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1 Bae.n;eH11e 

Ba)KHYIO porrh n II3y<WHIIII crrmKHOII cTpyKTYJH,I a.n:poHon urpaIOT 

4JYHKUIIU pacrrpe,n:CJICHIUI (urru CTpyKT)'J>HhIC qiym,uuu) KDajnmn II rrr10-

0H0D, cocTanmmm.u1x ,uaHHhIH a,upoH. IIcpTyp6aTimHaH KXI{ rro-

3D0JIHCT C II0M0IUhIO orrepaTopHoro pa3JIO)KCHIIH II MCT0,U0D pCH0pM­

rpyrrIIhI II0JIY'IIITh 3D0JIIOI]JIIO ,UaHHhIX cpyHKI]JIII C II3MCHCHIIC1\I Q2. 

O,n:Harm ca:tvm 3TII cpyHKUIIII 0CTaIOTCH HCDhFIIICJIHCMhIMII Il3 IICJ)DhIX 

rrp1rnu1mon KXLI, rrocK0JihKY ocTaeTcH HepeIIIeHHOH rrpo6rreMa CIIJih­

HOII CDH3II. TarrnH CIITyaurrn CJIJ)KIIT X0J)0IIIIIM CTIIMYJI0l\I ,UJIH pa3-

DIITIIH 3cpcpeKTIIBHhIX rro,uxo,uon, K0T0J)hIC 0CH0DhIDaIOTCH Ha cpyH,ua­

MCHTaJihHhIX rrorrmKeHnHx KXLI u n TmKe npel\rn II03D0JIHIOT Dhlqu­

CJIHTh xapaKTCpUCTIIKII, CDH'laHHhIC C ,UIIHclMIIKOII Ha 60JihllIIIX pac­

CT0HHIIHX [1], [2)-[4]. 
B IIOCJIC,UHCC DJ)CMH MH0ro DHIIMHHIIH Y.UCJIHCTCH Trmy rrnapK0DhIX 

pacrrpe.uerremu1:, K0T0J)hIC rrapaMCTJ)II3)'IOT HCCill\Il\ICTJ>IPIHhre a,upoH­

HhIC MaTpnqHhre 3JICl\WHThI (p' I ... IP) (.uaHHhrc cpyHKUIIII pacrrpe.ucrrcmrn 

Ha3hIDaIOTCH He,uuaroHctJihHhIMII). He,unaroHaJihHhIC cpym,:uuu pacrrpe­

,UCJICHIIH HBJIHIOTCH o6o6ruemrnMII 06hI'IHhIX cpyHKUII(I 1rnap1mnoro pac­

rrpe,uerremrn, T.e. HecyT 60JihllIC HHcpopMauun () CTpyKType 'HlCTIIU, II. 

CJIJ)KaT cnoero po,ua CDH3YIOIUIIM 3DCH0M l\fC)KLJ:Y 06hI'IHhll\UI cpym,uu­

HMII pacrrpe,uerremrn, II3MCJ)HCMhil\fII n rrry601mHeyrrpyroM pacce.Hmm, 

. II yrrpyrIIMII a,up0HHhlMII cpopMcpaKTOpal\m. 

B ,UaHHOII pa60TC DhrqncJIHIOTCH He,uuaroHaJihHhIC cpyHI,UIIII pac­

rrpe.uerreHIIH rrnaprmn D IIIIOHe, C00TDCTCTD)'IOIUIIC ,TIII,UIIJ>YIOIUCl\IY TDII­

CTy. 1Im1 IIX Dhl'-IIICJICHIIH rrpe,urraracTCH rro,uxo.u, KOTOJ>hIII HDJIHCTCH 

6030HII30DaHHhIM napnaHT0l\I II3DCCTHOII l\I0,UCJIII IIHCTHHTOHHOIJ )KII,U­

KOCTII, pa1n11naeMOH D TC'IeHIIC HCCK0JihIGIX JICT anT0J>clMII CTclTCfI 

[5)-[7]. Ocaony 1\10,UCJIII C0CTaDJIHIOT 3ql!pCKTIIDHhIC KnapK-a,upoHHhIC 

narpaH)J(IIaHhI "HCJIOKaJibHoro" TUIIa, r,uc "ttCJIOKclJihHOCTh" rcHcpu­

pyeTCH IIHCTrlHT0Hal\m. IIapal\ICTJ>hI IIHCTclHT0HHoro nar,:yyl\Ia ( 3cp­

!pCKTHDHhIII IIHCTc:lHTOHHhIII pa31\ICp II rrnaprwna.H Macca) CDH'3hIDctIOTCH 

C DCJlll'IIIHaMII DclKYYMHoro ())J,'.IJ,UclHIUI IrnctpK-rJIIO0HHhIX orrcpaTopon 

HII3IIIeii pa3MCJ)HOCTU II C HII3K03HcprcTII'ICCKUl\fll ITIIOHHhll\HI Ha6JIIO­

.uaeMhIMII. KottCTctHThI D'3cllll\10,UCikTDIUI KDaprmn C a,upottal\III ( KOH-
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KpCTHee, C IIIIOHOM) BhJqucJIHIOTCH 113 ycrromrn paBCHCTBa Hymo K0H­

CTaHTbl rrepeH0J)MIIp0BKII a,upoHHbIX IIOJICH (ycrromrn CBH3HOCTII). Ilo­

CJIC,UHCC ycJI0BIIC rapaHTnpyeT TaK)Ke BbIII0JIHCHIIC IIMIIYJibCHbIX rrpa­

mm CYMM. Orn6oe BHIIMaHIIC IIpII q>OJ)MYJIIIJ)OBKC M0JJ:CJIII y,n:eJIHCTCH 

Karru6ponoqHQH IIHBapIIaHTH0CTII rrarpamKIIaH0B II KBapK0BbIX qiyHK­

UIIII fp1rna BO BHCIDHCM II0JIC IIHCTaHT0H0B H aHTIIIIHCTaHT0H0B. 

II pe,urraraeMaH 3cpcpeKTirnHa.H M0,UeJih rrpIIMCHIIMa BIIJI0Th ,uo 0TH0-

CIITCJI,bHhlX IIMIIYJihC0B KBapKa nopH,n:Ka p ~ p-;; 1 ~ 0.5-;- l Ge V, KBap­

K0Bhie pacnpe,ueJICHIIH TaK)KC orrpe,ueJICHbl IIpII 3TOII H0pMaJIII3aD;II0H­

HOH TQqKe µo ~ p;;1. 

2 Mo,u;eJih 

IlpII onncaHIIII a,upoHHhIX npon:eccon B paMKax KX.Il Ba)KHYIO porrh 

IIrpaeT II3yqeHIIC 0CH0BHoro C0CT0HHIIH CIICTeMhl. B HaCT0Hruee npeMH 

B nccrre,uonaHIIII crrmKHOH CTPYKTYPhI naKyyMa M0)KH0 BhI.UCJIIITh TPII 

0CH0BHbIX HanpaBJICHIIH - 3T0 110,UX0.Uhl, CBH3aHHblC C rrpIIMCHCHIICM 

KBa3IIKJiaccIIqec1wro npII6JIII)KCHIIH, 110,UX0.Uhl, 0CH0BaHHblC Ha orrepa­

T0J)H0M pa3JI0)KCHIIH BIIJihCOHa, II peIIIeToqHbie M0.UCJIII. KaK xopomo 

II3BCCTH0, OCHOBHOH TPY.D:H0CTbIO ICBa3IIKJiaccIIqecKIIX 110,n:xo,n:on I( 3 + 
1-MCJ)HOH 5Ittr-MnJIJICOBCKOH TC0J)IIII HBJIHCTCH HCIIJ)IIMCHIIM0CTb ra3o­

noro rrpn6JIII)KCHIIH rrpII DbJqncJICHIIII aMIIJIIITYLJ:bl BaKyyM-BaKyyMHhlX 

nepexo,uon B II0JIC qirryKTyan:nn: KXlI-BaKyyMa 60JibillIIX pa3MCp0B. 

IIocKOJibKY B MacmTa6HO-IIHBapIIaHTHhlX TeopIIHX pa3MCphl II0CJIC,U­

HIIX MoryT rrpIIHIIMaTb CK0Jib yro,UH0 6oJibIIIIIe 3HaqeHIIH, TO 6eCKOHeq­

HhlM CTaH0BIITCH IIJI0TH0CTb cpe,n:bl II3 ncen,uoqacTIID; (IIHq>paKpacHaH 

KaTacTpoqia). B pa6oTe [8] anTophl npe,n:Jio)KIIJIII o,n:IIH II3 cnoco6on no 

CTa6IIJIII3aD;IIII cpe,uhl H3 IICCB,U0qacTIID;. Hx II,UCH 3aKJIJOqaJiaCb B TOM, 

qTo6bI IICIIOJih30BaTb napIIaUIIOHHbIH IIpHHUIIII <l>eii:HMaHa rrpn BhlqII­

CJICHIIII cTaTHCTIIqecKoii cyMMhl KX.Il Ha rrpo6HoM att1aue, rrpe,ucTa­

BJIHIOIUCM co6oii: cynepII03IIUIIIO IIHCTaHT0H0B II aHTIIIIHCTaHT0H0B. B 

pe3yJibTaTe 110.HBJIHJICH H0BblX MaJiblli rrapaMeTp (ynaKOBO~HhlH rrapa­

Me.Tp), xapaKTepII3YIOIUIIH cTa6nJihHYIO cpe,uy ncen,uoqacTHU II ToqHo 

conrra,uaIOIUIIH no 3HaqeHIIIO C q>CHOMCHOJIOI'II~CCKIIM napaMeTp0M MO-

0{Jl,Ci ,,.. : ~ .. i:·n l.l~l'Ji-1 
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.nemr IIHCTaHTOHOH )KIILJ:K0CTII [6], [7]. B .naHHOH pa6oTe MbI npe.nrra~ 

raeM HeK0T0poe pa3BIITIIe :u:.neii [5], 0CH0BaHH0e Ha nocTpoeHIIII 3cpcpeK­

TIIBHhlX KBapK-a.npoHHhlX JiarpaH)K:U:aH0B B paMKax npo:u:e.nypbl 6030-

HII3a:U:IIII 4-cpepMIIOHHOro B3aIIMOLJ:eHCTBIIH, reHep:u:pyeMoro IIHCTaHT0-

HaMII. 

3aMeTIIM, "9:T0 KoppeKTH0e nocTpoeH:u:e BaKyyMa KaK CTa6IIJibHOH 

cpe.nhl :U:3 IIHCTaHT0H0B II aHTIIIIHCTaHT0H0B B03M0)KH0 T0JibK0 B CIIH­

ryrrHpHOH Karr:u:6pOBKe ( npII"tleM CTporo qJIIKCIIpOBaHHOH), r.ne ( aHTII ):u:H-

. CTaHT0Hhl LJ:0CTaT0"tlH0 6bICTpo y6bIBaIOT Ha 6eCKOHe"9:HOCTII. O.n:Harm 

np:u: cpopMyrr:u:poBaHIIII noJIH0CTbIO KaJI:u:6poB0"9:HO-IIHBap:u:aHTHOro no.n­

xo.na ( 06 3T0M B crre.nyrom:u:x pa3.nerrax) npII Heo6xo.n:u:MocT:u: M0)KH0 

nepeX0LJ:IITb K .npyr:u:M, 6orree y.no6HbIM, B 3aBIICIIM0CTII OT CIITya:u:1rn, 

Karr:u:6poBKaM. 

3an:u:meM npo:u:3Bo.nam:u:ii cpJHK:U:IIOHaJI KX.Il (:u:rr:u:, B eBrr:u:.noBoii 

c:u:rHaType, cTaTIICTII"tlecKyro cyMMY KX.Il) B B:u:.ne [9] 

ZQcD = j D{;D1jJ(exp (-WI[{;, 7/Jj)), (1) 

r.ne ( ... ) o603Ha"9:aeT ycpe.n:HeHIIe no aHCaM6JIIO (aHTII)IIHCTaHTOHOB, a 

3cpcpeKTIIBHOe cpepMIIOHHOe .neiicTBIIe IIMeeT BIILJ: 

exp (-WI[{;, 7/Jl) = exp (J dx{;(x)i81j)(x)) (im - I(I[i[;, 7/Jl), (2) 

J(I[if;, 7/J] = j j dxdy ( {;(x)i8iI>6(x)) ( <I>6(y)i81j)(y)). (3) 

B cpopMyJie BBe.neH0 o6o3Ha"9:eHIIe if>o ( X) LJ:JIH KBapK0BbIX HyJieBhlX MOLi: 

onepaTopa .Il:u:paKa BO BHemHeM norre ( aHTII)IIHCTaHTOHa . .IleiicTBIIe 

(2) onIIChlBaeT B3aIIMOLJ:eHCTBIIe KBapK0B -qepe3 Bepm:u:Hy T'XocpTa I(I 
[10]. C"tIIITaeTCH, "9:T0 BCH C0B0KynH0CTb T0n0JI0I'II"tleCKIIX CIIHryrrHpH0-

CTeii npe.ncTaBJIHeT co6oii CTa6:U:JibHYIO cpe.ny, HanoMIIHaromyro ")KIILJ:­

KOCTb", co cpe.n:Heii nJI0TH0CTbIO ( 0TH0illeH:U:e cpe.n:Hero pa3Mepa K 

cpe.tiHeMy pacCT0HHIIIO Me)K.ny "tlaCTII:U:aM:u:) ~ 1/3 [5]-[8]. .Ilpyr:u:MII 

CJI0BaMII, cpe.na :U:3 nceBLJ:0"tlaCTII:U: HBJIHeTCH LJ:0CTaT0"tlH0 pa3pH)KeHHOH. 

KpoMe Toro, B pa6oTe [8] 6bIJIO noKa3aHo, "9:T0 B np:u:6JIII)KeHIIII C 6ec­

K0He"9:HhlM "9:IICJI0M KBapK0BbIX :U:BeT0B ( Ne --t 00) cpyHK:U:IIH pacnpe­

.nerreHIIH no pa3MepaM p IIHCTaHT0H0B IIMeeT 0CTpbIH, .neJibTao6pa3-

HbIH n:u:K 0K0JI0 cpe.n:Hero pa3Mepa IIHCTaHT0Ha Pc, T.e. Bee pa3Mephl 
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IIHCTaHT0H0D MmKH0 3aMeHIITb Ha cpe.n:Hee 3Ha'IeHIIC. B IIT0re, Dl\Ie­

CT0 ycpe.n:Hemrn no DCCMY aHcaM6JIIO nceD.z::i:o-qacTir:u: ocymecTmrneTcH 

He3aBIICIIM0C ycpc.n:HeHIIe no noJimKCHIIIO II opneHTa:U:IIII 0TLJ:eJibH0ro 

(aHTn)1rncTaHTOHa. Tor.na npomDo.n:Hmmr cpym~:u:nomirr (1) nepenn­

meTcH D DIILJ:C 

ZQcD = j D;/,Dij,1exp (j-d;i.:i,(:i:)i8i/1(:r)) 

(im-K1[i/1,i/1])N
1 

(im-J\.-1[0,i/'])Nf, (4) 

r.nc 'IepTa o6o3Ha'IaeT ycpe.n:HeHne no IIHLJ:IIBIILJ:ya.TibH0MY ( aHTII)Irn­

CTaHT0HY, N, (N1) ~ 'IIICJI0 (aHTn)nHcTaHTOHOD. IhaK, D pal\nrnx 

crrc.nyromnx ocHoDHbIX npn6mrn~emr(r: 

• K0ppeJIH:U:Irn Me)KLJ:Y ( aHTII)HHCTaHTOHaMII HDJIHeTCH l\IaJiofr B<'JIII­

"9:IIHOII no ynaK0D0"tlH0MY napaMeTpy cpeLJ:bI pf R (p - cpe.nmri'r 

pa3Mep nceD.z::i:o-qacTII:U:hl, R - cpe.n:Hee paccT0HHne 11e)KLJ:Y nceD.no­

-qacTn:U:aMH) , 

e B npe.nerre (Ne --too) pa3MCpbI DCCX (aHTII)IIHCTaHTOHOD MmKH0 

C"tlIITaTb paDHbIMII p 
y<IeT mma.na MHormrncTaHTOHHOII KoHcpnrypa:u:nn cno.nnTcH K N1 ( N1)­
KpaTH0My y-qeTy o.n:Ho( aHTlI)IIHCTaHTOHHOro mma.na ( 3cpcpeKTIIDHOe o.n­

H0lIHCTaHT0HH0C npu6mDKCHlIC). 

IIpoII3DOLJ:HmIIII cpyHK:U:IIOHa.TI ( 4) reHepnpyeT HC.TI0Kcl.TibHJIO 2N 1-
cpepMIIOHHYIO DepmnHy, K0T0paH B 1mpaJibH0M npe.nerre IIMCCT BIILJ: 

vI(I) = J d4ziu)f dUI(l)IlK1Ul[·Ji1,i/'1l• (5) 
f 

.IlJrn -qacTHoro cJiy"tlaH LJ:DYX 1rnapK0BbIX apoMa TOD D mrmrpyrome1r 

nopHLJ:KC no 1/Nc npOII3BOLJ:HmIIII cpyHK:U:IIOHaJI KX.II (4) IIMeeT rne.n~·­

romuii BIILJ: 

r.ne 

ZQcD = J D{;D·ij,,exp (-Sinst)' 

1 
Sinst = j dx{;(x)i81j)(x) + j d4x ... d4y'K(;i.:, :i:'; Y, y') 

4
(N; _ l) 

{ 2~~~ 1 ( {;R(,1:')raij,L(.1.:) )( ¢R(y')ra-ij,L(y)) + 0( ~c)}. 
5 

(6) 

(7) 



3.n:ecb Ta= (1, if) - MaTpIII:i;a B apoMaTIIl:JeCKOM rrpocTpaHCTBe, Ne= 
3 - 1:JIICJIO KBapKOBhlX IJ;BeTOB II 

1 ± 'Y5 
1/JR(L)(x) = --¢(x) 

2 
ecTh KBapKOBhie rromr c orrpe.n:eneHHOII KilpaJihHOCThIO. llaHHoe .n:e11:­

CTBile B JIOKaJibHOM rrpe.n:ene CBO.D:IITCH K xopomo Il3BeCTHOH MO.D:eJIII 

HaM6y - MoHa-Jla3IIHIIO, KoTopasr HBJIHeTcsr Mo.n:en1,10 crroHTaHHoro 

HapymeHIIH KilpaJihHOH CIIMMeTpIIII II 3cpcpeKTIIBHO OIIIICbIBaeT HII3-

K03HepreTil1IeCKYIO KilpaJihHJIO .D:IIHaMIIKJ. O.n:HaKO B OTJIIll:JIIe OT MO­

.n:eJIII HaM6y - MoHa-Jla3IIHIIO (7) o6na.n:aeT ecTeCTBeHHhlM rrapaMe­

TpOM perynsrpII3aUIIII 1r1 ~ Acut, II KOHCTaHTa 1:JeThipex-cpepMIIOHHOro 

B3aIIMO,n:eHCTBIIH Bbipa.ilrneTCH B TepMIIHaX <pII3II1:JeCKIIX rrapaMeTpOB :II 
IIJIOTHOCTII IIHCTaHTOH-aHTIIIIHCTaHTOHHOI1: cpe,n:hl . .IIeiicTBIIe (7) IIH­

BapIIaHTHO OTHOCIIT€JII,HO rno6aJibHOH rpyrrrrhI rrpeo6pa30BaHIIH KII­

paJII,HOH CIIMMeTpIIII UL(N1) ® UR(N1) II Ha KBaHTOBOM ypoBHe orrII­

c1,rnaeT aHoMaJIIIIO A.n:nepa - Benna - lI)l(aKIIBa, HapymaIOJUYIO U A ( 1 )­

CIIMMeTpI110. 

MHTerpaJibHOe sr.n:po 1:J€TbipeXKBapKOBOro B3aIIMO,n:eiiCTBIIH I( ( .. ) xa­

paKTepII3yeT o6JiaCTh HeJIOKaJibHOCTII, KOTOpM IIH.D:yUIIpyeTCH B3aII­

Mo,n:eHCTBIIeM KBapKOB II aHTIIKBapKOB C (aHTII)IIHCTaHTOHOM, Bhlpa­

)KaeTCH -qepe3 <I>o - rrpo<pIIJII,HI,Ie <pJHKUIIII KBapKOBhlX HyJieBhIX MO,n: 

II 3aBIICIIT OT cpeHOM€HOJIOrII1I€CKIIX rrapaMeTpOB BaKyyMa KX.II: nc = 
1 f m-4 II Pc = 1.6- 2 Ge v-1• Ba)l(HO rro,n:1IepKHJTh, 'ITO cpe,n:HIIH pa3-

Mep IIHCTaHTOHOB Pc orrpe.n:ensreT pa3Mephl HeJIOKaJihHOCTII II CJIJ)KIIT 

ecTeCTBeHHhIM rrapaMeTpOM o6pe3aHIIH 3<p<peKTIIBHOH HII3K03HepreT_II-

1I€CKOH TeopIIII. 

llnsr 06ecrre1IeHIIH KanII6poB01IHoii IIHBapIIaHTHOCTII rrepeii,n:eM OT 

o6bI1IHhlX IIOJieBhIX cpyHKUIIH K MaH,n:eJibCTaMOBCKIIM IIOJI€BhlM cpyHK­

UIIHM [11] 

¢(x) ➔ E(O, x)¢(x), 
X 

E(O,x) = Pexp(ieQ j dzµAµ(z)), (8) 
0 

r.n:e Q = diag(2/3, -1/3, -1/3), Aµ - KaJIII6poB01IHoe none, P o6o-

3Ha1IaeT yrropsr,n:01IeHI1e no TpaeKTOpIIII. Tor.n:a KaJIII6pOB01:JHO-IIHBa-
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pIIaHTHM KBapKOBM cpyHKUIIH fpIIHa rrpIIMeT BII.D: 

S
9
(x, y) = (¢(x)E(x, y)i/J(y)) = 

f DA f Di/JD¢e-Sqcv(A,~,if;)ijJ(x)¢(y)Pexp (ieQ l dzµAµ(z)) .(9) 

¢yHKUIIOHaJII,HhlH IIHTerpan B (9)· Bhl'IIICJIHeTCH MeTO.lJ:OM JlarrJiaca 

OKOJIO o,n:HOIIHCTaHTOHHOH KOH<pIIrypan:IIII, IIOJIJ'IIIM 

S,(x, y) = tr, [Pexp (ieQ l dzµA~(z)) <I>o(x )<l>o(Y) l · (10) 

3.n:ech At - rroJie (aHTII).IIHCTaHTOHa, <I>o - HyJieBM Mo.n:a: KBapKa B 

rrpoII3BOJihHOH KaJIII6poBKe. HaII6onee rrpocToii BII.D: KaJII16poB01IHO­

IIHBapI1aHTHM KBapKOBaH <pyHKUIIH fpIIHa (10) IIMeeT B aKCIIaJihHOH 

xanII6poBKe nµAµ = 0 (nµ = Yµ - xµ), rrocKOJihKY B 3TOH KaJIII-

6poBKe illBIIHrepoBCKIIH cpaKTOp E(x, y) paBeH e,n:IIHIIIJ;e. B CIICTeMe 

KOOp.D:IIHaT, r.n:e (aHTII)IIHCTaHTOH Haxo,n:IITCH B Hal:JaJie Koop,n:IIHaT II 

BeKTOp x - y HarrpaBJieH B.D:OJih BpeMeHHOH ocII rrpII x = y = z, P­

yrropsr,n:01:JeHHM 3KCIIOHeHTa CBO,n:IITCH I( 061,11:JHOH 3KCIIOHeHT€. KaJIII-

6poB01IHM cpyHKUIIH R ( X)' ocyiuecTBJIHIOllJ;M rrepexo.n: II3 perynsrpHOH 

KaJII16poBKII B aKcIIaJihHJIO, rro.n:po6Ho paccMaTpIIBanach B [12]. llnsr 

KBapKOBhlX HJJieBhlX MO.D: <Pox, 3aIIIICaHHhlX B aKCIIaJibHOlI KaJII16pOBKe, 

IIMeeM 

<I>it(x) = ../2¢ax(x)U+ = ../2¢;(x)R+(x)U+, (11) 

r.n:e 

</J(x) = 1r(x2 : p2 ) 312 , R(x) = exp [iria(x)], 

lxl x4 
a(x) = ✓ 2 2 arctan ✓ 2 2 , (12) 

X +p X +p 

U - MaTpIIn:a BpameHIIH B UB€TOBOM rrpocTpaHCTBe ( 3HaK + CBSI3aH C 

IIHCTaHTOHHOH KOH<pIIrypan:IIeii). 
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IIepeii,n:eM K mrneap1nau1rn -rieTbipexqiepMIIOHHoro HeJioKaJibHoro 

.n:eIICTBIIH (7) npII noMOID;II BBe,n:eHIIH BcnoMoraTeJibHhlX noJieII, KOTO­

p1,1e 6y,n:yT IIHTepnpeTIIpOBaTbCH KaK Me3OHHhle noJIH. B JIIITepaType 

TaKM npoue.n:ypa Ha3hlBaeTCH 6o30HII3an;IIeII. 

IIocJie HBHOro BbI"tJIICJieHIIH IIHTerpaJia no noJIO2KeHIIIO (aHTII)IIH­

CTaHTOHOB JJ:JIH -riaCTII JJ:eIICTBIIH ( 7)' onIICbIBaIOmero B3aIIMO,n:eIICTBIIe' 

noJiy"tJIIM B IIMnJJibCHOM npe,n:cTaBJieHIIII 

3(4) = 
eff 

G 4 dk· - j II -+.J(ki)8(k1 - k2 + k3 - k4) 
2 i=l 47r t 

( i/;(k1)r1/;(k2)) ( i/;(k3)r7/J(k4)), (13) 

r.n:e G ~ (N/Vt 1 - KOHCTaHTa -rieTbipexqiepMIIOHHoro B3aIIMo,n:eii­

CTBIIH, r - COOTBeTCTBJIOID;M apoMaTII"tJeCKM MaTpIID;a. <PJHKD;IIII 

f ( k) npe,n:cTaBJIHIOT co6oii HOpMIIpOBaHHhle HyJieBbie MOJJ:bI B IIMnJJibC­

HOM npe.n:cTaBJieHIIII, JJ:JIH KOTOphlX BBOJJ:IITCH annpoKCIIMaD;IIH [13] 

f(k) ~ 21rpe(2.25 exp {-Pelkl} - 1.25 exp {-3Pclkl}). (14) 

BnIIIOJIHHH COOTBeTCTBYIOJUYIO 3aMeHy nepeMeHHbIX II nepexo,n:H o6paTHO 

B Koop,n:IIHaTHOe npe,n:cTaBJieHIIe, nOJIJ"tJIIM .n:eIICTBIIe (13) B BII,n:e, HaII-

6oJiee no.n:xo.n:HmeM JJ:JIH BbIIIOJIHeHIIH JIIIHeapII3aD;IIII 

s!f1 = G j dx( \ll(x)rw(x) )2, (15) 

r.n:e BBe,n:eHbI o603Ha"9:eHIIH 

w(x) = j dpe-ipx f(p)1/J(p). 

Ee3 BJIIIHHIIH Ha JJ:IIHaMIIKY CIICTeMbI .n:eiiCTBIIe (15) 3aMeHIIM Ha .n:eii­

CTBIIe 

(4) 1 Ne j ( g )2 S[<p] = Seff - 2.g dx <p(x) + Ne <p(x)\JJ(x)rw(x)_ , (16) 

r.n:e nepeonpe,n:eJIIIJIII KOHCTaHTY g = GNe. Tor.n:a c y-rieToM pe3JJib­

TaTa IIHTerpIIpOBaHIIH no KBapKOBhlM nOJIHM npOII3BOJJ:HID;IIII q>JHKUIIO­

HaJI JanIImeTcH KaK (,n:JIH y.n:o6cTBa nepeii,n:eM qiopMaJibHO K cIIrHaType 
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MIIHKOBCKOro) 

Z[ij, 17, J] 

S'[<p] 

- j D<p exp(-iNeS[<p] + i j d:rJ(x)<p(x) ), 

1 / . - - dx<p2 (x) + zTrlnG(x, y) 
2g 

- ~e j dxdyij(x)G-1(x, y)17(y), ( 17) 

r.n:e BBe,n:eHbI o6o3Ha-rieHIIH: Tr - q>JHKUIIOHaJibHhlII, rpynnoBOII II cmr~ 

HopHbIII cJie,n:, 

G(x, y) = i8x8(x - y) - <p(x, y), <p(x, y) = f d~<p(Of(.r -Of(~ - y). 

BcnoMoraTeJibHhle <p-nOJIH IIHTepnpeTIIPYIOTCH I<i:aK COCTaBHbie :Me-

3OHHbie noJIH. IlpII nepexo.n:e K ,n:eI1:CTBIIIO (17) npOII3OIIIJia nepecTpoi"nrn 

BaKyyMHOro COCTOHHirn 3a c-rieT cnOHTaHHoro Hapymemrn KnpaJibHOII 

CIIMMeTpIIII [14]. 
llHTerpaJI no <p-noJIHM B ( 1 7) BbI"tJIICJIHeTCH npu Ne ---+ oo 11eTo,n:oM 

cTan;noHapHOII qia3hl. llJIH 3Toro Hai"1.n:eM pemem1e <po ypanHemrn 

85' =0 
8<p 

(18) 

II pa3JIO2KIIM .n:eiicTBne (17) B q>YHKUIIOHaJibHhlII pH.n: OKOJIO 3TOII "To-ri1m'', 

IIMeeM 

Z[ij, 17, J] ( 
- 1 - ) ( 00 5(n)[<p ] on ) 

- exp iNeS[<po] - -TrlnS11 [<po] exp iNc L 
1 
° ~ 

11 2 n=3 n. uJ 

exp (- 2~e j dxdyJ(x)(S''[<po]t 1 J(y)). (19) 

llnqiqiepeHUIIpOBaHIIe npoII3BOJJ:HID;ero q>JHKUIIOHaJia ( 19) no TOKaM 

ij, 1J, J ,n:aeT COOTBeTCTBJIOID;IIe q>JHKUIIII rpIIHa B pa3JIII"9:HhlX nopH,n:­

Kax no 1/ Ne. HarrpIIMep, JJ:JIH nponaraTopa <p-noJIH B nepBoM nopH.n:Ke 

no 1 / Ne IIMeeM 

_ 1 8
2 
Z[ij, 1J, J] I = _ _!_(S'11 [<po)t1 (x, y), 

D(x, y) - i 8J(x)8J(y) ii=11=J=O Ne (20) 
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r.n:e 

<52S'[<po] = !<5(x _ y) _ Trf(6 - :)f(y - 6)f(l1 - x)f(x 
2
- 6) 

8cp(x)8cp(y) 9 (i86 <5(6 - 6) - cp(6,6)) 

(21) 

Ha npaKTJIKe y.n:o6Hee IIOJib3OBaTbCH He (17), a npe.n:cTaBJieHIIeM 

.IJ:JIH 3cpcpeKTJIBHoro .n:eii:CTBmI, TaK2Ke OIIIICbIBaIOm;JIM B3aJIMO.IJ:eii:cTBI:Ie 

COCTaBHbIX rrorreii: 11epe3 KBapKOBbie rreTJIII, HO OCHOBaHHOM Ha 1rnapK­

a.n:poHHOM rrarpaH2KIIaHe T:urra <p ( ;Jn/;). Ho .n:mr 3Toro Heo6xo.n::uMo 

orrpe.n:emITb q>II3II'leCKYIO KOHCTaHTY B3aIIMO.IJ:eii:cTBIIH 1rnapKOB C -a.n:po­

HaMII. IloKa2KeM, KaK MO2KHO Haii:TJI KBapK-a.n:poHHYIO KOHCTaHTY B3a­

IIMo.n:eii:cTBIIH. PaccMoTpIIM aMIIJIIITY.IJ:Y T;/;1/J-+efn/; ynpyroro cpepMIIOH­

cpepMIIOHHoro pacceHHJIH. Ilpe.n:IIOJIO)KIIM, 'ITO B pe3yJibTaTe B3aIIMO­

.n:eii:CTBIIH cpepMIIOHOB o6pa3yeTCH CBH3aHHOe COCTOHHIIe - 6030H (Ha­

rrpIIMep, 7f-Me30H) C KBaHTOBbIMII 'lIICJiaMII rrapbl ( '¢'1/;). Ilpyr:uMJI CJIO­

BaMJI, B aMIIJIIITy.n:e T;/;tf;--t;/;1/J IIOHBJIHeTCH IIOJIIOC npII p
2 = mi. 3anJI­

meM Bhlpa2KeH1Ie .IJ:JIH aMIIJIIITY.IJ:hl ynpyroro pacceHHJIH cpepMIIOHOB B 

IIMIIYJibCHOMIIpe.n:cTaBJieHIIII 

T;/;1/J-+;/;1/J ~ r D(p2)r, (22) 

r.n:e r - COOTBeTCTBYIOm;IIe apoMaTJI'leCKIIe JI .IJ:IIpaKOBCKJie MaTpIIUbl. 

D(p2) - Me30HHhlii: nponaraTop (cM. (20)), KOTOpb1ii: B IIMIIYJihCHOM 

npe.n:cTaBrreHIIII IIMeeT BII.IJ: 

D(p2) = 1 - :II(p2)' 

d4k 
II(p2) = j (21r)4ij2(k)j2(k + p)tr (,5S(k),5S(k + p)). (23) 

Pa3JI02KIIM 3Ha:MeHaTeJib Bhlpa2KeHJIH (23) B p.a.n: Teii:rropa oKorro 3Ha11e­

HIIH q>II3lI'leCKOH MaCCbl Me3OHa, IIOJIY'IIIM .IJ:JIH aMIIJIIITY.IJ:hl yrrpyroro 

pacceHHIIH cpepMIIOHOB 

T- - ~ r 9 r (24) 
1/J'I/J-+1/Jt/; 1- gII(mi) - (p2 - mi)gil'(mi) - rrreg(p2) . 
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113 .n:aHHOrO Bbipa2Kemrn: BII.IJ:HO, 'ITO np11 BhlIIOJIHeHIIII ycrroBIUI 

1- gil(mlt-) =0 (25) 

B Me30HHOII cpyHKUIIII rp1rna IIOHBJIHeTCH IIOJIIOC, COOTBeTCTBYIOllJ;IIH 

Macce cpII3II'lecKoiI 11acTIIUhI. KpoMe Toro, norrara.a B ypaBHeHIIII (25) 
Macey IIIIOHa paBHOII HYJIIO, rrpIIXO.IJ:IIM K ypaBHeHJIIO MaCCOBOH merrII 

("gap"-ypaBHeHIIIO), TeM CaMhlM BOCIIpOII3BO.IJ:JIM TeopeMy roJI.IJ:CTO­

yHa. 

Ilepem1meM aMrrrr:uTy.n:y ynpyroro pacceHHIIH cpepMIIOHOB B BII.n:e 

2 
9M{;'I/J 

T;f;'I/J-+;/;1/J ~ r 2 2 r, 
p -mM 

(26) 

r.n:e BBeJIJI o6o3Ha'leHJie .IJ:JIH cpII3JI'leCKOH KBapK-Me30HHOII KOHCTaHThl 

B3aIIMO.IJ:eii:cTBIIH gL, ;/;1/J, KOTOpaH paBHa 

1 
gL,{;1/J = Il'(mi)" 

(27) 

Ilocrre.n:Hee paBeHCTBO npIIHHTO 3aIIIICbIBaTb B BII.IJ:e ycJIOBIIH CBH3HOCTII 

[15]-[19] 

ZM = 1- gL,;/;1/JII'(mi) = 0, (28) 

r.n:e ZM HBJIHeTCH KOHCTaHTOH nepeHOpMIIpOBKJI Me3OHHhlX norreii:. <l>II-

3II'leCKIIM crre.n:cTBJieM ycJIOBIIH z M = 0 HBJIHeTCH TO, 'ITO Me3OHHOe 

none Bcer.n:a HaXO.IJ:JITCH B "o.n:eToM" COCTOHHIIII. Ilo cyTII .n:erra, ycrro­

BJie CBH3HOCTII eCTb ycJIOBIIe CIIJibHOH CBH3II, IIOCKOJibKY onpe.n:err.aeT 

CIIJihl, OTBeTCTBeHHhle 3a o6pa30BaHJie CBH3aHHhlX COCTOHHIIH. 

TaKIIM o6pa3oM, B ocHoBe npe.n:rraraeMoro no.n:xo.n:a rre2KaT 

• 3cpcpeKTIIBHhle KBapK-Me3OHHhle rrarpaH2KIIaHhl B3aIIMO.IJ:eHCTBIIH, 

3an1IcaHHhle B KaJIII6pOBO'lHO-IIHBapIIaHTHOM BII.IJ:e 

.C~(x) = 9M;/;1/J J d6d6f(6)J(6) 
'¢(x + 6)E(x + 6, x)r MM(x)E(x, x - 6)1/;(x - 6), (29) 
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Ir 

r.n:e I'M - apoMaTII'IeCKaJI MaTp1m:a, COOTBeTCTBJIOIUaJI ,n:aHHOMY 
Me3oHy, II 

E(x, y) = exp { ieQ ! dzµAµ(z)}, 

Q = ~ ( ,\3 + )s,\8
) = diag{2/3, -1/3, -1/3); {30) 

• JCJIOBIIe CBH3HOCTII ( 28)' II03BOJI.SIIOIUee BbI'IIICJIHTb qJII3II'IeCKIIe 
3Ha'IeHIIH KOHCTaHT KBapK-a,n:pOHHoro B3aIIMO,n:eiICTBIIH II, B ,n:aJib­

Hen:meM, IIrparomee Ba2KHJIO pOJib B .n:oKa3aTeJibCTBe IIMIIJJibC­
HhlX npaBIIJI CJMM .ll:JIH pacnpe,n:eJieHIIH. 

3 Mo.n;eJibHhie napaMeTpbI 

B 3TOM pa3,n:eJie OCTaHOBIIMCH Ha 06cy2K,n:eHIIII MO,n:eJibHhlX napaMe­
TpOB. 3a C'IeT CIIOHTaHHoro HapymeHIIH KIIpaJI_bHOH CIIMMeTpIIII Macca 

KBapKa HBJIHeTCH cpyHKUIIeH OT IIMIIJJibca, IIJIII, .n:pyrIIMII CJIOBaMII, 
CTaHOBIITCH 3cpcpeKTIIBHOH Maccoll:. IloJiy'IIITb ee M02KHO, eCJIII pemIITb 

ypaBHeHIIe MaCCOBOH meJIII (ypaBHeHIIe illBIIHrepa - .IlaftcoHa) l 

d4k M 2(k) nc 
j (21r)4 k2 + M 2(k) = 4Nc' {31) 

r,n:e M(k) - 3cpcpeKTIIBHrur Macca KBapKa, nc - IIJIOTHOCTb IIHCTaHTOH­

HOH cpe,n:hl, KOToprur Bhlpa2KaeTCH 'Iepe3 M 2 ( 0) / G ( G - nocToHHHaH 
'IeThlpexcpepMIIOHHOro B3aIIMo,n:eHCTBIIH). PemeHIIe ypaBHeHIIH {31) 
IIMeeT crre,n:yromIIn: BII,n: 

M(k) = M(0)f 2(k) = MJ2{k). {32) 

.IlpyrIIMII Ba)KHbIMII xapaKTepIICTIIKaMII HBJIHIOTCH BeJIII'IIIHhl KBap­
KOBOro KOH,n:eHcaTa Il KBapKOBOH BilpTyaJibHOCTII. IlepBrur IIrpaeT 

13.necb rrepe1mrn K eBKllll.110B0ll CIII'HaType. 
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poJib napaMeTpa nopH,n:Ka HapymeHIIH KIIpaJibHOH CIIMMeTpIIII II onpe­
,n:eJIHeTCH KaK HenepTyp6aTIIBHaJI 'IaCTb KBapKOBoro nponaraTopa 

_ . d4k Af(k) 
(qq) = t!W trSp(x - y) = -4Nc j (21r)4 k2 + Af2(k). (33) 

Ilocrre,n:HHH onpe,n:eJIHeT cpe,n:Hee 3Ha"<JeHIIe KBa,n:paTa IIMnyrrbca BIIpTy­

aJibHoro 1rnap1m II Bb1pa2KaeTcH Kai [20], [21] 

,\2 = (ijD2q) = _ 4Nc j d
4
k k2 M(k) _ . 

g (qq) (ijq) (21r)4 k2 + Jvf2(k) 
(34) 

B paMKax npII6mnKeHIIH ,n:ocTaTO"<IHO pa3pH2KeHHOH IlHCTaHTOHHOII 

cpe,n:bI MbI He c.n:erraeM 6oJibmoft omII6KII, ecJIII npIIMeM, "<ITO (k2
) ~ 

,\~ ~ M2(,\~). 3Ha"<JIIT, B0 3HaMeHaTeJie no,n:bIHTerpaJibHhlX cpyHKUIIIl B 
(33) II (34) IIMnJJibCHOH 3aBIICIIMOCTbIO 3cpcpeKTIIBHOII MaCChl MO)KHO 

npeHe6pe"<Ib no cpaBHeHIIIO c k2• B TO 2Ke npeMH c y"<IeToM BII,n:a 3cp­

cpeKTIIBHOII MaCChl ( 32) n "tJIICJIIITeJie Bhlpa2KeHIIH ( 33) n ( 34) nOJIJ"tJIIM 
,n:JIH 3Ha"<JeHIIH KBapKOBOro KOH,n:eHCaTa II KBapKOBOII BIIpTyaJibHOCTII, 

COOTBeTCTBeHHO 

NcM 
(ijq) = - 21r2pt 

,\2 - 2 
q-2· 

Pc 
· (35) 

Jib paBeHCTB (35) Bhlpa3IIM napaMeTphl IIHCTaHTOHHOII Mo,n:em:1 Ba­
KJyMa B TepM1rnax cpyH,n:aMeHTaJibHbIX napaMeTpoB BaKyyMa KX.Il, 

IIOJIJ"<JIIM 
2 2 47r2 (ijq) 

Pc = ,\2 , Mg = - N ~- (36) 
q C q 

.IlaHHhle cpopMJJihl ,n:aIOT B03MO)KHOCTb qJIIKCIIpoBaTb MO,n:eJibHhle na­

paMeTphl Pc II M no 3Ha"<JeHIIHM 1rnapK0Boro KOH,n:eHcaTa 

(ijq) ~ -(230MeV)3 

II 1rnapKOBOH BIIpTyaJibHOCTII 

,\~ = 0.4 ± 0.2 + 0.55 ± 0.05GeV2
, 

noJiy"<JeHHhlM n pa6oTaX [22]-[24], nMeeM 

Pc~ l.7Gev-1
, M ~ 0.3GeV. 
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CoBMeCTHhlll aHamn BaKyyMHhIX II HII3K03HepreTII'leCKIIX IllIOHHblX 

CBOIICTB, rrpoBe,neHHhIII B [13], IIO,D:TBep2K,naeT 3TII oueHKII II ,naeT ,no­

nycTIIMYIO o6JiaCTb BapbIIpOBaHIUI napaMeTpOB 

Pc= 1.5 + 2.0GeV-1
, M = 0.22 + 0.26GeV. 

3aMeTIIM, 'ITO ycJIOBIIe pa3pe2KeHHOCTII 

1J = M2(.X.;)/ .X.; « 1 

BhIIlOJim[eTCH BO BCeII o6JiaCTII II3MeHeHIIH rrapaMeTpOB. 

4 He,n;:uaroHaJibHbie <l>YHKu;:u:u pacrrpe,n;erreH:u.H 

IlepeiI,neM K paccMoTpeHIIIO He,nIIaroHaJibHhIX q>yHKUIIH pacrrpe,ne­

rreHIIII KBapKOB, KOTOphle napaMeTpII3YIOT HeCIIMMeTpIItIHbie a,npoH­

Hhle MaTpII'IHhle 3JieMeHThl HerrepTyp6aTIIBHOH npIIpO,nhl. HecIIMMe­

TpIItIHhle a,npOHHhle MaTpIItIHhle 3JieMeHTbl B03HIIKaIOT, HanplIMep, 

rrpII II3ytieHIIII 2KeCTKIIX 3KCKJII03IIBHbIX rrpoueccoB TIIna yrrpyrIIX rrpo­

ueccoB 3JieKTpopo2K,neH1IH. OcTaHOBIIMCH Ha O,D:HOM TaKOM npouecce -

rrry6oKOBIIpTyaJibHOM KOMIITOHOBCKOM pacceHHIIII. .IlaHHhIH rrpouecc 

II306pa2KeH Ha p1ICYHKe 1, r,ne IlIIOH C IIMilYJibCOM p a6cop6IIpyeT BIIp­

TyaJibHhIII q>OTOH C IIMIIYJibCOM q, a pe3yJibTaTOM 3Toro HBJIHeTCH Bbl­

JieTaIOIUIIH peaJibHbiiI q>OTOH C IIMIIYJibCOM q' ....:... q + r II .IIIIOH OT,natIII 

c IIMIIYJibCOM p' = p - r. liMIIYJibC q paccMaTplIBaeTCH B rrry6oKOBIIp­

TyaJibHOII KIIHeMaTII'leCKOII o6JiaCTII, ,npyrlIMII CJIOBaMII, B npe,nerre 

BbepKeHa Q2 = -q2 -r oo, p · q -r 00 nplI KOHetIHOM Q2/(p · q). 
By,neM pa3JIIItiaTb ,nBa crrytIM: t = 0 II t-=/=. 0, r.ne t = r2. · HatIHeM 

c caMoro o6iuero BToporo crrytIM. 3arrIImeM Bb1pa2KeHIIe ,nrrH aMIIJIII­

TJ.D:bI KOMilTOHOBCKOro pacceHHIIH tpOTOHa Ha IIIIOHe C IIMIIJJibCaMII P, 

q B HatiaJibHOM II p', q' - KOHetIHOM COCTOHHIIII ( CM. plICJHOK 1) 

Tµv(P, q) = j d~1d6d6d~4 exp (iq6 - iq'6 + ip6 - ip1~4) 

<545 
(---------}o- (37) 

<SAµ (6)<5Aµ (6)<5M(1r) (6)<5M(1r) (~4) 
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\ 
J r 

; 

) 

MaTpIIua pacceHHIIH IIMeeT cTaH,napTHhIII BII,n 

S = Texp (i j dx [.CeJJ(x) + Lem(x)J). (38) 

.IlaHHOII aMIIJIIITy,ne COOTBeTCTByeT Ha6op ,nuarpaMM, OCHOBHbie TIIIlhl 

KOTOphIX II306pa2KeHbl Ha p1ICJHKe 2 . .IlIIarpaMMbI TIIIla (c) II (d) B 

6bepKeHOBCKOM npe,nerre no,naBJieHhl, II03TOMY B ,naJibHeiimeM 6y,neM 

paccMaTplIBaTb TOJibKO ,nIIarpaMMbl TI:Illa (a) II (b). IlpIItieM ,nIIa­

rpaMMa (a) ,naeT OCHOBHOII BKJia,n B OTJIIItIIIe OT ,nnarpaMMbI (b) . 
O6iuniI MeTo,n Bhl,D:eJieHIIH He,nIIaroHaJibHbIX q>JHKUIIII pacnpe,nerre­

HIIII MO)KHO HaIITII B pa6oTaX [4], [25]. 3annmeM BKJia,n ,nnarpaMM~ 

(a) B aMIIJIIITy,ny npouecca B IIMilYJibCHOM rrpe,ncTaBJieHIIII 

TJtasel(p, q) = ~~g .J 4!~J(k2)/2((k - p)2)f((k - r)2) 

tr( ,5S(k - p ),5S(k),µS(k + q),vS(k - r)). (39) 

.IlrrH Bhl'IIICJieHIIH aCIIMilTOTIIKII npII 6oJibillIIX Q2 
y,no6HO IICIIOJib30-

Ba Tb cy,naKOBCKIIe rrepeMeHHbie. Bb16epeM B KatieCTBe CBeTorro,no6HhIX 

BeKTOpOB mµ, nµ BeKTOpa Pµ - IIMIIYJibC IIIIOHa-MIIilleHII (p
2 = 0 ,D:JIH 

rorr,ncToyHcKoiI tiaCTIIUbI) II nµ = q' / (p · q'), q' - IIMIIYJibC peaJibHoro 

q>oToHa. Tor,na pa3rro2KeH1Ie BeKTopoB rrpIIMeT BII,n 

/ ,- t A 1.l ( t A J_ 
Pµ = Pµ - 2nµ + Pµ , rµ = Pµ + 2nµ + rµ, 

qµ = -(pµ + (p · q)nµ + qj;, ( = r11 • n = 1 - p1 
• n, 

I t 
p . q = p . q + 2' ( 40) 

r.ne ( - rrapaMeTp aCIIMMeTpIIII, KOTOphIH B 6bepKeHOBCKOM rrpe,nerre 

HBJIHeTCH aHaJioroM nepeMeHHOII 

q2 Q2 
XB=--=-. 

2pq 2pq 

IIo,ncTaBIIM ,naHHOe pa3JI02KeH1Ie 4-BeKTOpOB B Bhlpa2KeH1Ie (39) II 

BhIIIOJIHIIM IIHBapnaHTHOe IIHTerp1IpOBaH1Ie no k, IIOJIY'IIIM BhlpaJK.e­

HIIe TIIIIa 

J dk 
4

1r2/µv(k,p, n) = pµnvC1(k,p, n) + nµpvC2(k,p, n) + 9µvC3(k,p, n), 

( 41) 
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3,D;eCb Iµ~(k,p,n), Cn(k,p,n), (n = 1, .. ,3) o6o3Hai:iaroT orrpe,n;eJieH­
Hbie TIIIIII"IHhle <pyHKI(IIII. B rronyi:ieHH0M Bhlpa21<:eHIIII rrpene6peraeM 
CJiaraeMbIMII, K0T0phle rro.n;aBJieHbI B rrpe,n;eJie 6oJibIIIllX Q2. 3aTeM, 

IICII0Jib3YH IIHTerpaJibH0e rrpe,n;cTaBJieHIIe e,D;IIHllI(bI 
1 J dXo(X - kn)= l, (42) 

-1 

rronyi:iIIM ,n;JIH aMIIJIIITy.n;hl 
1 

( 1 1) Tµv(P, q, r) == (pµnv + iiµPv - gµv) [ dX X _ ( - X :Fc(X, t). {43) 

3,n;ecb <pyHKU:llH :F((X, t) ITO orrpe,n;eJieHIIIO HBm[eTCH BKJia,D;0M OT 0CHOB­
noro TIIrra .n;IIarpaMM B ne.n;IIaronaJII>nyro cpynKI(IIIO pacrrpe,n;eJieHIIH 

KBapK0B B IIII0He II IIMeeT CJie,n;yIOI.I(IIH BII,D; 

:Ff(X,t) = 2 ~ ( !~i j 2(::2i)f(k)f
2
(k - p)f(k- r) 

tr( 15S(k - p),5S(k)n · ,S(k - r) )o(X-,- kn)+ (X ➔ X).(44) 

B Bhlpa2KeHIIHX ( 43), ( 44) rrepeIIIJIII K rrepeMenno:i'r X, II3MeHHIOII(en:cH B 
IIHTepnaJie oT nyJIH ,n;o e,n;ri:HIII(hl. Ila cnoeMy <pII3II-.:iecKoMy CMhlCJIY rre­
peMennaH X ecTb o6II(aH ,n;oJIH IIMIIYJII>ca nepnonai:ian1,noro a,n;pona p. 

Ona M02KeT 6hlTb npe,n;cTaBJiena KaK JIIIHen:naH KoM6IInaI(IIH o6I>Ii:inon: 
,n;oJIII x IIMnyJibca p, onpe,n;eJiennon: ,n;JIH cJiy-qaH nyJienoro IIMnyJII>ca 
nepe,n;ai:iII r, ll ,n;oJIII y nenynenoro IIMnyJI1,ca r, T.e. X = xp + yr. 

AnaJiorII"IHO cnyi:iaro 0CH0BH0ro TIIna ,D;IIarpaMM Bhl.n;emIIOTCH BKJia­
,D;bI B ne,n;IIaronaJibHYIO <pYHKI(IIIO pacnpe,n;eJieHIIH OT ,n;on0JIHIITeJibHhlX 

,n;IIarpaMM (cM. pIIc. 2(b)), mv.i;eeM 

:F.0 (X t) = _l_g';ifq j dk f(k)f 2(k + p') 
( ' 2 - ( 47r2 47r2i 

1 J dr/'((k - rr) 2 + r2r(l - r)) 
0 

tr( 15S(k),5S(k + p')) ( 2X - ~() 

(o(X - kn)+ o(X - (+kn)) + (X ➔ X). (45) 
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Bhl"IIICJieHIIe CTpyKTYPHhlX IIHTerpaJI0B n Bhlpa2KeHIIHX ( 44) II ( 45) 
BbIIl0JIHHeTCH B eBKJIII,lJ;OBOlf curnaType, r.n;e cpopM<paKTOphl f (k2) XO­
porno onpe,n;eJieHbI, C ucnoJib30BaHlleM 

• a-npe.n;cTannemrn ,n;mi: nponaraTopon, n ocnone K0Toporo Jie2KIIT 
IIHTerpaJibH0e npe.n;cTaBJienue f-<pyHKI(IHI, II IIHTerpaJibH0ro npe,n;-

. cTannemrn .n;JIH c5-cpym\'.I(HII • 

1 1 00 

An = f(n) [ daan-le-aA, 
1 +oo 

c5( Y) = -- J d,ei,X · 
., (27r)4_(X) . ' (46) 

• Jiannac-06pa3a ,D;JIH BepIIIIIHHhlX HeJI0KaJibHhlX <popM<paKTopon. 

OKoni:iaTeJII>Hhie cpopMyJihI B a-npe.n;cTanJiemm .n;JIH .n;aHHhlX cpynKnm1 
rrpIIne,n;enhl B np1mmKeHIIII A. Ecnu npmrnTerpnponaTb cyMMY cpynK­
n11n: ( 44) ll ( 45) no o6II(eI1 ,D;0Jie X' TO noJiy"IIIM a,n;poHHbIII :meKTpo­
MarHIITHhlH <popM<paKTOp ( n .n;aHH0M CJiyi:iae IlI:IOHHbIII) 

1 ( ). 1 j dX :Ff(X,t) +:F,(X,t) = j dX:F((X,t) = Frr(t), (47) 
0 0 

r.n;e a,n;ponn1,1n: cpopMq>aKTop nopMirponan na emrnnny. Ilone,n;enne 
'PYHKI(IIII Frr(t) (cM. pIIC. 4) corJiacyeTCH C 3KcnepIIMeHTaJibHhlMII 
3Hai:ieHIIHMII II "IIICJieHH0 noi:iTII noJIH0CTblO conna,n;aeT C pe3yJII>Ta­
TaMII BbI"IIICJieHIIH n pa6oTax [26], [27]. 

)IJIH noJiy"leHIIH aCIIMMeTpII"IHhlX 'PYHKI(IIH pacnpe,n;eJieHIIll ( CM. on­
pe,n;eJieHIIe n [4]) ,D;0CTaT0TIH0 n <pOpMyJiax ( 44) II ( 45) n0JI0)KI:ITb Irna­
,n;paT IIMnyn1,ca nepe,n;ai:iII nymo, T.e. t = 0. TeM caMhlM Mhl noJiyi:inM 
ceMellCTBO <pyHKI(I:IH :F((X) no napaMeTpy acIIMMeTpIIII ( (n 0TJIIl"IIIe 
OT <pYHKI(IIH ,n;non:noro pacnpe,n;eJieHIIH [4], K0T0phle HBJIHIOTCH ymrnep­
CaJibHhlMII II He 3aBIICHII(IIMII OT(). <l>yHKI(IIH :F((X), I\'.aK CJie.n;yeT II3 
( 4 7), y,n;onJieTB0pHeT cJie.n;yIOII(eMy npaBIIJIY cyMM 

1 

j dX:F((X) = 1 (48) 
0 

1:1 o6Jia,n;aeT cJie,n;yroII(IIMII CBOHCTBaMII. B 06JiacTI:1 X 2: ( B03Bpamaro­
I.I(IIHCH B a,n;pon napT0H nepeH0CIIT n0JI0)KIITeJibHYIO ,D;0JIIO (X -()p OT 
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IIMIIYJibCa rrepBoHaqaJibHoro a,n:poHa. 3HaqnT, aCIIMMeTpIIqHyIO cpym,::­

:0:IUO MO)KHO TpaKTOBaTb KaK cpyHK:UIUO, no,n:o6HyIO o6hlqHOII cpym:::unn 

pacnpe,n:eJiemru:. B 06Jiacn1 X ~ ( B03BpamaroIIUIMC.H napToH HeceT 

oTp:ri:o:aTeJibHYIO ,n:omo (X - ()p, crre,n:oBaTeJibHo, ero MO)KHO I:IHTep­

npeni:poBaTb KaK BblXO.U.HI:o:IIII 113 KOHeqHoro a,n:poHa rrapTOH II pac­

npocTpaH.HIOI:o:IIMC.H BMCCTe C napTOHOM, KOTOphlH IIOKIIHYJI Ha"IaJib­

HhlM a,n:poH. Ecrrn 3arr11caTb X KaK X = Y(, TO MO)KHO yB11,n:eT1,, 

qTo o6a napTOHa ( BblXO.U.HmIIII 113 HaqaJibHoro II BbIXO.U.HI:o:IIII 113 KO­

HeqHoro a,n:poHa) Tenepb 6y,n:yT IIMCTb IIOJIO)KIITCJibHbIC .UOJIII Y II Y 
OT IIMIIYJibca nepe,n:aqn r. B 3TOM cJiyqae acIIMMeTpnqHa.H cpyHK:UII.H 

.Fc(X) BhlrJI.H,n:IIT KaK aMIIJIIITy.n:a pacna,n:a CB5.I3aHHOro COCT05.IHI:I5.I C 

o6mnM IIMIIYJibCOM r = (p Ha ,n:Be COCTaBJI.HIOI:o:IIe. B qacTHOCTII, 

MO.UCJibHO-HC3aBIICIIMbIM o6pa30M MO)KHO IIOKa3aTb, qTo aCIIMMeTpnq­

Ha.H cpyHK:UII.H pacnpe,n:eJieHII.H K:BapKOB B IIIIOHe npn ( = 1 nepexo,n:IIT 

B BOJIHOBYIO cpyHK:UIIIO IIIIOHa. .Ilrr.H 3TOro pacCMOTpIIM a,n:poHHhlII Ma­

TpnqHhlM 3JICMeHT OT npoII3BOJibHOro onepaTopa, KOTOpbIII napaMe­

TPII3YIOT cpyHK:UIIII pacnpe,n:erreHIIII 

( 1r(p') I o(o) l1r(p)). ( 49) 

IlpIIMCH5.I5.I pe,n:yK:UIIOHHhle COOTHOillCHII.H II IICIIOJib3YH TeopeMy O qa­

CTIIqHoM coxpaHeHIIII aKcIIaJibHOrO TOKa, norryqnM 

,2 2 

p ~ lmrr I dxip'x(OITo. A(x)O(O)l1r(p)). 
mrr rr 

(50) 

IlocKOJibKY npII ( = 1 IIMITYJibc rrnoHa oT,n:aqn p' paBeH HYJIIO ( CM. 

( 40)), TO C yqeTOM pe3yJibTaTa KOMMyTa:UIIII 80 qepe3 T-npOII3Be,n:eHIIe 

IIOJiyqnM 

1 
Irr (Ol(Q5(0), O(O)]l1r(p)), (51) 

r.n:e Q5 - aKcnaJibHbIH 3apH,n:. Tenep1, ocTaJioc1,, IIcnorr1,3y5.1 aJire6py 

TOKOB, BMCCTO npoII3BOJibHOro onepaTopa 0(0) IIO.UCTaBIITb 3JieKTpo­

MarmITHhlM TOK, qTo COOTBeTCTByeT HameMy crryqaro. IIMeeM B IITOre 

1 . 
Irr (OjAµ(x)j1r(p)) = ¢>1f(x), (52) 
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r.n:e <l>rr eCTb BOJIHOBa.H cpyHK:UII.H IIIIOHa. TaKIIM o6pa30M IIOKa3aJIII, 

qTO npn e.UIIHIIqHoM napaMeTpe acIIMMeTpIIII ( (nmi:, qTo TO )KC ca­

MOe, npn HYJICBOM IIMIIYJibCC K0HeqHoro .IIIIOHa) aCIIMMCTpnqHa.H cpyHK­

:0:115.I .Fc(X) ToqHo COBrra.n:aeT C BOJIHOBOH cpyHK:UIICII IIIIOHa. rpaq>IIKII 

CCMCMCTBa acIIMMCTpnqHI,IX cpyHK:UIIM npII pa3JIIIqHhlX 3HaqeHII5.IX rra­

paMeTpa ( rrpe,n:cTaBJieHbl Ha pncyHKC 3. BII,n:Ho, qTo BKJia,n:hl OT .n:o­

lIOJIHIITeJibHhlX TIIIIOB ,n:narpaMM C yBeJinqeHIICM aCIIMMeTpIIqHoro rra­

paMeTpa ( YMCHbillaIOTC.H ( HalIOMIIHaeM, qTo MaKCIIMaJibHhlII BKJia,n: 

OT .UOIIOJIHIITCJibHhlX ,n:IIarpaMM COOTBCTCTByeT crryqaro ( = 0 - rrpII­

MepHO 20%). 

5 3aKJiroqeHHe 

B ,n:aHHOII pa6oTe npe,n:cTaBJICHhl TeopeTnqecKIIe npe,n:cKa3aHII.H He­

.n:naroHaJibHhlX cpyHK:UIIII pacnpe,n:eJieHIIII BaJieHTHhlX KBapKOB B IIIIOHC. 2 

He,n:IIaroHaJibHhlC cpyHK:O:IIII pacnpe,n:eJICHII.H npe,n:cTaBJI.HIOT oco61,1ii IIH­

Tepec, IIOCKOJibKY OHII CB5.I3hlBaIOT 061,1qHI,IC (,n:IIaroHaJibHhle) cpyHK­

:UIIII pacnpe,n:eJieHII:U: C a,n:pOHHhlMII cpopMcpaKTopaMII. BhlqIICJICHII.H 

BhllIOJIHeHhl B paMKax pa3BIIBaeMOM MO,n:eJIII, B OCHOBC KOTOporr Jie­

)KaT ( i) KaJIII6poBoqHo-IIHBapIIaHTHhle HeJIOKaJibHhle KBapK-a,n:poHHbie 

JiarpaH)KIIaHhl II ( ii) ycJIOBIIC CB5.I3HOCTII, II03BOJIHIOmee BhlqIICJI.HTb 

q>II3IIqecKIIe KOHCTaHThl B3aIIMO.UCIICTBIIM KBapKOB C a,n:poHaMII. He­

JIOKaJibHbie BepmIIHbl IIOJIHOCTbIO reHepIIpyIOTC.H IIHCTaHT0HaMII II xa­

paKTepII3YIOTC5.I cpe,n:HIIM pa3MepoM IIHCTaHTOHOB. IloKa3aHo, qTo Bbl­

lIOJIHeHIIe rrapTOHHhlX npaBIIJI cyMM .UJI.H pacnpe,n:eJieHIIH o6mero IIM­

nyrr1,ca a,n:poHa MC2K.UY BaJieHTHhlMII KBapKaMII HBJIHeTCH CJIC.UCTBIIeM 

ycJIOBII.H CB5.I3HOCTII II CTpororo co6rrro,n:eHII5.I KaJIII6poBoqHoii IIHBapII­

aHTHOCTII no.n:xo,n:a. IlapaMeTphl IIHCTaHTOHHOro BaKyyMa, TaKIIe KaK 

3cpcpeKTIIBHhlII pa,n:IIyc IIHCTaHTOHa II Macca KBapKa, CBH3aHhl C BCJIII­

qIIHaMII BaKyyMHhlX O)KII,n:aHIIM KBapK-rJIIOOHHbIX onepaTopoB HII3meii 

pa3MepHOCTII, a TaK)Ke C HII3K03HepreTIIqecKIIMII Ha6rrro,n:aeMhlMII IIII-

0Ha. 

B 3aKJiroqeHIIe aBTOphl Bhlpa)KaIOT rrry6oKyro 6Jiaro,n:apHocTb M.K. 
2B )laHHOll pa6oTe yquTh!BaeTCJl'. lll!Illb llll.llllpy10ruuft TBIICT II rrpeHe6peraeTCJl'. :iq,q,eKTaMl! OT 

KBapK-rJIIOOHHOrD MOpx. 
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BorrKoBy, C.B. repacIIMOBY, H.H. KoqerreBy, C.B. MIIxai'moBy, O.B Te­

p51:eBy, B.JI. IO,n:II"tJeBy 3a MHoroqncneHHhle rroJie3Hbie o6cy)K,n:emrn pe-

3YJibTaT0B: Pa6oTa rro.n:.n:ep)KaHa rpaHTaMII pcpcpif 96-02-18096 n 96-
02-18097, rpaHT0M IIU<DH 95-0-6.3-20 II rrporpaMMOII "reiI3eH6epr­

JiaH,n:ay" . 
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Ilp:uJio)KeH:ue A. 

IlapaMeTpnqecrme 0:-rrpe.n:cTaBJieHIIe .UJIH TIIII0BbIX IIHTerpaJI0B B 

Bbipa)Kemrnx .UJIH rrnapK0BhIX qiyHKUIIII pacnpe.n:enemrn rrpn rrpom­

B0JihH0M rrapaMeTpe aCIIMMeTpIIII ( IIMeeT BII.U (in ( 0:) o603Ha"tJaeT 

narrnac-o6pa3 OT n cTerreHII qiopM<paKTopa) 

• OcHOBHaH mrnrpaMMa, II3o6pa)KeHHM Ha pncym..:e l(a): 

r.n:e 

If(o:, t) 

2 

Ff(X, t) = 2 ~ ( !;tif(o:, t) 

1 Joo - - - l\I" 

2 do:1 .. do:4fi(o:1)h(o:2)!1(0:3)e04 
-

0 

(
X e01 M

2
8(0:1) ( ·vo:34(0:1 + o:i)) 

----'---'-exp -L1. . + 
0:2 + 0:34( 0:2 + 0:34( 

(1 - ()ea2M28(0:2) exp (-t(l - X) o:340:1 ))--
0:1 + 0:34(1 - () - 0:1 + 0:34(1 - () 

1 food d 1- ( )f- ( )f- ( ) (1 - ()(1 - X)to:350(6:3) -
2 

0:1 .. 0:5 1 0:1 2 0:2 l 0:3 2 
O (o:14+0:35(1-()) 

exp (-M2(0:45 + o:3) - t(l - X) o:350:(14 .)) . 
0:14 + 0:35 1 - ( 

• noIIOJIHIITeJibHaH ,n:IIarpaMMa, II3o6pa)KeHHM Ha pIICYHKe 1 ( 6): 

1 2 
:F.o(X t) = __ 91rifq (Io(l)( t) + Io(2)( , t)) 

( ' 2 - ( 47r2 ( o:, ( a, ' 

r.n:e 

Itl)(o:, t) 00 - - - l 2X - 1.5( _ j do:1 .. do:30:3fi(o:1)h(o:2)fi(o:3) [ dr o:
3
(r - a

2
(1 - () 

0 
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( 0(&1)exp ( &1Jv/2 _ tro:
3 

0:1 + &1 + 0:3(1 - r)) 
0:123 + &1 + 

0(&2)exp (a2Jv/2 _ tro:3 0:1 + &2 + 0:3_(1- r))) 
0:123 + 0:2 ' 

I,(2
>(0:,t) 

1 2X - 1.5( · J do:1 .. do:30:3}1(0:1)}2(0:2)}1(0:3) [ dr o:
13

(1 - () + o:3(T 

o '( o:1+0:3(1-r))+ 
( 0( a3)exp a3M2 - tro:3 o:123 + a3 

( 
o:1+0:3(1-r))) 

0( a4)exp a4M2 - tTo:3 o:123 + a4 . 

BBe,n:eHHbie o6o3Ha"Iemrn: 

O:n1 .. n; = 0:n 1 + ·· + O:n;, 

_ l-X X-( 
0:1 = 0:2--~x-- - 0:34--~x-- - 0:1, 

_ X X-( 
0:2 = 0:1-- + 0:34-- - 0:2, 

l -X l -X 
_ X X-( 
0:3 = 0:14-- + 0:35-- - 0:2, 

l-X l-X 
. (r-X 1-(+X 
0:1 = 0:3 X - 0:2 X - 0:1, 

. ((l-r)-X l-X 
0:2 = -0:3 - 0:2-- - a1 

(-X (-X ' 

. ((1- r) -X ( -X 
a3 = -a3 - 0:1-- - a2, 

l-X l-X 
• X -(T X 
a4=-a3 1 _ ( + X - 0:1 1 _ ( + X - a2. 
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\q 
\ 

a) 

q' / 
I 

' 
"q ~ 

'X 

b) 

P:0:c. 1. KoMIITOHOBCKOe pacce.srnI:Ie BI:IpTyaJibHOro <pOTOHa C I:IM­

IIJJibCOM q Ha III:IOHe C I:IMIIJJibCOM p. 

\ / 
\ / 

~ ~ 

a) 

\ / 

\ --- / 

c) 

\ 
\ 

I 
I 

b) 

\ / 
\ / 

.,. ... 

d) 

PI:Ic. 2 . .IlI:IarpaMMhl, cooTBeTCTBJIOIIJ;IIe aMIIJII:ITy,n:e KOMIITOHOB­

cKoro pacce.srn1rn: (a) - OCHOBHOH Tim, (b) - ( d) - .n:orroJIHHTeJibHhlH 

THII. 
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1.5 --r-----------~----, 
~=0.5 

1.0 

<:, 

.'! 
~- 0.5 

U' 

~=0 

,------- r­
::::::::::::-:-~i-~~:~-' 

.... 

0.0 

--~ 

-0.5 -1---,--,.---r-T"""--r--r--r-~--,--; 

o.o 0.2 0.4 0.6 0.8 1.0 

X 
Pnc. 3. CeM:eIICTBO KpIIBhIX acIIMMeTpwrnoii cpymrn:nn pacrrpe.uerre-

mrn rrpII pa3JIII'IHhlI1 3Ha'leHII5IX rrapaMeTpa acnMMeTpIIII (. Crrrrorn­
HOII mnrn:ef1 o603Ha'leH cyMMapHhlH ( OCHOBHbie + .UOIIOJIHIITeJibHhIC 
.unarpaMMhI) nrma.u B cpyHKIIIIIO pacrrpe.uerreHII5I, rryHKTIIpOM o6o3Ha­
'leH BKJia,U .UOIIOJIHIITeJibHhIX .unarpaMM. 

1.0 -..----------------

0.8 

0.6 

~ 

0.4 

0.2 

0 .0 -+-~-"T-"-r---r--.---r--r-"-T--r---i 

0.0 2.0 4.0 6.0 8.0 10.0 

t, GeV 2 

Pnc. 4. 3rreKTpoMarHIITHhIH cpopMcpaKTop rrIIoHa. CrrrrornHof1 JIII-
HIIeii o6o3Ha'leH cyMMapHhllI BKJia,U OT OCHOBHhIX II .UOIIOJIHIITeJihHhIX 
.unarpaMM, IIYHKTIIpOM ~ BKJia.U OT .UOIIOJIHIITeJihHhlX .unarpaMM. 
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AHIIKIIH H.B. II Jlp. 
He)lIIaroml.llhHble nIIOHHhie q:>yttKUIIII pacnpe)leJieHII51 KBapKOB 
B 3cpq:>eKTIIBHOM O)lHOIIHCTaHTOHHOM npII6JimKeHIIII 

P2-98-343 

PaccMaTPIIBaIOTC51 HenepTyp6aTIIBHhie cpyHKUIIII, napaMeTpII3YJO!lllie He)lIIaro­
HaJihHble MPOHHbie MaTpII"!Hhie 3JieMeHThl KBapKOBh!X onepaTOpOB JllI)llIPYIO!llero 
TBIICTa Ha CBeTOBOM KOHyce. Bb!'llICJieHII51 )laHHhIX cpyttKUIIH npOBO)l51TC51 B paMKax 
npe)lJlaraeMOH peJI.HTIIBIICTCKOH KBapKOBOH MO)leJIII C yqeTOM HeTpIIBIIaJihHOH CTPYK­
Typbl BaKYYMa KX,U, me cneUIIaJihHOe BHIIMaHIIe y)leJieHO KaJIII6poBO'IHOH lIHBapII­
aHTHOCTII. MpOHhl TPaKTYIOTC51 KaK CB513aHHbie COCT051HII51 KBapKOB, a ClIJlhHhie 
KBapK-a)lpOHHhie BepWIIHhl OillICbIBaIOTC51 3cpcpeKTIIBHblMII rrarpam1mattaMII B3am,to­
)lettCTBII51, reHepIIpyeMbIMII lIHCTaHTOHaMII. TiapaMeTpbl IIHCTaHTOHHOro BaKYYMa, 
3q:>q:>eKTIIBHblH PMIIYC lIHCTaHTOHa II Macca KBapKa CB513aHbl C BeJIII'IIIHaMII BaKYYM­
HhIX O)KlI)laHIIH KBapK-rJIIOOHHbIX oneparnpoB HII3weii pa3MepHOCTII, a TaK)Ke 
C HlI3K03HeprenI'leCKIIMII Ha6JIIO)laeMbIMII IllIOHa. 
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The nonperturbative functions parametnzmg off-diagonal hadron matrix 
elements of light-cone leading-twist quark operators are considered. Given functions 
are calculated in the framework of the presented relativistric quark model with 
nontrivial structure of QCD vacuum in which the gauge invariance is taken into 
account. Hadrons are treated as bound states of quarks and the strong quark-hadrons 
vertices are described by instanton-induced effective Lagrangians of the interaction. 
The parameters of instanton vacuum, the effective in:,tanton radius and the 
constituent quark mass are related to the quantity of vacuum expectations of the 
lowest dimension quark-gluon operators and the low-energy observables of pion. 
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