macmm6noro rrapa

MeTpa A OT TO'lKII nopMIIpOBKH Qij II OT 3Ha'leHII» a~l)(Qij). YK8.3a

HIIe: p8.3,n;eJIIITb rrepeMeHHhie B ypaBHeHIIII {37) H IIpOIIHTerpiipOBaTb 
pe3yJihTaT B KOHe'lHhiX rrpe,n;eJiax. 

3aAa'-la 27. IloKa3aTh, 'ITO pemen11e ypaBneniia penopMaJIII3an;IIonnoii 

rpyrrrrhi ,n;Jia IIHBapiiaHTHoro 3apa,n;a KX,ll; {37) B ,n;ByxrreTJieBoM rrpii
"+1 6JIII:m:eHIIII ( £ = 2) IIl\H~eT BII,n; { B j = {Jj / f36 ) 

a~2)(Q2) =- 47r 1 1 , {39) 
fJo B1l + W-1 { -exp(-(1 + B!1Inz)J} 

r,n;e W -1 (X) 0603HaqaeT COOTBeTCTBYIOIIJ;YIO BeTBb W -cPYHKIJ;IIII JlaM-

6epTa, KOTopaa orrpe,n;eJiaeTca ypasneniieM Wk(x) exp[Wk(x)] = x. 
HaitTII 3aBIICIIMOCTh MacmTa6noro rrapaMeTpa A oT TO'lKH nopMIIpoB

KII Qij II OT 3Ha'leHIIH a~2)(Qij). IlOK8.3aTb, 'ITO B rrpe,n;eJie Q2 ~ 00 

6ery~n;aa KOHCTaHTa CBH3II (39) MO:m:eT 6biTb rrpe,n;CTaBJieHa B BII,IJ;e 

a~2)(Q2) ~ ~7r [-Il _ B1 In(I~z)]. (40) 
tJO nz In z, 

3aAa'-la 28. IloK8.3aTh, 'ITO B rrpe,n;eJie Q2 ~ oo IITepaTIIBHoe pemen11e 

ypaBHeHIIH peHOpMaJIII3aiJ;IIOHHOH rpyiTIIbl ,IJ;JIH IIHBapiiaHTHO,ro 3apa

,n;a KX,LJ; (37) B TpexrreTJieBOM rrpii6JIII:m:eH'IIII (/! = 3) IIMeeT BII,n; 
' . 

a~3) ( Q2) ~ 47r { _1 __ B
1 

In(In z) + 
fJo In z In2 z 

+ In~z [ B/(In
2
(1nz) -ln(lnz)- 1) + B2l} (41) 

3aAa'-la 29. BbiiiiiCaTh MaTpii'lHhiii 3JieMeHT, cooTBeTCTsyro~n;nii rrpon;ec

cy yrrpyroro paCCeHHIIH 3JieKTpOHa Ha ,TO'le'lHOI10,IJ;06HOM IIpOTOHe 

(Pnc. 3 A), n rrOK8.3aTh, 'ITO on Mo:m:eT 6biTh rrpe,n;cTaBJien B BII,n;e 
4 .· . 

1Mirl2 
= ~4 L~v(k, k', m)L~v(P, P', M), (42) 
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~ llil .. 

PucyuoK :3. Oporl<~ccbr yupyroro (A) 11 r·:ryfiorwrwyupyrom (I3) JJCJITOII·HYKJJOHHom pae
CPHJJJHJ 

r,n;e Q2 = -q
2 = - ( k - k')2 > 0 - KBa,n;paT nepe,n;auuoro IIM

rrym,ca ( ITpOCTpaHCTI3CIIHOITO,ll;06Ha.H 06JiaCTh), m - MaCCa 3JieKTpO

Ha, M - Macca npoToua 11 

L1,v(k, k', m) = 2 [ k1,k~ + kvk;,- g1.v(kk'- m 2) J. (43) 

3aAaYa 30. I1oKa3aTh, 'ITO ,n;Iicpcpepenu;IIaJibHoe ceqeuJie ynpyr,oro Jien

Ton-npoTonuoro pacceHIIIIH (Puc. 3 A) IIMeeT BII.LJ: 

da = 27ra~m [ 2 M 2y] 47ra~m 
dQ2 Q4 1 + (1- Y) - kP ~ Q4 npii y ~ 0, (44) 

ll r,n;e aem = e2 /(47r) II y = (qP)/(kP). 

3aAaYa 31. llcxo,n;H II3 ycJIOBIIii: Jiopeuu;-IIunapiiaHTnocTu, 3pMIITOBOCTII, 

'lCTHOCTII II KaJIII6pOBO'IHOH IIHBapnaHTHOCTII Teii30pa VV,,v, OITHChiBa

IOll~ero npOTOHHYIO nepumuy npou;ecca rJiy6oKoueyrrpyroro JierrTon

nyKJionnor·o pacccmiusr (Puc. 3 B), riOKa3aTh, 'ITO TCn3op VV,w MmKeT 
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6biTh npe,n;cTaBJieH B BII,ll;e 

W"v(P, q) = -Wr(P, q~ (9,.v- q~;v) + 

W2(P,q) ( Pq )( Pq ) + M) ~~ - -;j2q'"' Pv - qFq,, ' (-!5) 

r.n;e Wr(P,q) II W2(P,q)- HeKOTOphre.neru;ecTBeHHhie cr<a.TIHpHbie 

cpyHKIJ;IIII, OITIIChiBaiOIIJ;IIe BHyTpeHHIOIO CTpyKTypy HYKJIOHa. 

3aAaYa 32. I1oKa3aTh, 'ITO B paMKaX napTOHHOH 1\IO,ll;eJIII KBa,n;paT 1\fa.T

pii'IHOrO 3Jiei\IeHTa rJiy6oKoneynpyroro JienTOH-HYKJionnoro pacceH

HIIH (Puc. 3 B) IIMeeT BII,ll; 

2 e
4 

4(kP) [ 2 . v · ( M 2 
2 2)] • IMirl = Q4 -Y- xy W 1 (P,q) + W2(P,q) M 1-y~ Q2x y , 

(46) 
r,n;e x = Q2 /(2Pq) - qacTh HMnyJihca nyKJiona, KOTopyro neceT B3a

IIMo,n;eii:cTBYIOIIJ;Hii: c cpoTOHOM napTOH u v = Pqj A1. 

3aAaYa 33. B paMKax napTonuoii: Mo,n;eJin BhrriecTn cpopMyJiy ,n;JIH ,n;IIcp

cpepeuu;naJihHoro ceqeniiH npou;ecca rJiy6oKoueynpyroro JienTOH

HYKJiouuoro pacceHHIIH (PIIc. 3 B) 

da 
dxdQ2 

47ra2 [y2 Fr(x, Q2) + F2(x,Q2) (1- y- M2 xy)] 
Q4 · X S 

47ra2 F2(x, Q2) 
Q4 X 

npn s ~ oo, (47) 

r,n;e s = ( k + P)2 - KBa,n;paT noJiuoii: 3Hepriin JienTona 11 nyKJIOHa n 

cncTel\le u;cnTpa Mace, a· Fr = Wr u F2 = vW2f M .:._ CTPYKTypnhre 

cpynKIJ;UII HYKJioua. 

3aAaYa 34. IloKa3aTh, 'ITO ceqenne rrpou;ecca 3JieKTpon-no3nTpormoi1 au

unriiJIHIJ;IIII B Jl-+ Jl-- (Puc. 4 A) B 6e31\tacconol\t npe,n;eJie III\IeeT 'nn,n; 

( + - 47r a 2 
a e e ~ Jl-+ Jl--; s) = _ _£!!! 

3 s , (48) 
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e Jt e 

~e+ Pz k2 JL+ [IDe+ 

a 
A 
p 
0 

H 

bl 

PucynoK 4. Ilpor~cecbr :~JICKTpon-no:.niTponnofi ammrnmm,1111 no 9JICKTpocJia6oMy (A) n 

CIIJlhliO~IY (B) Kalla.JiaM 

r,n;e frem = e2 /(47r), S = q2 = (PI + P2)2 > 0 - KBa,n;paT IIOJIHOH 

::meprMII 3JieKTpOHa II II03IITpOHa B CIICTeMe n;eHTpa MaCC (BpeMeHII

IIO)l;06HaH 06JiaCTh). 

3aAa'-la 35. I1oKa3aTh, qTo ceqeniie rrpou;ecca 3JieKTpon-rro3IITponno:l1 an

. niiriiJIHIJ;IIII B a.n;ponhr (PIIc. 4 B) r.IO)I<eT 6hiTh rrpe.n;cTanJJ:eno n nii,n;e 

a2 
a (e+ e- --+ a.n;ponhr s) = 81r2 ---.£!!! L~'v H ) 83 JlVI 

r.n;e 

Lp,v = ~ [ qp,qv --:- 9twq2 - (PI - P2),,(PI - P2)v] 

o6o3naqaeT JierrTOIIIIhiH Ten3op, 

H1w = (27r)4 2:= J(pi + P2- Pr)(OIJp,( -q)lf)(f!Jv(q)IO) 
r 

o6o3naqaeT a.n;ponnhrH Ten3op, 

7!J 

J,, = l:=QJ :i'j"(p,q: 
/=I 

(49) 

(?Q) 

(51) 

(52) 

0603HaqaeT 3JieKTpOMarHIITHbiH TOK rmapKOB, f - KOHeqnoe a,n;pon

IIOe cocTOHHIIe, Q 1 - 3apa.n; KBapKa apoMaTa f B e.n;IIniiu;ax 3apa.n;a 

, II03IITpona. YKa3aniie: ncrrOJih30BaTh 6e3Macconoe rrpii6JimKeHII('. 
(1 

3aAa'-la 36. I1oKa3aTh, qTo a.n;ponnhrH Ten3op Hp,v (51) l\IO)KeT 6LITh 

rrpe,n;cTaBJieH B BII,n;e Hp,v = 2 Im IIp,v, r.n;e 

IIp,v(q2) =i fd4x eiqx(Oi T{ Jp,(x)Jv(O)} IO) = ~(qp,qv-9p,vq2)IT(q2). p 127f 
(53) 
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3aAa'-la 37. BhmecTII ,n;IIcrrepciiOHHoe cooTnoiiieHIIe )l;JIH a.n;ponlioii: <f>ynK

IJ;IIII TIOJIHpii3aiJ;IIII•BaKyyMa.I1(q2) (53) 

/

00 

R(s) 
II(q2) = II(q5) + (q2 ~lfo) (s- q2)(s- qfi' ds, 

4mi 

(54) 

r.n;e m'lr - Macca JJ:erqaii:IIIero a.n;ponnoro cocTOHIIIIH II 

1 · · ·a ( e+ e- --+ a.n;ponLr; s) 
R(s) = -2 . lim [II(s + ic) - II(s- ic-)] = ( + + ) 

1r2 e->0+ ' a e e- --+ f-l f-l-; s 
(55) 

o6o3naqaer TaK na3hiBaeMoe R-oTHOIIIeniie 3JieKTpon-rro3IITponno:l1 

anniiriiJIHIJ;IIH B a.n;ponbr. YKa3aniie: ncnOJih30BaTh IIHTerpaJihHyro 

<f>opMyJiy Koiiiii c BhrqiiTaHIIeM. 

3aAa'-la 38. ,Il;JIH <f>ynKIJ;IIII A,n;JJ:epa 

D(Q2) = 
dii( -Q2) 

dlnQ2 

BhiBeCTli )l;IICIIepCIIOHHOe COOTIIOIIIeHIIe 

2/oo R(s) ds. 
D(Q2) = Q (s + Q2)2 

4mi 

(56) 

(57) 

I10Ka3aTb, qTQ o6paTHOe K (57) IIHTerpa.TibHOe COOTHOIIIeHMe Me)K.n;y 

<l>YHKIJ;IIHMII D( Q2) II R( s) IIMeeT BII)l; 

s-ie 
1 . J . d( 

R(s) = -
2 

. lim D(-() 7 , 
7f2 e->0+ . '> 

s+ie 

(58) 

r,n;e KOHTyp IIHTerpiipOBaHIIH B KOMIIJieKCHO:li (-TIJIOCKOCTII Jie)KIIT B 

06JiaCTII aHa.TIIITIIqHQCTM HO)l;IIHTerpa.TibHOrO Bhipa)KeiiiiH (58). 

3aAa'-la 39. B paMKax Teopiiii B03Myru;enuii: noKa3aTh, qTo <f>ynKIJ;IIH 

A,n;JJ:epa (56) B o.n;noneTJieBOM npii6JIIr)Kenuu nMeeT nu.n; 

D~,(Q2) = N, ~ Q} [1 +;<>J'l(Q'J], (59) 

r.n;e 6eryru;aa KOHCTanm CBH3II a~ I) ( Q2) orrpe.n;eneHa B ypanHennn (38). 
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3aAa'-la 40. C n01101IJ,bl0 HHTerpaJibHOrO COOTHOIIIeHHH (58) nOKa3aTb; 

qTQ cPYHKIJ,HH R(s), cooTBeTCTBJIOIIJ,aH D~~rt(Q2 ) {59), nMeeT nn,u, 

r,u,e 

nl [ ] '(1) 2 1 {1) ' 
Rpert(s) = Nc L Q1 1 + ;aTds) , 

/=1 

{1) 471" [1 1 (ln w)] 
aTL (s) = f3o '2-;: arctan . --:;- , 

s 
W= A2' 

(60) 

(61) 

IloKa3aTh, qTo B YJibTpa¢noJieTonoli acnMnTOTnKe s -+ oo ypanne

nne ( 60) MO)KeT 6hiTb npe,IJ,CTaBJieHO B CJie,IJ,YIOIIJ,el\1 BM,IJ,e 

{1) ( 
Rpert s) ~ N, t Q} [ 1 + ;aPI(JsiJ- i(! )' [al11(JsiJ]

3 
+ 

+ o{[aP)(Isi)J 5
} l {62) 

3aAa'-la 41. I1CXO,IJ,H M3 9KCnepnMeHTaJibHbiX ,IJ,aHHbiX KOJIJia6opaiJ,Mll 

CLEO, R(s0 ) = 3.56 ± 0.01 (stat.) ± 0.07 (syst.), ylsO = 10.52 f9B 

OIJ,eHJITh 3Haqemre MaCIUTa6noro napatvreTpa A B o,u,noneTJieBOM npn-

6Jin)Kenun. 

3aAa'-la 42. Hall:Tn IIInpnny pacna,u,a T-JienTona no 9JieKTpocJia6oMy Ka

naJiy (Puc. 5 A). 

3aAa'-la 43. B nnKJII03IIBHOI\I pacna.,u,e T-JienTona no cnJihHOMY Kana

JIY 9KCnepnMeHTa.JibHO H31\IepHeMOM BeJIIIqHHOM 51BJI51eTC51 OTJIOilleHIIe 

,u,nyx IIInpnn pacrra,u,a (eM. PIIc. 5 A n Pnc. 5 B) 

f(r- -t arrpoHbC V ) 
Rr = · ·"'"" r '=·R1=0 +R1='+R1=0 +R1='+R ·· (63) r( T- -t e- De Vr) r,V r,V r,A r,A r,s 

B 9TOI\I ypa.BIIeHIIII 

R J=I Nc IV: 12S (" V/A ,, ) r,V/A = 2 i1Ci EW UqcD + UEW , (64) 

r,u,e Nc = 3 - qncJio IJ,BeTOB, 1v;"d = 0.9738 ± 0.0005 - 3JICI\ICIIT 

1\Ia.TpiiiJ,bi Ka6n66o-Ko6aHIIIn-MacKa.Ba, S1.:w = UH94 ±·0.0050 n 
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~ (!!] a A p o H bl 

I ;"J. ··;·, •I" :., 

:;: . ,, < 

PncyuoK 5. Ilpoll,CCCbi pacna,LI.a, 7-JICITToua no 3JieKTpocJia6oMy (A) H CHJib!IOMY (B) 
Kaua.naM 

. O~w = 0.0010 - sireKTpocJia6bie rronpanKn. B 6e3MacconoM npe,u,eJie 

neJinqnna ~~~~ npnnnMaeT m;,u, 

M2 

~Qco = 2jT1(~2 )R(s) :;2 , f(x) = (1- x)2 (1 + 2x), (65) 
T T 

0 

r,u,e Mr = 1.777rsB ~ Macca T-JienTona n 

R(s) = ~ liiii [~~s + ic)- TI(s- ic)] = ! Im lim II(s + ic). (66) 
27l"Z c-->0+ 7r c-->0+ . ' ' 

IloKa3aTb, qTo ypasnenne (6?) MO)KeT 6biTh rrpe,u,cTaBJieno n nn,u,e 

''• ":i l-~·: u :~. 1r': 

''·'' l~·6c'o' ~ 2;jn(M; ei11
)( 1 + 2ei0 - 2ei311 ~ ei411 )de. (67) 

-"Tr 

3aAa'-la 44~ :B paMKaX~,TeOpMII B03MJIIJ,eHMM llOKa3aTb, qTO B O,U,HOITeTJie

B0!\1 rrpn6Jin)KeHim neJinqnna ~Qco (67) MO)KeT 6brrh upe,u,cTaBJiena 

B BM,IJ,e '' . 

<' ;;.,, ·· •. ;:•;;: '~~ert ~T'+ ~ a~1)(M;) + o{[d~1l(M;)fl '· (68) 
! I ' I '.•'• o>~:q .:._.1>::: ,', ~l: •: < ·: f>~; !• :!· .. >1 ,:":· • < 

3aAa'-la 45. I1CXO,IJ,51 M3 SKCnepnMeHTaJibllblX ,D.aiiiibiX KOJIJia6opaiJ,IIII 

ALEPH, Rr,v = 1.787±0.011±0.007 OIJ,eiiiiTb 3ua~Ienne MUCIIITa6noro 

• · . rrapaMeTpa An' o,u,norrer,rtenoM npn6JIII)KClllm. · 
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PucyHOK 6. BKJia.D; CHJibHOl'O B3aHMO)l.e.l1CTBml B aHOMaJibHbi.ll MarHHTHbi.ll MOMeHT MIOOHa 

3aAa'-ta 46. liOK83aTb1 'ITO B JIII)J;IIpyrow;eM IIOpH)J;Ke TeOpiiii B03MyUJ;eHIIfi 

BKJia,n; CIIJibHOrO B3aiiMO,D;eil:CTBIIH B aHOMaJibHblfi MarHIITHbifi MOMeHT 

MIOOHa af..l = (g- 2)1-'/2 (Puc. 6) IIMeeT BII)J; 

00 

aHLo = a~m J K(8)R(8) d8, 
J..l 37r2 8 (69) 

4m~ 

r,D;e R(8) orrpe)J;eJieHo a (55), 

/

1 x2(1- x) . dx, 
K(8) = x2 + (1- x)s/m~ 

0 

(70) 

a mf..l ~ 105.7 MsB - Macca MIOOHa. 

3aAa'-ta 47. 3Ha'IeHIIe 6eryw;efi KOHCTaHTbl CBH3II 3JieKTpOMarHIITHOrO 

B3aiiMO)l;eilcTBIIH Ha MacmTa6e 3Heprnn q2 orrpe)J;eJIHeTCH Bbrpa)KeHn

eM 

!f 

ao 
aem(q

2
) = 1- ~aem(q2)' ~aem(q2) = ;; [II{O) -II(q2)], (71) 

r,D;e II(q
2

) o6o3Ha'IaeT <I>YHK~nro noJiapn3a~nn BaKyyMa. B ypanHe

HIIII {71) JierrTOHHbifi BKJia,n;, a)J;pOHHbifi BKJia,n;, o6yCJIOBJieHHbiH nep

BblMII IIHTbiO KBapKaMII1 II BKJia,n;, 06yCJIOBJieHHbiil: t-KBapKOM, Y'III-
T,... '• 

TbiBaiOTCH OT)J;eJlbH01 a IIMeHHO " .. 

~aem(q2) = ~alep(q2) + ~a~d(q2)·+~aiop(q2), , (72) 
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· liOK83aTb, 'ITO Ha MacmTa6e MaCChi Z~6o3oHa 
00 

b.a~~d(M1) = _ ~o M2 j R(8) d8 
. 37r z s - M2 8 ' 

4 2 z 
m .. 

(73) 

r,D;e ao ~ 1/137.036, Mz ~ 91.188 rsB, a IIHTerpHpOBaHne B ypan

HeHIIII {73) noHnMaeTca n c:Ml,rcJie rmin'lro'ro 3Ha'IeHna. YKa3aHHe: 

IICIIOJib30BaTh )J;IICrrepCIIOHHOe COOTHOilleHIIe )J;JIH a,D;pOHHOfi <f>yHK~IIII 
~O~HpH3a~IIII BaKyyMaiJ(q

2
) (54)'c Bhi'IIITaHII~M B TQqKe q5 = (t' . .. - " 

3aAa'-ta 48. liOK83aTh, 'ITO B JIH)J;IIpyrow;eM IIOpH)J;Ke TeOpiiii B03Myw;eHIIH 

aMrrJIIITy,D;a npo~ecca pacceHHIIH KBapKa Ha aHTHKBapKe B HepeJIHTH

BIICTCKOM npe)J;eJie IIMeeT BH)J; 

1 4 g2 

Mir(k)·= (27r)6 3 "f2' 
r,D;e k - nepe,D;aHHhrii HMIIYJihS· 

(74) 

3aAa'-ta 49. liOK83aTb, 'ITO IIOTeH~HaJI KBapK-aHTIIKBapKOBOrO B3aiiMO-

)J;eiiCTBHH B Me30He, COOTBeTCTBYIOUJ;IIH aMIIJIIITy,D;e {74), 

V(x) = -(21r)
3 j Mir(~) ~xp( -ikx) d3k ~ . 

B c<f>epii'IeCKII-CHMMeTpii'IHOM CJiyqae HMeeT BH)J; 

V(r)='= _ias, 
3 r 

r,D;e as = g2 /( 47r). 
\• 

(75) 

(76) 

3aAa'-ta 50. liOK83aTh1 'ITO IIOTeH~HaJI Me)KKBapKOBOrO B3aiiMO)l;eHCTBII~ 
B 6apnoHe HMeeT BH)l; 

( .) 2as. V r = ---. 
3 r 

liOK83aTh, 'ITO B3aiiMO)l;efiCTBIIe Tpex KBapKOB qepe3 TpexrJIIOOHHYIO 
.. _ . . " - ,: . .. 

(77) 

nepmnHy He )J;aeT BKJia,n;a B aMnJIHTYAY TpexqacTH'IHoro pacceaHIIH. 

3aAa'-ta 51. liOK83aTb, 'ITO B c<f>epuqeCKII-CIIMMeTpii'IHOM CJiyqae IIOTeH

~IIaJI KBapK-aHTIIKBapKOBOro B3aiiMO)J;eiiCTBIIH 

00 

V(r) = -~!· (Q2) sin(Qr) dQ 
37r as Qr ' 

0 . 
{78) 
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BblqiiCJieHHblH C IICIIOJib30BaHIIeM 3cPcPeKTIIBHOH O,LJ;HOIIeTJieBOH. 6ery

~eii KOHCTaHTbl CBH3II 

47r 1 
a~)(Q2) = f3o ln{1+Q2jA2)' {79) 

HBJIHeTCH JIIIHeHHO paCTJUVfM IIpii T -t 00. 

'3aAa•-la 52:' TIOKa3aTh, qTO Ha IIOBepXHOCTll CTaTIIqecKoro KBapKOBoro 

MeiiiKa, KOTOpaH orrpe.n;eJIHeTCH HOpMaJibHblM K Hell e.n;imiiqHbiM BeK

TOpOM fi, ,LJ;JIH C06CTBeHI-IbiX BeKTOpOB q+ II q_ OrrepaTOpa' ( fi'Y) 

( ii'Y)q± = ±iq± {80) 

BbiiiOJIHHeTCH JCJIOBIIe OTCJTCTBIIH IJ;BeTOBOrO TOKa qepe3 IIOBepX

HOCTb MeiiiKa 

rJ±(n'Y)q±l = o. 
.. bag 

{81) 

3aAa'-la 53. TioKa3aTh, · qTo KBaHThi,· ohHchmaeMhie c66cTBeHHhiM BeKTo

poM q_(x) orrepaTOpa (fi'Y) {80), HBJIHIOTCH aHTIIqaCTIIIJ;aMII ITO OT-
.. '' , 

HOIIIeHIIIO K KBaHTaM, orrnchmaeMhiM co6cTBe:~mhiM BeKTopoM q+(x). 
Y Ka3aHIIe: IICIIOJib30BaTh COOTHOIIIeHIIe · :M:e)K.J:zy BOJIHOBbiMII cPYHKIJ;II

HMII qaCTIIIJ;bl q II COOTBeTCTBJIO~eii aHTIIqaCTIIIJ;bl ij: 
• I ' 

ii(x) = c?f q(x), ~~~ [ ( )*] * CPT q = 'Yoi!2 i'Yl/3 q · {82) 

~ ~·. ~ . 
3aAa'-la 54. TioKa3aTh, qTo a c<PepuqecKII-cm.~MeTpnqHoM cJiyqae 

(fi = ~) JCJIOBIIe KOHcPaHHMeHTa IJ;BeTa (81) II JCJIOBIIe paBeHCTBa 

.n;aBJieHIIH KBapKOB Ha BHyTpeHHIOIO rroaepxHOCTh MernKa pa.n;uyca R 

.n;aaJieHIIIO <PII3~~ecKoro aaKyyMa· B ~ {146 M3B)
4 

Ha imeiiiHIOIO 

•• rroaepxnocTh 'MernKa {Mo.n;enh .. "MIT bag"). 3a,il;aiOTcH ciicTeMoii ypaa-

Heniiii 

{ 

- i (.~'Y) q(x) = q(x)l. , · 
lxi=R 

~(nV)Lii(x)q(x)i. =B . 
. 2 lxi=R 

q 

{83) 
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3aAa'-la 55. ilOKa3aTb, qTQ B qeTbipexMepHOM eBKJIII,LJ;OBOM'.IIpOCTpaH.:. 

CTBe-BpeMeHII ypaBHeHIIe ,ll;BII)KeHIIH ,LJ;JIH CIICTeMbl C ,n;efiCTBIIeM (quc

TaH rJIIOO,LJ;IIHaMIIKa) 

A ~ --1
- J Tr [G GP.v] d4x 2£P p.v (84) 

IIMeeT BII,LJ; 

DP.Gp.v =:= 8P.Gp.v +[All, Gp.v] = 0, (85) 

r.n;e 

Gp.v = 8p.Av- BvAp. + [Ap., Av]. " (86) 

3aAa'-la 56. TioKa3aTh, qTo .D;JIH ~aJIII6poBoqHoil 'rpyrrrrhi SU{2) perneniie 

ypaBHeHIIH CaMO,D;yaJibHOCTII 

Gp.v = Gp.v, G- 1 co:f3 
p.v = 2 E: p.vo:/3 

B eBKJIII,LJ;OBOM IIpOCTpaHCTBe-BpeMeHII IIMeeT BII,LJ; 

Ap.(x) = -2i :Ep.v(x- a)v 
lx- al2 + p2' 

(87) 

(88) 

r.n;e 4-BeKTOp ap. 3a.n;aeT IIOJIO)KeHIIe u;eHTpa IIHCTaHTOHa, p - Xa

paKTepHbiH pa3Mep IIHCTaHTOHa, :Bp.v = 'f/ip.vCJi/2, :Bp.v = 'fiiJtvCJi/2, 
i = 1, 2, 3, a 'f/ip.v o6o3HaqaeT CIIMBOJI 'T Xo<PTa: 

. _ { Cip.v 7 f-l, V = 1, 2, 3 

T/zp.v - Jip.• V = 4 

-Jiv, f-l = 4 

-. -{Cip.v 7 f-l,V=1,2,3 
Tlzp.v - -Jip. 7 V = 4 

Jiv, 'f-L = 4 
(89) 

YKa3aHIIe: perneHIIe ypaaHeHIIH (87) CJie.n;yeT ucKaTb B BII.n;e 

Ap.(x) = iE1w8v[ln<p(x)] (90) 

u ucrroJib30BaTb CIIHryJiapHoe KaJiu6poaoqHoe SU{2) rrpeo6pa3onanne 

Ap. '* U(A1, + a,,)u-1
, r.n;e 

U(x) = l~l {x41 + ixiCJi)· (91) 

3.n;ecb CJi - MaTpiiiJ;bl llayJIII, 1 - e.n;IIHIIqHaH MaTpHIJ;a {2 X 2). 
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3aAa'-la 57. IloKa3aTh, qTo pelllenue (88) npHBO)J,HT K TeH3opy nanpa-

)KeHHOCTH IIOJI.H 
• i;JLV p2 

GJLV = 4z n. 

(lx - aj2 + p2) 
(92) 

IloKa3aTb1 qTQ IIpH X -t 00 pellleHHe (88) nepeXO)J,HT B "qlJCTJIO 

KaJIH6pOBKy" 

AJL(x) ~ U(x)8JL[U-1(x)], X -t 00. (93) 

3aAa'-la 58. IloKa3aTb 1 qTQ IIJIOTHOCTb )J,eil:CTBHH (84) )l;JIH pellleHHH (88) 
JIOKaJIH30BaHa B6JIH3ll u;eHTpa HHCTaHTOHa 

192p4 

) 2 - ~ 2)4 (GJLv - (lx- aj2 + p 
(94) 

ll qTQ )J,eMCTBHe (84) Ha pellleHHH (88) IIpHHHMaeT KOHeqnoe 3HaqenHe 

A= 81r2jg2. 

3aAa'-la 59. IlOKa3aTb1 qTQ pellleHHe ypaBHeHHH aHTHCaMO)J,yaJibHOCTH 

Gll;v = -GJLV 

B eBKJIH)J,OBOM IIpOCTpaHCTBe-BpeMeHH HMeeT 'Bli)J, 

AJL(x) = -2i EJLv(x- at 
lx- aj2 +p2. 

(95) 

(96) 

3aAa'-la 60. ,lJ,JIH pellleHHH (96) nail:TH TeH30p HaiipH)KeHHOCTH rJIIOOHHO

ro IIOJIH, IIJIOTHOCTb )J,efiCTBHH II BblqHCJIHTb )J,efiCTBHe • 

:j 
I 

j 
I 

:~ 


