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llplIJIOlKeSlle A.
 
IIpaBHJla BhItIucneSRJI tlJeHBMaHOBCKHX BBTerpaJIOB.
 

llocne,nOBaTeJIhHhIll BhIBO,Z:( npaBHJI <t>eIffiMaHa ,nmI TeopRir co cnOHTaH

HhIM HapymeHlIeM KamI6pOBOqm.rx CHMMeTpW MO)l{HO HaHTH B ~e6HHKaX 

(cM., HaUpHMep, HrumCOH, 3I06ep; PaMOn; CJIaBHOB, <l>a.n.neeB [4]). B 3TOM 

nplIJIO)KeHRlI M!>I npHBO,UHM mIIIIh CBO,Z:(Ky pe3ym.TaTOB C KpaTKHMlI KOMMeH

TapnJIMll. 

KaJIu6pOBKa u nponaraTophl. 

KBaHTOBaHlIe KaJIH6pOBO-qffi£{ nonen (B MCM - 3TO wi, Zft H AIJ) Tpe6y

eT q>RKCa.mnr Kamr6pOBKH. HaH60JIee qacTO nCnOJTh3yeTC.R TaR Ha.3:bIBaeMaJI 

Re KamI6pOBKa, KOTOpaJI OTBe'tJaeT .uo6annemno K KJIaccn-qeCKOMY narpaH

./KRaHY HOBbIX "'IJIeHOB OLaF: 

(A.I) 

r.ne G±, GO H H - KOMIIOHeHTbI xnrrcoBcKoro .uy6neTa 'P. B napaMeTpH3amm 

G+(x) . ) 
(A.2)4> = ( ~(17 + H(x) + iGO(x)) 

B ,l(aJIbHeHmeM MId HCnOJTh3yeM: TOJIbKO qacTHhIii cnyqaH Rf, KaJIH6pOBlaI, 

a HMeHHo, 

~A = €w = ~z = € 
ITocne epHKCaD;HH KaJIH6pOBKlI M01KHO onpe.neJIHTb rrponaraTopbI DJ;:. (P) , 
D;v(p) II D;v(p) IIOJIen Wi, ZJ.l n AJ.l: 

~~i_ 
p2 _ mrv + ic 

{g
IJV 

_ (1 _ ~) 
p2 -

PJ.lPV } 
mrv~ + if 

= 
-

(A.3) 
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D~J/(p) = i {g _ (1 _ €) PIlPII } 
r p2 _ m~ + i€ jJV p2 - micf + ie 

(AA) 

= 

n://(p) = - p2 ~ ie {gill! - (1 - ,)p;~:c} , (A.5) 

Cn:yqaii € = 1 OTBeqaeT KaJm6poBKe <l>eIDIMaHa - T 'Xoo!pTa, € = 0 
Kamr6poBKe JIaH,ZJ;ay, € -+ 00 - KamI6pOBKe IIpoKa. 

KaJ( CJIe.n;yer 1I3 (A.3) H (AA), nponaraTophl MacC:aBHLIX BeKTOpHDtX ]lOJIeR 

npeJICTaBlliIIOTCa: B BH.lIe CYMMld: nponararopa B KaJIlI6pOBKe llpoKa, onnChI

BaIOm;ero pacrrpocTpaHeHHe 4>If3H't1eCKIDC cTeneaei CB060AbI BeKTopaoH qa

CTH.I:(bI, H CKaJI1Ipaoro nponaraTOpa c nomocoM, 3aBHCJ.IlIJlIM OT KaJIlI6pOBKl1I, 

KOTOpLIi: OTBe-qaeT pa.cnpOCTpanemno Heepl:I3H't1eCKHX CTeneae:i CB060JIbI. B 
pe3YJIbTaTe ,U:o:arpaMMhI C BIIpTYaJILHI>IMR W±, Z 6030HaMB co,nepEaT aeqnI

3lif1IeCKlle noporoBDIe oco6eHHocTH, nOJIO.JKemre KOTOphIX 3a.BIICHT OT KamI

6pOBO'tffioro napaMeTpa €. qaCTlMHO 3TH ae<pliI3lJl1eCKHe oc06eHHOCTII COKpa

maJOTCa: IIOCJIe JI06aBJIeHRa: COOTBeTCTByroID;liI.X ,UllarpaMM C BlIpTyaJIhlIhIMll 

I'OJI.IJ;CToyaoBCKHMlI 6030HaMH, B03HlIKaJO:III,HM1l If3 XlITrcoBa JIy6JIeTa. ~ (A.2), 
G±, GO. IIponaraTopnI rOJI,IJ;CTOyHOBCKllX 6030HOB liIMeIOT BH,ZJ;: 

Z 
(A.6)DG+(p) = p2 _ m~~ + ie 

i
Dco(P) = (A.7)

p2 - m~€ + ie 

IIOJmoe BOCCTaHOBJIeHHe ywnapHoCTH (COXpaJI.leHHe ae¢)113lif1IeCKlIX OCO

6eHBOCTeli) H KaJm6pOBOqnOH lIRBaplIaRTIIOCTH (BLIUOJIHemte TOJK.[(eCTB Yop

.D;a) .D;OCT:HraeTca: rrpH yqeTe .D;HarpaMM C .uyXaMH <Pa,U,n;eeBa II llonOBa 'T/±, 
1/Z H TJA, KOTopIiIe B3aHMO.D;enCTByroT TOJThKO C KamI6pOBOlIHbIMH nOJIa:MB 

n roJI,llCTOYHOBCKIIMH nomnm:, KOTOpbIM He OTBe'tlaIOT lmKa.Irn:e !pn3lftleCKHe 

creneHlI CB060.lIId. 

ITponaraTOphi .nyx:OB lIMeIOT BII,ll; 

i 
D1}+ (P) = p-2'---m--;~"---~-+-i-e ' (A.8) 
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i 
DfJz{p) = p2 _ m~~ + if ' (A.9) 

i
DfJA{p) =-2-' (A.lO)

P +1£ 

LIyXH nO,lpnIHjfiOTCH CT3THCTHKe <l>epMH, JiI B .IJ:YXOBhIX neTJUIX ny)KHO IUIC3TL 

llOnOJIlmTem.IffiIft 3HaK (-1), KaK H B q>epMnOHHblX neTJHl:X. 

IIponaraTophI ,n;pyrllX nOJIen HMeIOT BJi'I,ll; 

(A.II)AJHI nOJHI xnrrca: 

~ 'l 
,IJ;JI.H q>epMllOBllhIX nOJIeH: Df (p) = ~ . (A.12) 

p- m,+zf 

"tITo6hI OIIHcaTh MHoro'tllICJIeHHhIe TpeXqaCTlPIlIhIe BepnnmbI, y.n;06HO yHII

<pl2IIlHpOBaTh 0603B3QeHH.sI. 3aq>l1IKCHPyeM HaBCerna lIMIlyJIbCbI, KaK nOKa3aHO 

Ha pHCYHKe AI, l1I: 6Y.IJ:eM 0503Ha-qaTb BepmHBy Ha6opoM norren: B cnellYIOm;eM 

nop.a:nKe (A, B, C). Tor.n;a np~BJIa <t>eimM:aHa .n;mI TpexqaCTlflHbIX BepnmH 

3anmnYTCjI B CJIeAYIOm;eM BlI,IJ;e: 

B3aBMo,neB:CTBHe XaJIU6pOBOqg:hIX DoneR C 4»epMlIOHaMlI. 

(IApi) -ieQflll , 

(fZllf) -iHgvIJl +gAI1l15] , 
(A.13) 

(veW;l) -i~/Jl(l + 15) , 

(UW; D) -i272Vnu11l{1 + 15) , 

rne Q, - 3apjIJ{ <pepMHOHa I, T! - TpeTb.H KOMllOHeHTa SU(2)w llJUI q>ep

MHOBa I, gA = 2TI, gv = 2T/ - 4Q, sin2 B; U 'II D 0603HaQaIOT JII060H H3 

KBapKOB C Tt = ~ R Tl = -~, COOTBeTCTBeHHO, H VDU - 3JleMeHT MaTpHU:bI 

Ko6a.sImH-MacKaBhI. 



4 

B3aJ1MO~e:icTBHe CKangpBbIX none:i: C epepMHOBaMU• 

....ifl.(fHf) -2mw m, , 

_9.~T.f
4mw 3 , 

(A.14) 
(UG- D) - 2~;;;-[(mD - mu) + ,5(mD +mu)] , 

(DG+U) -2~;;;;-[(mD - mu) -,s(mn + mu)] 

Tpex6030BBble B3aBMo,neiicTBII.a:. 

TplI KaJlll6pOBOq]fiillC 6030Ha: 

(A.15) 

llBa KaJm.6pOBOqRhIX 6030Ha, G HmI H: - .. 

(W,7G-Av ) .r- ,'temwgpv 

(W:G- Zv) -igmz sin2 (}gPII \ 

(A.16) 

.~ 
zgmwg/Jv 
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O.zum KaJm.6poBoqRhIH 6030H, ,nBa G IIJID GH: 

(C+AIlC+) -ie(p + q)Jl , 

(G+Z"G+) . 00820 (p + ) 
r -'l92cos(} q Jl , 

(GOW:C+) !g(p + q)p. ,
 

(HW:G+) -~i9(P + q)1l , (A.17)
 

(C+W;CO) -~9(P + q)p. ,
 

(G+W;H) -!ig(p + q)Jl ,
 

(HZJlGO) ~(p + q)Jl ;
 

B3aHMo,nei'icTBJile xnrrcOB C rOJmCToyHaMlI :II MejK.ny co6oi'i: 

(G+HG+) i ~ 
2g 

mw ' 

(A.18)
 

(HHH) 

B3aHMo,neiicTBHe .nyxOB C KaJm6pOBO'tJHblMH nOmIMH: 

(1]+ AJl1]+) -ieqp., 

(TJ- AJlTJ-) +ieqll , 

(TJ-W:1]1') -ieqJl , 
(A.19) 

(TJ+W;1,-r) ieqJl , 

(TJ'YW:1]+) ieqll , 

(1]'W-p. 1]-) -ieqJl 
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B3aHMo.nencTBne .nyXOB c xm-rCOM IImI rorrncTOYHa.M:H: 

(11- Hrr) -4g~mw, 

(rrGorr) -~g~mW , 

(A.20) 

QeThlpex6030HBbIe B3aHMo,neicTBB.s:• 

.ilml OillICaHB.H qeThIpex6030HHbIX BeplJIIiIH MLI nne.n;eM 0603HaQeHBe (A B 
C D), eM. puc. A2. 

B 3TIlX 0603HaQeHHSIX B3alIMOneicTBBJI 'IeTbIpeX neKTOpHDIX 6030HOB HMe

lOT BUn: 

(WtW;AvAp ) 

(A.21) 
(WjW;ZvZp) 

(wtw;AIIZp) 

B3aHMo,neiicTBHe JlBYX BeKTOpHhIX 6030HOB c H H, GG nJIH HG: 



ZJ-lZvHH
 

ZJ-lZIICoCo
 

ZJ-lZVC-C+
 

A W+C+H

J.l v 

A W-C-Co 
J-l 1/ 

AJ-lZvC-C+ 

Z W+C+H
J-l v 

ZJ-lW;C-H 

Z W+G+Go 
J.l v 

7 

2ie2gJ-lV . 

z.1 
_g2 sec2 Bg2 J.ll/ 

.1 2 2(}Z"2g sec gJ.lIl' 

(A.22)i~g2 sec2 0cos 2 2BgJ-lv 

.1
'/,2 eggJ.l1/ , 

.1
't"2 eggJ-lV , 

1 
-icggJ.l1/ , 

1
"2eggl'l/ ,
 

ieg sec 8 cos 28gJ.l1/ "
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i2lsec8('2cos28 -l)gJ-lv ,
 

I' 1
i"2l sec 8( '2 cos 28 - 1)gJ-l1/ , 

1 1 
- -g2 sec 8(- cos 28 - l)g2 2 J-ll/ , 

1 1292 sec BC2cos20 -l)gJ.l1/ . 

B3allMOlleHCTBlIJI GGGG, HHHH lIJIH GGHH: 
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(C+C-C-C+) _1g2m2/m2
2 H N' 

(G+G-GOGO) -~g2mJIlmJv , 

(C+G-HH) _ig2m2/m2
4 H N' 

(A.23) 
(HHHH) -iig2m1J Imjy , 

(GOGOGOGO) -iig2m1J Imjy , 

(COCOHH) -~g2mklmh . 

PerYJIJIpB3alUiUI epe:iBMaBOBCKHX BBTerpaJIOB. 

HHTerpaJIhI, OTBeTJaK>:w;He ,Il;HarpaMMaMC neTJUIMlI, .popMaJIhHO paCXO,Z:J;jIT

ca: H Tpe6YK>T perYJ'I.KpH3aD;HK. Cne.n;yeT OTMeTHTb, TJTO IIocrre.n;OBaTeJThHOH 

perymIpll3aI(l:I.H 3JIeKTpocna60B: TeOplm BO Bcex IIeTJUlX .no ClIX nop He cy

mecTByeT. B HeCKOJThKDX rrepBhIX neTJnIX MOiKHO HCnOJIb30BaTb pa.3MepHYK> 

perymq)H3~, KOTOpaJI OTBe-qaeT nepexo.n;y K D-MepHOMY npOCTpaHCTBy

BpeMeHR, B KOTOpOM pacxo,n;mJ;1lMca: ImTerpaJIaM npHmICbIBaeTCK crre,n;YK>m;ee 

KOHe-.m:oe BbIproKeHHe: 

(A.24) 

r.ne J.L - napaMeTp pa3MepnOCTH MacChI, BBo.n;1IMhllI ,n;JUJ. coxpaHeHHK pa.3Mep

aOCTH lICXO,n;Horo lIHTerpan:a. 

3Ta <popMYna cITpane,n;mma B o6nacTH CXO,n;HMOCTH HHTerpana. B 06JIaCTH 

pacXO,IJ.RMOCTlI epOpMaJIbHOe BhIpaJKeHHe (A.24) nOBlIMaeTca: xaK aHanHTH"lIe

CKoe npo.u;OJDKeHHe. O-qeBWlHo, "'ITO B o6nacTH CXO.D:RMOCTlIlIHTerparr .n;orryc

KaeT c,n;BHr IIepeMeHHOH HHTerpRponamu. TI03TOMY B (A.24) M02K.HO c,nenaTb 

C,IJ;BBr nepeMeHHOH p --+ p + q TaK2Ke H AmI mo6bIX D. aTO 06CTOKTeJIbCTBO 

KBJIXeTCK pemaroIIJ;HM npH ,n;OK83aTeIIhCTBe KaJIH6pOBO'tlHOH HHBapHaHTHOCTH 

pa3MepHOiI perymq>H3an;mI. 

B6mr3H D = 4 HHTerparrhI (A.24) co.n;ep2KaT nomocHOB: "tJ:neH 

22 m
~ = -- +ln41r -! -In- , (A.25)

4 -D J.l2 
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r.n:e 1 = 0.577•.• - nocToKHHcur 3HJIepa. BKJIIO"tleHlle KOHCTaHTHbIX 'tIJIeHOB B 

(A.25)	 eCTb HeKoTopcur yCJIOBHOCTb H 3aBHCHT OT corJIame:mur. 

Arrre6pa l-MaTpnn B D-MepHoM npOCTpaHCTBe onpe.n:emleTcH COOTHome

HHilMH 

lJJ1V + lV1P = 2gplI X I , (A.26) 

gpp = D , (A.27) 

lPllllP = (2 - D)'l/ , (A.28) 

r.n;e I - e,rumJPmaJI MaTplIIla. 

qTo KacaeTCH pa3MepaOCTH CmmOpOB, TO npH npO.n;OillKemm B D-MepHOe 

npOCTpaHCTBO MOX<HO OmITh nocTyrraTb pa3HbIMH crroco6aMH. O.n;Ha R3 B03

MOX<HOCTeH - npHHKTb, 'tITO 1 MaTpHI{hI eCTh 4 x 4 MaTpHIJ;hI, TaR 'tITO 

SpI = 4 .	 (A.29) 

Tpy,UHOCTH C D-MepHoH perYJI.lIpII3amreH B03B1IKaIOT, Kor.n;a Ha.n;o onpe.n;e

JInTb, '<lTO TaKOe a6COJIIOTHO aHTliIClIMMeTpH~TeH30p H (JilJIH) 15 MaTpH

~a. llJIH BhrqHCJIeHHii: B HeCKOJIbKHX nepBhIx neTJIIDC q.opMaJIbHOe onpe.n:eJIeHHe 

15 
(A.30) 

(A.31 ) 

He npliIBO.n;RT K npOTHBOpe"tlHKM. 

TaRHM 06pa30M, aMIIJIliITy.n;hI q.H3II"tIeCKlIX rrpou;eCCOB, 6y.nYQII BhIpa2KeH

HhIMliI B TepMHHax rOJIhIX 3apauOB H roJThIX Macc, co.n;ep2K.aT nOJIIOCHhIe "tlJIeHhI 

rv 1/(D - 4). 
ECJIH HCKJIIOqRTb rOJThIe Be.JIlI"tlHHhI II BbIpaJKaTb o.n;HR lPH3H'tIeCKHe Ha

6mo.n;aeMhIe Qepe3 .n:pynle lPH3HQeCKHe Ha6JIIO.n;ae:MbIe, TO Bce nOJIIOCHhIe CJIa

raeMhIe COKpamaIOTCil. 06mee CBOHCTBO nepeHopMnpyeMocTH rapaHTnpyeT 

TaROe COKpameHHe. (B pa60Te [42] MbI npoBepHJIH 3TO cOKparueHIIe Heno

cpencTBeHHo.) TaKax npoue.n:ypa nepeHopMHpoBOK IICnOJIb3yeTcH II B 3TOM 

o630pe. 

q To6h1 In6e2KaTh pacxo.n;lIMocTeR B npOMe)KyTO"tlHhIX BhIpa2KeHlIXX M02KHO 

YCJIOBHTbCX BhItm:TaTb H3 Ka2K.noro q.eHHMaHOBCKOro HHTerpaJIa nOJIIOCHLIe 

'9:JIeHhI rv 1/(4 - D), nOCKOJThKY B OKOH"tlaTeJIbHbIX BhIpaJKeHIUX OHH Bee paB

HO .n;OJI2KHbI B3ammo COKpaTIITbCH. B 3aBHCHMOCTliI OT Toro, KaKHe KOHCTaHT

HLIe "tlJIeHbI (Hapg.n;y e rrOJIIOCHhlMJiI) BhI"tlUTaK>TCK II3 .n;HarpaMM, B03HHKaIOT 
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pa.3mrtm:bIe cxeMhI BhPIHTa.H1iIH: MS cxeMa OTBe-qaeT BhI1nITaHmO ymmep

CaJlbHOH KOM6HHa.II;HH 
2

---,+ln47r
4-D 
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ITpUJlO>Keuue B.
 
COOTHOmeHBe Me)K.n;y a B 0'(0).
 

HaqaeM co cne):{yIOmero 3xaMenHToro COOTHomenIU, HMeIOmero MeCTO B 

KBaHTOBOn 3JleKTpo.n;HHaMHKe [82]: 

(B.1)
 

3.n:eCh nOCTOmHaJI TOHKon CTpyKTyphl a == 0'(0) KBJUIeTCll .p1I311-qecKoH Be

mJqHHOH. ana MoxeT 6hITh 1I3MepeHa KaK BhlqeT .rrpll KyJlOnOBCKOM nOJlIOCe 

1/q2 B aMnJIHTy.n:e pacce~IHI 3apll)l{eHHbIX qaCTlIIJ;. lITO KacaeTCll 6erymeft 

"KOnCTaHThI" CB1l3H 0'( q2), TO ona ·lI3Mepena no pacceaHHIO -qacTlIU C Mac

caMn m npn MaJIbIX nepe):{a-qax HMIIYJThca: m ~ JfQ2T. B CTaH.n:apTHOH MO

.n:eJIH HMeeTC.a Z-6030H, IiI rrpIil q2 =1= 0 o.n:n03HaQnO BhI.n:eJlIlTh BKJIa.n: .pOTona 

neB03MO)KHO. IIo3TOMY onpe.n:eJIeIme 6erymeH KonCTanThI O'(q2) CTaHOBHTCK 

3aBHC1IIIlHM OT KOHBe:H.lllril II OT .n;eTaJIeH BhI'qJilCJIelIlrii. 

IIpIiI q2 = m~ BKJIa.1l W-6030nOB B a == a(m~) neBeJlIilK, II03TOMY y.n:06no 

nOJIh30BaTbCK npHIDIThIM B K311 onpe.n:eJleHHeM: 

a 
(B.2)a = 1 _ fJn: ' 

r.n:e 

(B.3)
 

O~OneTJleBOe BhlpaxenlIe .n:IDI co6CTBeHHOH 3Hepnm q,OTOHa MO:IKeT 6hITh 

npe.n:CTaBJIenO B CJle.n:YIQmeM BH,IJ;e [71J: 

~7(S) = (a/31r)EN!Q}[sLlf+(S+2m})F(s,m"mf)-~]
f 

(O'/47r)[3sLl w + (3s + 4m~ )F(s, mW, mw)) , (BA) 

r.n:e s == q2, Im,ll;eKC f 03HaQaeT q>epMHOHhI, cyMMa E f H.u;eT no q>JI3HBOpaM 

rrenTOHOB H KBapKOB, IV{ - qHCJlO :uneTOB. BKJIa.n: q.epMBOHOB B E/(q2) ne 3a

BRCHT OT KaJ1H6pOBKlI. IIocne.u;HIiI:H qJleH B (BA) OTHOCIITCK K KaJllI6pOBOqHO

3aBHCIIMOMy BKJIa.n:y W -6030HOB; B ypaBHeHIHI (BA) HCnOJIh30BaJIaCh KaJIII

6pOBKa T 'Xoq)Ta-cI>eHHMaHa. 
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CHHrynxpHhIH qneH .6.i paBeH: 

1 m~ 
Doi = - - ')' + In41r -In -~ , (B.5)

€ ~2 

r,n;e 2~ = 4 - D (D - nepeMeHHaJl pa3MepHOCTL npOCTpaHCTBa-BpeMeHH, ~ ~ 0), 
'Y = -r'(l) = 0.577... - nOCTOj[HHaJl3inepa, p, - npO:H3BOJILHLlH napaMeTp. KaK 

1/f , TaK H fJ liCQe3aIOT B COOTHomeHWIX Me~y na6JIIO,n;aeMhtMIi. 

<l>YHKIlIDI F(s, mt, m2) paBHa BKJIa.ny B co6cTBeHHylO 3Heprmo CKaJIj[pHOR 

'tlacTBnhI llpll q2 = S 3a CqeT IIeTmI C DByMX CK3JHlPHLIMH qaCTUn;aMH (C Mac

CaMII ml II m2) 11 C KOHCTaBTOR CBX3R, paBHOB e,n;mnm;e: 

2 2
ml - m21 ml- 1 + 2 2 og-
ml-m2 m2 

1 2 ( 2 2) 2 .Jdx log x s - x s = ml - m2 + ml - Z€ (B.6) 
o mlm2 

<l>ynKIUlK F HOpMlIpOBaHa Tax, qTO npll q2 = 0 06pa.rnaeTCx B HOJTh, "t{TO oTBe

qaeT BhI'tlHTaHBlO co6CTBeHHOH 3Heprllli npll q2 = 0;_ 

(B.7)
 

IIp" ml = m2 = m HMeeT MeCTO cne,n;YIOmax <l>opMyna: 

_ { 2 [1 - v/'4r - 1 arcsin *~ ,4'1" > 1 ,
F(s,m,m) = F(r) = ~ l+v'EF 4-r < 1

2 1 - vI - 4r In v'4T " 

rne r = m2ls. 
nJIX Toro, 'tlTo6hI BLPIHCJmTb BKJlanhI nerKHX 4lepMHOHOB, t-KBapKa II W

6030Ha B 80:, MhI Hy)f{JlaeMC. B aClIMliToTHKax F(r) npH MaJIhlX Ii 60JIbIIllIX 

r: 
F(r)~ln'1"+2+ ... , Irl<l, (B.8) 

1 1 
F(r)~6'1"+60r2+"" Irl>1 , (B.9) 

I ) d 6-+0 1[1 1]
F (s,m,m = dsF(s,m,m) ~ m 2 "6 + 30T (B.lO) 

B pe3YJThTaTe norry-.:mM: 

II..,(m~) == ~1(~~) = ~ ENIQ2f (.6. z +~) + 
, mz 37l' 8 3 
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+ ;QJ [Llt + (1 + 2t)F(t) - ~] 

~[3~w + (3 + 4c2 )F(c2
)] , (B.II)

41r 

rne t = m;/m~, H 

(B.12) 

(B.13) 

TaIrnM 06pa30M, Da naeTCK CyMMOH 'tIeTBIpeX''tIJIeHOB: 

(B.14) 

a [m2 
]60'.1 = - E In-t - 5/3 = 0.03141 (B.15)

31f 3 m/ 

Q' .4 (mz)2
8at ~ --.-. -.- . = -0.00005(1) , (B.16)

1T"-15 M t , 
,- , 

r,D;e 6hIJIO HCrrOJIb30BaBO mt = 175 ± 10 r3B. oTMeTHM, 'ITO fJQ't IIpeHe

6pe2K.lIMo Man:a II lIMeeT aHTlii3KpaItHpOBO'tffibIH 3HaK (3KpamrpoBKa rreTJIeH 

t-KBapKa B K311 na-qnnaeTCJI rrpH q2 ~ m;, Tor,na KaK B' HameM crry'Iae 

q2 =m~ < mn. 
HaKOHen, W neTIIJI naeT: 

Daw = ;: [(3 + 4c2
) (1 - v"4c2 

- 1arcsin ;c) - 1/3] = 0.00050 (B.17) 

BeJIlii'IHHa fJaw 3a.BHCFIT OT KaJIlI6pOBKll [72]; 3,UeCb rrpRBe,UeH pe3YJIbTaT BhI

'IlICJIemu B KaII1I6pOBKe T'Xol}>Ta-<I>eimMana. TpanliiIUloHno B onpe;ueJIeHHll 

a yqnThIBaeTCJI C.n:BlIT a TOJThKO 3a C'IeT JIeIITOnOB II IIJITH IIerKHX KBapKOBj 

BKJIan Dat :II 8aw yqHThIBaeTCSI B co6CTBeHHO 3JIeKTpOCJIa6hIX pa,D;HaIUIOHHhIX 

norrpaBKax. B HameM no.n:xon:e 3TOT BKJIan: npllBO,UHT K IIOnpaBKaM 61Vi, 
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TIpBHo)J(eBBe C 

CBO.llXa pe3ynhTaToB paCqeTOB a. 

Cpe,lUI Tpex BXOlUlhlX napaMeTpOB a, Gp II Mz nepBhIH lIMeeT HaH6oJILmyIO 

neonpe.n:eJIeHHOCThj 3Ta Heonpe.nerreHHocTb npHBO,nllT K Heonpe.neJIeHHOCTR ±5 
r3B B 3HaqeHIDI MaCChI t-KBapKa, B3BJIeKaeMOH IIJ BJMepemrli mw II napaMe

TpOB pacna.n;a Z-60JOHa. CorJIacno ct>OPMYJIaM rrpH~Ojf(eIDUI B 

0' 
a = 1 _ 80 ,ber = hal + hah , 

hal = 0.0314 . 

B pa60Te ([26], Burkh) 8ah 6liIJIO BhlqnCJIeHO nO,llCTaHOBKOH B ,llRcnepcR

oIllIbrli lffiTerpan ue+e---..+ MpoHW npH ...;s < 40 r3B H napTOHHOH: Mo.neJUI llpR 

.;s> 40 r3B: 

hahBurkh] = 0.0282(9) , <i[Burkh] = [128.87(12)r1 . (C.l) 

B pa60Tax ([26], Bble) OTMeqeaO, 'tITO npocTeinnax MOneJIb (rrerqaiWlllli BeK

TOpB:hIB Me30H + y~eHH:hIH no KXll napTo:HHLril KOHTlIHYYM B Ka2K,nOM 

~Jl3boPHOM KaHaJIe) npHBonUT K y.nHBBTeJIbHO 6mr:JKOMY pe3yJThTaTy: 

(C.2) 

Mo,n;eJlb 6eCKOBe1JHOrO ""<IRena nomocoB ([26), Gesh) npRBO,IlHT K onpenerremno 

hah C OqeHb BhICOKOH TOqHOCTbIO: 

6aLGeshl = 0.0275(2) , (i[Gt'Sh] = [128.96(3)t1 • (C.3) 

He):(aBHHH aBaJIllJ 3KCnepHMeHTaJIbHLIX .naHHhIX ({26), Sw, [26], Ma) npHBeJI 

K 3aMeTHO MeHbImIM 3HaqemHIM 6ah: 

6a~Sw] = 0.0265(8) , a[Sw] = [129.10(12)t1 , (CA) 

6ct'~a] = 0.0273(4) , ii,[Ma] = [128.99(6)r1 (C.5) 

B .n:aHHoM o630pe Ml>I BCnOJIb3yeM pe3YJIbTaTbI He,llaBHero aHaml3a ([26], 
Eid): 

6a~idl = 0.0280(7) , &[Eidj = (128.896(90)] . (C.6) 
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npBJIO)f(eBBe D.
 
KaK "UOn3YT" aw(q2) B az(q2).
 

3epepeKT "6era" 3IIeKTpOMarImTHOn KOHCTaHThI CBK31I a(q2) (nOrapnepMn

qeCKOH 3aBHClIMOCTII 3q,q,eKTHBHoro 3apAAa OT nepe.n;aHHoro HMnyJIbCa q'2) 
H3BeCTen 60nee qeThIpeX .n:ecKTHJIeTn:H [82]. B OTJIlNlIe OT a(q2) 3<}><}>eKTBB

HLIe KOHCTaHThI W 11 Z-6030HOB aw(q2) H az(q2) B 06JIaCTH 0 < q2 ;5 m~ He 

6eryT, a CKopee "non3YT" [83]. 
ECJm, KaK 06bPIHO, onpe.n:eJIRTb 3q,epeKTlIBHYIO KaJIII6pOBOt:IH}'IO KOHCTaH

Ty CBK3H g2(q2) Qepe3 rOJ1hIlI 3apan; 95 liI rOJIyIO Maccy mo, CYMMlIPYSI reo

MeTplI-qeCKHH pSI.D; co BCTaBKaMlI co6CTBeHHon ::mepnm: ~(q2) B rrporraraTOp 

KaJIII6pOBOt:IHOrO 6030Ha, TO B03HllKaeT BbIpaJKeHHe 

(D.I)
 

r.ue m - cPH3IPlCClma: Macca, a ~(q2) COnep)KHT BKnan TOJThKO epepMllOHOB, 

rrOCKonhKY B 06naCTII Iq21~ m~ IIeTJIH C W, Z n H 6030HaMlI He co.n;ep)KaT 

60JIbmnx JIOraplI<pMOB. 

B pa3HOCTH 1/g2 (q2) - 1/g2(0) ronBJI KOHCTaHTa CBSI311 M02KeT 6hITb HC

KJIIO'CH~Ha, H B03HHKaCT KOHeTlHoe BhIpa)KCHIlC. B pe3YJIbTaTC 

l/az(l) -l/az(O) = bzF(x) , rne x = q2/m~ , (D.2) 

1/aw(q2) - l/aw(O) = bwF(y) , r;n:e y = q2/m~ , (D.3) 
x 

F(x) = 1 _ x In Ixl (DA) 

IIpH x ~ 1 ypaDHcHHSI (D.2) IiI (D.3) onpe;n:enKIOT norapHepMHqeCKHH 6er 

3apsr;n:OB 3a c-qeT JICnTOHOB H KBapKoB, n bz II bw rrpe.D;CTaDJISIIOT BKJIan epep

MHOHOB B nepBhIH K03<pepIIIJ:neHT <PYHKIUllI rCJIJ1-MaHHa-JIoy: 

r,ne Nu,d,q.1 - 'tJJiIcna KBapKOD II rrenTOHOB C MaccoH, 3aMeTHO MeHhmen -qeM 

vqz. 
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lIJI.&: q2 ;5 m~ K034>«tmmreHTLI bz,w qJiICJIeHHO paBHLI [83] 

bz ~ 0.195 

bw ~ 0.239 

MaccHBIihIH rrporraraTOp q2: 2 B (D.I) CHJIbHO nOll.um.&:eT 6er aw(q2) H m 

Ct'Z(q2). Tax, OT q'l = 0 lIO q2 = m~, COrnaCHO (D.2) H (D.3) KOHCTaHTa 

az(q2) B03pacTaeT Ha 0.85% 

l/az(m~) = 22.905 

l/az(m~) - l/az(O) = -0.195 , (D.6) 

KOBCTaHTa aw(q2) B03pacTaeT Ha 0.95% 

l/aw(m~) = 28.74 

l/aw(m~) - l/aw(O) = -0.272 , (D.7) 

Torlla KaK 3neKTpOMarmrTHa9: KOHCTa.B.Ta a(q2) B03paCTaeT Ha 6.34% 

l/Q'(m~) - 1/aw(0) = 128.87 -137.05 = -8.17 (D.B) 

TaKRM 06pa30M C yxa3amlOB TO'IHOCTbIO MOXHO C'tfHTaTl> 

Ct'z(m~) ~ O'z(O) 
aw(m~) ~ aw(O) (D.9) 

B TO :JKe BpeM.&: a(mi) CRJIbHO OTJIJiPiaeTca: OT 0'(0), n n03TOMY nocnellWI.&: 

He HMeeT OTHOmeHn.&: K 3JIeKTpocna6oft epH3:HKe, a TOJIhKO K "tJ1ICTO 3JIeXTpo

MaI'HllTHOH. 
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TIpJilJIOJKeHHe E 

COOTHOmeHBe Me)K~Y a, Gil' mz Jil rOnhlMJil BeJIB-qJilHaMH. 

3aTpa:aO'tIHhIe (rOJIhIe) BeJIlPIHHhI OTMeqaeM RH,neKcOM "0" . B 3JIeKTpOCrra

60H TeOpRH TplI 3aTpa:ao~e 3apma eo, 10 H 90, OlllIChIBa.K>IIJ;He B3aHMo.nen:

CTBHX " Z H W, CBil3aHhI O.n;HHM COOTHOmeHl'IeM: 

(E.1) 

3aTpa:aO"t[HhIe MaCChI BeKTOpHhIX 6030HOB orrpe.n;errX.K>TCa 3aTpaBO~ Ba

KYYMHbIM cpe.n;mIM 6030Ra XlITrca Tlo: 

. 1.,c 1 
mzo = - JO'fJo , mwo = -goTio . (E.2)

2 2 

IlOCTOgHHasI TOHKOR cTpyKTypLI Q' = e2 
/ 41f CBjI3aBa C 3aTpaaO't[ffhIM 3apjI

.n;OM eo CJIe.nyIOIIUIM COOTHomeBHeM: 

a == a(q2 = 0) = eij (1 - ~' (0) - 2~ ~,z~O)) , (E..)) 
41f ' c mz 

r.ne E'(O) = lirnq2__0 ~(q2)/q2. B KaJIH6pOBKe <l>eHHMaHa ~IZ(O) ~ -(a/21f) 
(m'iv/cs)(l/e), r.n;e pa3MepHOCTh npOCTpaHCTBa-BpeMeIm D = 4 - 26". B yHlI

TapHon Karrn6poBKe ~,h(O) = o. 
IIpome Bcero B rrpncyTcTBID:l "lITeRa 2(s/ c) 'E-yZ (0) / m ~ y6e.n;HT:bCH, paCCMa

TpHBaSi B3aIIMo.ueJ2rCTBne epOTOHa C npaBhIM 3JIeKTpOHOM eR. TIPH 3TOM c;ra6LIe 

BepUTRRHIJe nonpaBKlI 3a c-qeT 06MeHa W-6030HOM OTCyTCTByIOT. (3aMeTHM, 

qTO JIeBOe HeHTpmm OCTaeTCii HeiiTpaJI:bHbIM n npn y"leTe neTJIeBbIX rrorrpa

BOK, TaK KaK .n;narpaMMa C, - Z - VLVL B3a:IiIMOlleHCTBHeM KOMlleHcnpyeTC.sr 

BepmIlBHOH .rmarpaMMoH C o6MeHOM Z). 
Harne nepBoe 6a30Boe ypaaHeHHe - ::lTO ynyqmeHHOe C nOMOIUhIO peHopM

rpynIThI COOTHOmeIme Me2K.n;y a = a(q2 = m~) II ao: 

a = ao [1 - III(m~) - 2~II,z(O)] , (E.4) 

r.n;e TI,(q2) = E-y(q2)/m~, TI-YZ(q2) = ~/z(q2)/m~. 
A BOT H BTopoe 6a30Boe ypaBHeHlIe: 

m1 = m1o[1 - TIz(m1)J = m~o/~[l - llz(m1)] (E.5) 

-_._-----------~-_ .._---- ------------
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AHaJIOrlPIHOe ypaBHeHlIe cnpaBe,llmIBo ,llmI m?v: 

m~ = m~o(l- nW(m~)J , (E.6) 

r,lle II j (q2) = 'E j (q2)jm;, i =W,Z. 
HaKOHen;, TpeTbe 6a.30BOe ypaBHeBlIe: 

g2 
Gp = ..;z0

2 [1 + ITw(O) + D] , (E.7) 
4 2mwo 

r.ne llw(O) = I;w(O)jmiv npnxO,llRT OT nponaraTopa W, D npe,llCTaBJH[eT co

60H BKJIa.n; KBa,llpaTHKa B BepIlIlIHHon ,llRarpaMMhI (Ja BDItIeTOM 3JIeKTpOMar

mITHhIX nonpaBOK K qeThIpex,!>epMHOHHoMy B3aHMo.neicTBlIUO) B aMIIJIBTY,llY 

pacrra.,n;a MIOoaa. (orJIaCR 0 (HpJIHHy [23}: 

a 7  48
2 

2
D= 47rs2 (6+ 2Tlnc +4~w) , 

( )
E~8 

r,lle 
2 

~w == ~(mw) = 4 _ D + ln47r 
2 2

'Y -In(mwjp. ) (E.9) 
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npRJIOEeUUe F 

P~RaTOphl R Aq u R Vq B BenU'lJUUa aso 

.IlJI.a: pacna.n;OB Ha JIenrn:e KBap:rrn: q = u, d, S MbI rrpeHe6peraeM MaccaMH 

KBapKOB II yqIIThIBaeM 06MeHhl rmOOHaMlI B KOHeqHOM COCTO.a:HHH Il.O qJIeHOB 

I'V O'~ [45] - [48], a T8JOKe O,nHOepOTOHHhIB 06MeH B KOHe-qa:OM COCTOKHlnI II 

HHTep<pepemUII{) epoTOHnoro H rmooHHhIX 06MeHOB [49]. 3TH IIOnpaBKlI CJIerKa 

OTJ'IlrtIaIOTCj[ ,nJIj[ BeKTopHoro H aKCHaJI.bHOrO KaHaJIOB• 

.IlJIj[ paCnall.OB Ha KBapKH HMeeM: 

(F.1) 

r.n;e <paKTOphI RA,V OTBeqaIOT 3a B3aBMo,neHCTBlIe B KOneqHOM COCTomllH (B 

HaIImX IIpe,nhI,ll;yIIJ;HX pa60Tax BMeCTO 6)'KBhI R, MhI RCnOJIb30BaJIlI 6yxBy G). 
B pa60Tax [45J - [49] IIonyqeHO: 

&s 1
Q2ousRVq = 1 + - + -3Q2q-

& 
- - q-- + 

7r 4 7r 4 7r7r . 

+ [1.409 + (0.065 + 0.015ln t)!J(&S)2 
t 7r 

~ ~ 2 A 

12.77(aB)3+12~a68vm , (F.2) 
7r mz 7r 

~2 ~ A2 A2 " 
'!!!.!L as {: !!!!L 1 rnq (as )2 £2-12 2 -uvm - 6 2 bam - 10- - uam , (F.3) 
mz 7r mz Tnt2 

7r 

r,ne mq - 6erymasI KBapKOBa.a: Macca (CM. HIDKe), 

(&S) (&S)2Dvm = 1 +8.7 - +45.15 - , (FA)
7r 7r 

(F.5) 

b2 - ~ ~! (F.6)
am - 81 + 54' 

0.086 0.013
12(t) = -3.083 - in t + -- +-- (F.7)

t t 2 ' 
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= -15.988 - 3.722ln t + 1.9171n2 t (F.8) 
2/ 2= mt mZ . 

qJIeHhI nOpXJlKa (~)3 3a C'tleT .zmarpaMM C TpeMH rJlIOOHaMJiI B IIpOMe)l(yTO'tl

HOM COCTOjIffifiI 6hIJ'IH BhI'fIHCJIeHhI B pa60Tax [73]. LIJIil Rvq OIDl 'tlHCJIeHHO 

O"IeHD MaJThI ~ 10-5, n03ToMY MhI He J'tlmI me B «popMyJIe (F.2). 

LInK pacna,Il;a Z --+ bb Macca b-KBapKa He npeHe6pe.JKHMa; OHa YMeHhmaeT 

rb npHMepHO Ha 1 M3B (f'J 0.5%). rJIIOoHHnIe nonpaBKH IIpHBO,Il;KT K 3aMeHe 

"nOJIIOCHOH" MaCChI fib ~ 4.7r3B Ha 6erymyro MacCy npH BHpTyaJIbHOCTH 

mz : mb --+ mb(mz). MhI BhIpa,)KaeM mb(mz) 'tlepe3 mb, iis(mz) l:I iis(mb) 
rrpn: nOMOI!UI CTaH,Il;apTHhIX .Z1ByxneTrreBhIX ypaBHemrii: B cxeMe M S (CM. [50]). 

nJIil pacnana Z -+ cc 6erymaJl Macca mc(mz) nopj{,Z1Ka 0.5 r3B H COOTBeT

CTByIOm:mI BKJIa,Il; B r c nopmKa 0.05 M3B. MhI BKJIIO'tll:IJm 3TOT Im'tlTO~ 

'tlJIeH B nporp8MMY LEPTOP, TaK KaK B ,Il;pyrmc: rrporpaMMax OH yq::I1lThIBa

eTCil (CM., HanpHMep, [18]). 
B CBil3:H C r OTMeTHM, 'tlTO "IrreH h(t), .Z1aBaeM.blll ypaBHeImeM (F.7), coc 

,Il;ep)KllT lIHTep«pepeHIllloHHhIe "IJI.eHhI ,..., (&s / 1r) 
2 • B 3TlIX QJIeHax ytITelThI TpH 

THIIa KOHe-qHhIX COCTOilHHH: O,Il;Ha KBapKOBail napa, KBapKOBail napa H rJIIOOH, 

)];Be naphl KBapKOB. IIocJIe,Il;B:lliI BKJIa,Il; COCTaBJIileT npHMepHO 5% OT 12 H npH 

cOBpeMemroft 3KCnepIIMeHTaJILHOH TO"tlHOCTH OH 6eCKOHe'tlHO Marr. TeM He Me

Ree, B IIpHHIJ;mIe 3TH 'tlJIeHhI HY)K,l(alOTCK B CneIUlaJIhHOM paCCMOTpeHH:.H, OCo

6eHHO KOr,Il;a 3TH KBapKOBhIe naphI lIMeIOT Pa3Jm'tJHI.riI «pJI3HBOP, HanplIMep, 

bbcc. TaKl'Ie CMemaHHhIe KBapKOBhIe naphl ,Il;OJDKHhI o6cy)KJJ;aTbca: OT,Il;eJIbHO. 

YKaxeM, "ITO lIon &s nO,Il;pa3YMeBaeTCK KOHCTaHTa CHJIbHOrO B3aHMO,Il;eft

CTBHil B cxeMe BLItmTaHnH M S npH B1II>TYaJIbHOCTH J.l2 = m 1. 
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TIpBJlO1KeHBe G.
 
BhIBo,n cllopMyJl .llJlJl aCBMMeTpBB.
 

AClIMMeTplIH B rrponeccax e+e- -+ Z -+ f f M02KHO BhrmCJIHTL, npeHe

6peraa: MacCaMH e H f no CpaBHeHIDO C Maccon Z-6030Ha. 2 AMllJIl:ITY,ny (20) 
B3aIIMo,n;eHcTBHH Z-6030Ha C 6e3MaCCOBhIMH <pepMHOHaMlI f I yno6Ho nepenlI

caTL B Bn.n;e 

(G.1)
 

r,n;e 
·LR 

In' = ¢L,R1n¢L,R , 
1 

'l/JL,R = "2(1 ± ''Ys)'t/J , 

gf,R = gVl ± gAl' 

linH 6e3MaccoBhIx q>epMHOHOB KRpaJI:bHOCTL eCTL COXpaBJIIOmeeCH KBaHTOBOe 

'1JllCJIO (aHOMaJDIlI B HCnOJIb3yeMhIX HaMlI npn6JIH2KeHIiUIX eme He npmmJI.SJIOT

CH) I!l COBna,n;aeT C TO'tJ:HOCThIO ,n;o 3HaKa C ero Cl.IHpaJThHOCThIO. 

TaKHM 06pa30M rrap:or eLe! H eie"k Boo6me He nepexo,n;HT B Z-6030H, a 

rraphI e"iek II eRet p02K,D;aIOT Z 6030H C nOIDlpH3a.I{J2Ien ±1, COOTBeTCTBeHHO 

(B,D;OJIb n03lITpoHHoro II~a). AMIIJIlITY,n;:or pacce.HHHH, n03ToMY, HMeIOT BH,Z:J; 

T(eL,Re+ -+ fL,R/) = gL,Rgf,RTo(1 + cos 0) 

T(eL,Re+ -+ fR,Ll) = 9L,R9k,LTo(1- cosO) , (G.2) 

r,n;e To - HecymecTBeHH:hIH cefrqac K03q><pHIU'IeHT, KOTOphI:ft BOCCTaHaBJIlIBa

eTCH lI3 (G.1), (J - yrOJI paCceHHlil.H Me2K.nY lIMIIYJI:bCaMB: e- II f. 3aaK rrepe,n; 

cos () BhI6:u:paeTCj[ TaK, 'tJ:To6hI crrHpaJIbHOCTL COXpalUJIacL nplI pacceHHl!lH 

Bnepen-aa3a,D;. 

lh BH,Z:J;a aMIIJIBTy,D; (G.2) HeMe,n;neHHO HaXo,D;HTCj[ Bce aCllMMeTplIH. 

a) JIeBo-npaB~ acHMMeTpllH ALR onpe.neJIj[eTCj[ RaK OTHomeHHe 

UL - UR
A LR= ,

aL+uR 

r,ne aL,R = a(eL,Re+ -+ f f). IIo3ToMY 

A - (gl? - (gR)2 = A€ (G.3)
LR - (g1)2 + (gk)2 

2MacCOBble nonpaBIrn .ami f =b HMeIOT nop1lJloK 2.10-3 11 5y.nYT HaM" y'lTeHhI. 
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6) IIpo.n;om;HaJl nOJISIpII3aIUI.s: Precos 0) onpe.n;emleTca: KaK OTHomeHue pa3

aoeTH K CYMMe .r.u!q>q>epeHnRaJ1hBhIX ceqemUI (~:)R,L = ~~(ee -t TR,Lf): 

- (*)R - (ih (GA)P
T (cos 0) - (dO') (dO') , 

dO R + dO L 

r.n;e 

(~;)R = 2~~ ITot'(gR)'[(gj,)'(l + COS 0)' + (gL)'(l - cosO)'] 

(~; lL = 2~~ ITol'(gL)'[(gL)'(l + cos 0)' + (g,,)'(l - COS 0)'] (G.5) 

IIO,ZI,CTaBIUUI (G.5) B onpeneJIeHHe (G.4), nOJIyqaeM 

A T (1 + cos2 0) + 2Ae cos 0 
(G.6)

(1 + cos2 0) + 2AeA T cos 0 ' 

r,IJ;e Ae RAT onpe,D;eJ1eHhl COrJ1aCHO (G.3). ¥cpe.n;aeHHaJ[ no yrrraM BhIJIeTa T

JIeIITORa np0,l(OJThHaJI nOJIjlpU3a.n,IHI p T onpe,l(eJIjIeTCil KaK COOTBeTcTByIOIIl;ee 

OTHomeBl!e nOJIHLIX ce"Iemm: UL,R = J~l d cos O(~~h,R 

U}l -0"£ J~l dcos OrAT (l + cos2 0) + 2Ae cos 8)] 
= uk + (JL J~l dcos 8[1 +cos2 8 + 2Ae A T cos 0] 

= -AT (G.7) 

c) AClIMMeTpmo Buepe.n;-Ha3a.n; A~B npom;e BhIqRCJ!XTb B TepMHHax gA,V. 

KBanpaT MaTpI2PIHoro 3neMeBTa rrponecca ee --t f f nponopIUIOHaJIeH 

IMI2 
rv ([g~e + g~e) [[9~j + g~j)(l + v 

2 
cos 

2 0) 
2+ [g~f - g~f](l - v )] + ~(gVegAegVfgAf)V cos o} , (G.8) 

4m2 

rae 0 - yrOJI paccemu, v = 1 - ~ - CKOpOCTb q>epMlIoHa f. OTcIDaa cpa3Y 

1Ke CJIe.nyeT, "ITO 

A f - ~A [ 29Af9VjV ] (G.9) 
• 

FB - 4 e 2 2 + 2 3-v2 

9AjV gV/-2

MaCCOB mf M02KHO npene6peQb ,n:mI Bcex KaHaJIOB 3a lICKJIRJ-qeHHeM f = b, 
rne HeHyJIeBaJI Macca npHBO,ZIHT K 3cP¢leKTaM IIOp.H)lKa 2 . 10-3. ¥-qeT rmooH

HbIX rrorrpaBoK B Kone-qnOM cocTonmn (CM. IIpnJIo:iKeIDIe F) CBo,IJ;RTCa K TOM)", 
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qTO nOJIIOCHaJI Macca mb ~ 4.7 r3B B YP-HlUlX (G.S) - (G.9) 3aMeHKeTCK Ha 

3Ha-qeIDIe 6er~ei MaCChI Ha MaCillTa6e mz: tnb -+ mb(mz)· 
(n e.n;yeT OTMeTllTb, "'ITO Ha~aa: C rmOOlIH.h1X nOIIpaBOK IIOpil,1.J;Ka (~)2, 

HeB03M03QIO o.nHo3Ha~o OTlIeJIlITb OlIHH KBapKOBom- KaHan OT .n;pyroro, no

CKOJIbKy B 3TOM nop.H.nKe pO)K]J;aIOTC.a: .nonOJIIUlTeJI:bHhIe naphl ""'IY:JKIDC" KBap

KOB. MhI He 6y,n;eM paccMaTpHBaTb nOnpaBKH (~)2 B aCHMMeTpWlX. B Ha

meM npH6J1IDKemm. OTHomeHlIe gv1/gAl Boo6me He nepeHopMHpyeTC.a: B3aII

Mo,n;eBCTBlleM r JIIOOHOB B KOHeq}{OM COCTOnnnI. TaKllM 06pa30M mKlIlIaeMaJI 

TO~OCTL «pOpMyJIhI (G.9) eCTb (~)2 f'V 2.10-3, qTO Ha IIOpx.nOK ~e .n;o

CTHrHYTOH TO~OCTH 3KCnepHMeHTa. 

'
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IIpllJlo&eHHe H. 

TIOUpaBKH, UPOUOPIlBOHaJIbHbIe m~. 

B 3TOM npHJIOJKemUI npJilBeneH npOCTOH MHeMOHll-qeCKHH peueIIT .II.JUl BbI
.:BO,na nonpaaOK, nponoplOlOHa.1ThHbDC m;. (TPOrlIH BhIBO,lJ; Tpe6yeT aKKYPaT

Hoi perynKpll3aUHlI <}>eHHMaHOBCKHX HIlTerpa.n:oB. 

qneHbI, IIp0noplOloHam.HhIe m;, BHOCJIT BKJIa.n: B pa,l{HanBoHHhIe IIonpaB

KM K 3aTpaBO"lHbIM KBa.n:paTaM Macc W- :II Z-6030HOB, HO He B rrorrpaBKlI K 

3aTpanO'tffihIM KOHCTaHTaM CBJI3H. 3TO cne.nyeT n3 coo6pa:a\.eHl:Iil pa3MepHO

CTR. neHCTBHTeJThHO, pa3MepHOCTb ~, r,l(e ~ - co6CTBeHHO 3HepreTl:PIeCKaJI 

BCTaBKa ,lJ;JIJI 6030Ha, paBHa m 2; n03ToMy 'tIneHhI '" m; OCTaIOTCSI B ~(q2) B 

npe,Ilerre q2 --+ O. ( ,IJ;pyro:a CTOpOHnI, nonpaBKII K KOHCTaHTaM cmnH rrponop

UHOHaJThHbI d~ / dq2 It He co.n:ep1KaT 'tIneHOB rv m;. TI03TOMY B llpH6miDKeHHH 

rv am; (npn6mDKemm BeJIbTMaHa [29]), npeHe6perag ~rreHaMlI f'V Q' JIerKO 

OneImTI> BKrra.n: t-KBapKa B rrapaMeTp p = (az/aw)(m~/m1): 

p azo m~o - l;w(m~) 1 ~z(O) ~w(O)_ 
~ awo m~o - ~z(m~) ~ + m~ - m~ = 
_ 1 + IIz(O) - IIw(O) . (H.I) 

Pa3HOCTI> IIz(O) - IIw(O) on;emrnaeTCjI 3neMeHTapHO: 

IIw(O) = ~wIO) = 
mw 

= 3aw ({OO p
2
dp2 _ {(X) d 2 _ m2 roo dp2 )p (H.2)

81rmw Jo p2 + m; - Jo t Jo p2 + m; 
(MhI npeHe6penIH MaCCOH b-KBapKa. ITpn 3TOM nporraraTOp b-KBapKa KOM

neHcHpyeT MHOlKHTeJIh p2 B "tilICillITeJIe.) 

IIz(O) = Ez~O) = 
mz 

= 30!z (~{OO d 2 ~ roo p
4
dp2 _ 

87T"m~ 2 Jo P + 2 10 (p2 + .,n;)2 

1 roo 2 1 roo 2 roo dp2 1 2) .(H.3)= 2" Jo dp +"2 10 -mt Jo p2 + m; + 2mt 

Y"tInThIBaJI, 'tITO B rrorrpaBKe MhI M01KeM rrOrrOJKHTb
 

Q'w Q'z
 
-2-=-2 ' (H.4) 
mw mz 
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MhI BH.lUIM, "tITO KBa.npaTlPmbIe I:l JIOrapH$MH"tleCKJle pacXO.n:HMOCTH COKpa

maroTCS: I:l OKOHtIaTeJIbHO 

23az m 3az 
(H.5)p ~ 1 + t1Pt = 1 + 161r mi = 1 + 161r t , 

3a 
~Pt = 161rs2c2 t , (H.6) 

r.u;e t = m~ Im~, II npe.u;nOJIaraeTC.sI t :> 1. 
BhIPa3HM Qepe3!J.Pt mt.lOIPYIOIURe no t nonpaBKH K OCHOBIDaIM BeJm"tJRHaM: 

mwImz , gA, H gv,. 

Onpe.u;eJIHM: 

(H.7) 

Tor.na 

(H.S) 

ii, crre.u;OBaTerrLHO, 

s~c~ ~ s2c2/{1 + !::aPt) (H.9) 

PemaJI IIocne.zlRee ypaBHeHHe, IIOJIy"lffiM 

(H.IO)
 

2 2( r? )SOt ~ S 1 - -2--2!::aPt , (H.l1)
c - s 

CJIenOBaTeJIbRO, 

(H.12) 

(H.13) 

AnanorJrtmo 

(H.14) 
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(H.15) 

CymecTBOBaHHe nOIIpaBOK, IIpOnOpn;nOHaJIbHLIX m;, 6hIJIO BnepBIJe OTMe-qe

ao Bem.TMaHOM [29], KOTOpbIR nO.1lQepKHyJI noa:BJleRlIe TaKBX nOnpaBOK opE: 

60JIbIDOB Pa3HOCTlI mt - mb, xapymaIOm;ei H30TOmPIeCKyro CHMMeTp:mo. B 
.IlaHHOM 0630pe K03q>q>IDlHeHThI nepe.1l MHO)KHTeJUIMH t B ypaBHemnIX (H.13) 
- (H.15) HCIIOJTh3yx>TC.SI B Ka-qeCTBe HOpMlIpOBO'tffibIX K03<p$l'I:I{HeHTOB nplI pa

.IlHaIIHOHHhIX nOnpaBKax Vi, 

-
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llpBJIO>KeUBe I 

i=m 

1'. (t) = (~_ ~82)lnt _! + 32 8 
2+ 

m 3 9 3 9 
2 t3 3t c'l 

+3(c
2 

- 8 
2
)(c6 - c2 + 2) In 11 - t 1+ 

2 2 22 Cl - 8 2 1 c - 8 2 16 2 2 32 2
+ 3-c4-t + 3-c-2-t + [3 - 9 8 - 3t - 9 8 t]Ft(t) j (1.1) 

h c?h h s2 8 2 
Hm ( h) = - h _ 1 Inh + h _ c2 In c2 - 18c2 h - 3"s + 

h2 4h 4 
+(9 - 9 + 3")Fh(h)

2 2 h2 4 h 4 h
 
-(c - 8 )(9c4 - 9c2 + 3)Fh(c2 )+
 

+(1.1203 - 2.59682
) ; 

r,n;e 6s2 = 0.23110 - s2 (o6paTHTe BHHMamIe Ha 3HaK!). 

i=A 

TA(t) = ~ _ ~82 + 16 84 _ 1 - ZtFt(t) + 
3 9 27 4t-1 

+ (32 S4 _ ~S2 _ ~ )t~tFt(t) _ ~(1 + 2t) 1 - 2tFt (t)] (I.2) 
9 3 2 3 3 4t - 1 

2c h 8h 
HA(h) = 1 _ c2Jh In c2 - 9(h _ 1) lnh+ 

+(! - ~h + ~h2)Fh(h) - (~ - ih + ~h2)F~(h)-
3 3 9 3 9 9 

1 
-18h + [0.7752 + 1.07682

] . 
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2 4 2 
TR(t) = gIn t + 9- g(1 + llt)Fi(t) ; 

24 h c h 
(1.3)H R(h) = - 3" - 18 + 1 _ c2 / h In c2 + 

4 4 1 2 h
+(3 -gh + gh )Fh(h) + 1 _ h In h+ 

+(1.3590 + 0.51682 
) 

TAt) = TA(t) 

Hv(h) = HA(k) (104) 

<I>YHKIJ;DlI Ft II: Fh KBmuoTC.H: npe,neJIbHhIMR CJIyqaHMll .pymmIm 
F(s, ffil, ffi2), OnHCaHHOR B IIpIDIO)KemUI B. 5IBHhIe $oPMYJThI ):(JI.H: Ft(t) n 
Fh(h) npnBe.n;eHhI B ITpRJI02KeHIUIX J (yp-e (J.3» II L (yp--e (1,.11», COOTBeT

CTBeHHO. 
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llpIIJlO)l(eBJle J.
 
BKJIa.n T'UKeJlhIX «I»epMIIOBOB B COOcTBeBBylO 3UeprUlO
 

BeICTOpBbIX 6030BOB.
 

IIpRBep;eM BKJIa,zJ; KBapKOB TpeTbero nOKOJIeHlU: (t, b) B nOJIilp1:l3aI'(l:10H

BhIe onepaTophI BeKTOpHhIX 6030HOB. HCnOJIb3yeM cJIe.nYIOIIlHe o603Ha-qe-

HlHI: t = m;/m~ ,b = mUm~ ,(b <: 1) ,h = m1I/m~ ,II1'(q2) = 
E'Y1'(q2)/m~ ,II1'z(q2) = ~'Yz(q2)/m~ ,llw(q2) = Ew(q2)/miv. 

Pa3MepHaJl perymrpH3BIllUI llpRBO,n1:lT K ~JIeHaM 

2 m~ 
~. =-- - "Y +ln47T" -In-t (J.l) 

t 4 - D I p.2 ' 

r,ne i = t, b, W, Z... ; D-nepeMeHHaJI pa3MepnOCTb npocTpaHcTBa-BpeMeH1:I (4
D = 2c ,£ ~ '0), , = -f/(l) =0.577... (MhI CJIe.nyeM [74}, CTp. 53). 

Ha-qHeM co BcnOMOraTeJIbHOH 4>ymanm: Ft(t), nOJIy-qaromenciI npe,neJIbHliIM 

rrepCXOnOM 1:13 4>YHKIlIDI F(s, ml, m2)([74}, CTp. 54; [81], CTp. 88): 

Ft(t) == F(s = m~, mt, mt} = F(l, t, t) , (J.2) 

lI, lICnOITb3Yj[ [74], nOJIY"tfiIM: 

2[1 - .j4t - 1 arcsi~ *l , 4t> 1 , 
(J.3)Fi(t) = 2[1 _ Jf=4tln 1+ 1-4t{ 4t < 1 ,,J4t 

IIplIBe,neM aCl:IMllTOTI!IKll Ft: 

Ft~lnt+2 t ~O , 

Ft ~ 1/6t + 1/60t2 
t-HY:J • (J.4) 

IIHq,ct-epeHInIPyil, nOJIrnw: 

F: == m1 dF = -t!:.-Ft = 1 - 2tFt (J.5)
dm~ dt 4t-1 

B 3TOM IIplIJIo.JKCHHlI no,n IIi HMeCM B BlI)J;y BKJIan ,ny6JIeTa (t, b) B COOT

BeTcTByroID;BiI IIOJI5Ip1I3aIlHO:HH:hIlI onepaTOp: 

II-y(O) = 0 . (J.6) 

IIr(m~) = ~ [Q; (~t + (1 + 2t)Ft(t) - ~) + Q~ (~b + ~ + lnb)] . (J.7) 
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IT')'z(O) =0 1 (J.8) 

niz(m~) = C:1r {(~t - S2Q;) (~t + (1 + 2t)Ft (t) 

- (~b + S2Q~) (~b -; ~ + In b) } 

Q: [3 3] IIw(O) = -- -t~t + -t41rS2 C2 2 4 

~) -

(J.9) 

(J.IO) 

(J .11) 

2IIz(mz) = 

-
+ 

as 
2 

[ 2 ( 1) 2 ( 5 )]1rC2 Qt At + (1 + 2t)Ft (t)  3 + Qb ~b + 3' + Inb -

2:c2 [Qt (~t + (1 + 2t)Ft(t)  ~) - Qb (Ab + ~ +lnb)] + 

81r:2c2 [(2 - 3t)~t + (1 - t~Ft(t) + ~ + lnt] (J.12) 

fIz(O) = a (3 )---2-2 -2t~t41rS C • 
. (J .13) 
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Q [( 4 + 2t 1 - 2t + 4t
2 F:)

21fc2 Qt At + 3{4t _ 1) + 1 _ 4t t 

Qb (Ab + ~ + In b)] + 
Q: [ 2 + t 2t2 + 2t - 1 ] (J.14)+ 81fS2C2 2At + In t + 3(4t _ 1) + 4t _ 1 Ft 

- 2 a
IIz(m~) - b~(m~) = [2tFt(t) - (I + 2t)F:{t)][a~?Q~ - 2 2 Qt 

7r<..- 7fC 

Q 30' Q: I a as2 
2 )

16 2 2] +-82 2t~t + 16 2 2(2 - 3~(t)) + -22Qb + -2Qb .(J.151f8 C 1rS C 1rS C rrc 1rC 

TIO.uCTaBJIHH BhIpa2KeHHH ,ZJ;mr llomq>H3aIUIoHHbIX orrepaTOpOB B tPoPMYJThI 

.u;mI epH31ftleCKllX Ha6mo.u;aeM1:iIX., MhI rrpoBepllM cOKpamemre 'tIJIeHOB rv ~i, 

a TaIOKe 'tIJIeHOB, npOllOPIJ;HOHa.JIhHHX In b, TaK KaK npe.ueJI mb -+ 0 He Be

.ueT K paCXO;llllMOCTHM. YlIo6BO H36aBIITbC.Sl OT qneBOB rv ~b H f'V In b YiKe B 

BhIpa2KemIHX JJ.1I1l nOJIHpH3atnIOHBbIX orrepaTOpOB C nOMOIIJ;bIO ypaBHeBH.Sl 

Ab + In{b) = ~t + In(t) (J.16) 

H 3aTeM y6eJJ.HTbC.i B COKpam:emm'tJ:J1eHOB rv At. 
Hame onpeneJIeHliIe BOJIHOBOH tPYHKD;WI Z -6030Ha OTJUPlaeTCJ[ 3HaKOM OT 

npmUIToro B [74]; n03ToMY BeJIlPmHa II.y y Hac TaKiKe OTJ1lP1aeTC.Sl 3HaKOM 

OT IIpRBeneHHoro B [74] BhlpaJKemfiL TIPII HameM onpe.neJIellllH B3aJlMo,ZJ;ei

CTBHe Z-6030Ba C tPepMHOHaMB paBHO -ief,pj(T3 _Qs2)Zp, a <l>OTOHa paDRO 

-ieQl'YlljAw TIoCne,I(IDl.Sl BepIIIHHa COBna.naeT C rrpmW,ZI;m.mH B ypa.:oHeHH.RX 

(8)-{9) pa60TbI [74J, nepBaJI )l(e OTmPIaeTC.i 3HaKOM. 

TIepei.neM K 4>oPMYJIaM ,ZI;JI.Sl cPH3lflecKIDC Ha6mo.naeMhIX. 

Beml"uma Tm(t) (1.1) onpe.nemleTCll cne)J;YIOIUe:a KOM6HHa.IUlen nOJIllpn3a

IUlOHHhlX onepaTopoB: 

167rs4 {c2 
. 2 2

-3- 2[IIz(mz) - IIw(mw)] + 
(1' S 

+ IIw{m~) - ITw{O) - II..,.(m~)} (J.17) 

TaK KaK II/z(D) = 0 ,ZJ;nH epepMHOHlIbIX neTeJIh. 

( nOMOIW>IO ypaBReB:lIH (J.7), (J.10) -- (J .12) IIOJIYYJlIM: 

2 8 2) 4 32 2 c2- s2 
t + Tm{t) = t + ( 3" - 9S In t - 3' + 9 8 + 3Tt + 
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(J.18) 

r,ne 6bIJIO ytlTeHO, qTO II1'(m~) COKpam;aeTCK C CYMMOH qrreHOB, nponop

ll1IOHarrLm.IX Q;II Q~ B IIz (M1). qrrem.r, npOnOpUROHaJIhHhIe t B03HHKa

lOT OT IIw (0) R IIw (M1); npOnOpUHOHaJIbHbIe t2 B03HlIKaIOT OT IIW( m~ ); 
lIJIeHhI, npOIIOpll1l0HaJIhHbIe In t II KOHCTaHThI npOHCXO,lUlT OT llw(m~) H 

TIZ(m~) ; In \1- ~I OTBe-qaeT nopory (tb) B TIw(mtv) II, HaKOHeu, e.nHHCTBeH

HhIii IICT01IHHK "'CJrreHoB, nponOpIJ;HoHaJIbHhIX .Ft ( t) 3TO TIz (m ~ ). 

BeCKOHe1IHOCTII BO BKJIa.z:r;e .ny6JIeTa (t, b) :B Ha6monaeMhIe..o6i13aHbI COKpa

maTbca: Me2K,Il;y co6o:ii, TaK KaK BBe.nemIe .nonommTeJIbHOrO ceMeUCTBa q>ep

MIIOHOB B 3JIeKTpOCJIa6ym TeOpEID He pa3pymaeT ee nepeHopMHPyeMoCTb. 

IIo,ncTaBJUUI "'CJrreHbI, npOiloprUIOHaIIbHhIe 6. t B (J.1 7)n yTIRThIB3.a (J .16) , 
MhI llorryqHM HOJTh: 

At {c
2 

[~(2 - 3t) - ~ - ~ (1 - ~)] + 
82 87r82C2 27rc2 47rs2 2c2 

a ( 3t) a 3}+ -- 1 - - + ---t = 0 (J.19)
4Jrs2 . 2c2 47rS2C2 2 

BhIpa)KeHlIe .z:r;mI TA(t) HMeeT CJIe.nYIOIIJ;lIH BWl: 

16Jrs2c2 2" I 2 
t + TA(t) = 3& [IIz(mz) - Ez(mz) - TIw(O)] (J .20) 

Hcnonb3YjI (J.I0), (J.12) n (J.14), nOJIYYUlM: 

2 8 2 16 4 (32 4 8 2 1)I 

t + TA(t) t + 3" - 98 + 27 8 - Ft + 9 8 - 38 - '2 x 

~ _ 2(1 + 2t) R 1)(~ 
3t (J.21)x t 3 t· 

(0 Kpamemre "'CJneHOB nponoprmoHam.HhIX D..l OqeBlI,UHO. llw(O) .z:r;aeT 

BKna,n, nponopnnOHaJIhHhIH t, B TO BpeM.K, KaK Bee OCTaJIhHhIe qrreHbl B03

HlIKaIOT H3 pa3HoeTlI llz(m~) - ~~(m~). 
HaKOHeu rrepefmeM K TR(t): 

2 2 2
16Jrc 8 { (c2 8 ) }

t + Tn(t) = - 3a : IIzi(m~) +IIi(m~) - II z (m~) + IIw(O) 

(J.22) 
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-qJIeHhI, IIPOIIOpllHOHalIblLbIe Q; 11 QE COKpa.ru;aIOTCK, II03TOMY OCTaeTCSl 

TOJIbKO IIw(O) H -qJIeH.hI, He co,nep2KaIr(lIe Q;,b 113 IIz,. H IIz . IIO,nCTaBJIiJI 

(J.IO), (J.9) H (J.12), IIOJIYq]!M: 

4 2 2 
t + TR(t) = t + 9+ glnt - 9(1 + Ilt)F(t) . (J.23) 

3.n:eCb t npOHCXO.llHT 113 IIw(O), "tIJIeH, npOIIOpn;110Ha.JIbHhIll Ft(t) 6epeTC.i: 

1iI3 IIz, a ~ + ~ In t .n:aJOT IIz H IT Z ,.. 

(0 Kparuemte 6eCKOae'tlHOCTeH B (J .22) CJIe.nyeT H3 

~t { c2 - s2 ~ + cs [~ _ (2 - 3t)a - ~] } = 0 (J.24)
( )47rcS 27rc2 87rC2S2 87rS2C2 
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npHJlO}l{eHUe K. 

BKJla,n nerKHX cj)epMHOHOB B	 C06cTBesHylO 3UeprUIO BeKTOpHhIX 

6030HOB. 

BKJIa.n; .n;y6JIeTa JIerKHX 4lepMlIOHOB B IIOJIjfpIt3annOHHhIe OnepaTOpDI JIerKO 

rrOnY1:laeTCjf It3 <pOpMyrr rrpe,r:uu.n;ymero npHJIOJKeHIUl. 

lInx 3TOrO BMeCTO ~q+ln(mq/mzJw)2B <P0PMYJIhI IIpIIJI01KeHItjf J Crre.n;yeT 

nO.n;CTaBHTh ~Z,W. <l>H3IPleCKOH IIpH"tlmIOH OTCyTCTBHJI "tlJIeHOB, rrporropmlO
Ham.:m.IX rroraplI<PMY MaCCbI JIerKHX KBapKOB H rreIITOHOB, jffiJIjleTCK llHq>pa

KpaCHaH cTa6nJILHOCTL BeJm"llIH, aHamI3lIpyeMbIx B 3TOM IIpHJIO)KeHHII. B 
<pOpMyJIaX (K.4) 11 (K.7) 1ICrrOJTh30BaHO paBenCTBO Qu - Qd = 1. lfH,lJ;eKCbI U 
11 d 0603Ha1:laIOT BepXHIIe II HlDKBHe KOMnOHeHT:bI .uy6JIeTa. 

TI,(D) = D . (K.1) 

2 Nc&. 2 2)( 5)TI,(mz) = 37T (Qu + Qd ~z + 3 (K.2) 

II,z(O) = 0 . (K.3) 

2) NcO: ( 5 [1 2 2) 2]
II,z (mZ = 3C81r ~Z + 3") 4" - (Qu + Qd S (KA) 

IIw(O) = 0 . (K.5) 

2) Ncii ( 5(	 (1<.6)ITw mw = 1271"82 Llw + "3); 
2 

2 Nca 5 1 8 4 2 2 
IIz(mz) = 371"S2c2(~Z + 3)[4 - "2 + 8 (Qu + Qd)] (K.7) 

IIz(O) = 0 . (K.8) 

I ( 2) Nca 2 1 8
2 

4 2 2)
~z mz = 371" 2 2(tlZ + 3)[4 - 2 + s (Qu + Qd ] (K.9)

S c
<l>OpMyJlbI (K.l) - (K.9) nOJDKHbI HCnOJIh30BaTLCH )].JUI Tpex JIeIITOHHLIX 

,lJ;y6rreToB (Ve , e), (Vp , J-l) 11 (Vr , 7) C Nc = 1 E: ,lJ;ByX .n:y6JIeTOB KBapKOB (u, d) 11 

(c, s) C Nc = 3. 
IIo,lJ;cTaBJUIH ypaBHemu: (K.l) - (K.9) B Bhlpa:JKeH1UI ,nmI <pIi3nQeCKHX Ha

6mo.n;aeMbIX "tlepe3 norrapH3aUlIoHHhle orrepaTopDI (L.16), (L.20) II (L.24), M:bI 

nOJIyqJIM BKJIa.n;hI B KOHCTaHTbI Ci 3a c-qeT co6CTBeHH.bIX 3HcprHir. 
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npBJIO)KeBBe L. 

BKJIaa BeKTOpUhIX B CKaJIJlPBhIX 6030BOB B C06cTBeBByIO 3BeprHIO 

BeKTOpShIX 6030&OB. 

B 3TOM IIpHJIo2Kemm: npHBe.ueHbI clloPMYJIhI ,D;JIil 6030BHhIX BKJlanOB B no

JIXpH3aIOlOHHLIe OnepaTOphI, KOTOphIe MbI B3.aJIB H3 pa60ThI [74], cTp.53, 54.3 

B [74] nOJIllpH3a.IU10IlHhIe onepaTopw 3aBHCjIT OT Cw B Sw "tJepe3 KOHCTaH

TN CB.a3B II ,D;1IHaMlI"tJeCKlI OT OTHOme:HliU[ mWImz, B03HHKaIOmero :0:3 l'lHTe

rpanOB ~eiiHMaHa. MhI BCtony 3aMeBJl:eM cwB mwlmz Ha C H Sw na 8. B 
paMKax: O,D;BoneTJIeBOrO npH6JI.WReHWl TaKaJI nOnCTaHOBKa onpaB,ZJ;aHa. IIocJIe 

OIIHCaHHOB: no,ncTaHOBKlI MhI HaxO,D;HM BhIpaJKeHBH J.(JIjI q>H3H"C[eCKIDC Ha6mo

naeMbIX.; B 3THX BhlpaJKemUlX COKPaIJJ;aIOTCjI yJIhTpaq>BOJIeTOBhIe pacxo,UHMO

CTH, npHCYTCTBYIOlIDIe B nOJUpB3aD;HOHHhIX onepaTopax. 

HTaK, B IllDKecnenYIOIIDIX q>OPMYJIax non IIi HMeIOTCg B BlIny 6030HHhle 

BKJIa,nbI (Bce BhPUICJIeImJl: npOBo.n;lImICb B<. KaJl1I6pOBKe T 'XOq>Ta-<I>eHHMaHa): 

2Ily(m~) - - 4~ {3tiw + 2(3 + 4c ) [1 - J 4c2 - 1 arcsin (;c)]} = 
a 

= - 4rr (3tiw + 1.53) •	 (L.1) 

IIr(O) = 0 .	 (L.2) 

) a 2· coll'Yz(O = --4_.(2c ~w) = -2tiw (L.3)
1rCS rrs 

- { 1
II'Yz(m~)	 = -~ (5~+-)~w 

41rCB 6 
41 13 [ . (1)] 1} +	 2(6 + T c2 + 4c ) 1- J 4c2 

- 1arCSIn 2c + 9" = 
Oc2 

= -a C + 1~w +3.76)	 (LA)
4rr 6CB 

3B paOOTe [74J HMeeTCli OneqaTKa: B BbipaxeHKR Jl1ISf lIw(q2) 'men, nponOpUHOnaJIhHblH ~w, J10mKeH 

6bl:Th yMHoEeH Ha 1/3. 
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4
 
+ 8 _ ~ _ 39 + (S2 + 3 _ ~) In c2] 

c2 8c2 12 c2 482
 

= 4:.2 [(:: - 1) Llw + 4(1 _3c2/ h} In ~ - 8~ + 0.85] .(L.5) 
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2	 1
+ Q {[-40c4 + (C - 82)2J 2[1 - J4c2 

- 1arcsin (2 )]
~~~	 c 

+ [I2c2 + (8c2 + 1)(c2 
- s2)2 - 40c4(1 + 2c2 

)] 

x [-1+ J4~-1 arcsm GJ] 
+ [1 -	 (h _1)2] Fh(h) + [11 - 2h + (1 - h)2] F~(h) 

+ [1 - 1 In h _ ~ In~] + ~ [1 + (c2 _ _ 4c4 ] }+ h 8 2)2
2(h - 1) 2 c4 3 

Q (	 19 1 ) = -	 3--+- ~w
47l"	 682 6c2 

+	 41r:2c2 [(1- ~ +~~) FMh) + (~- ~~) Fh(h) 

h 
+ 12(l _ h) Inh -1.67] .	 (L.8) 

<l>YJIKlllllI Fh (h) H F~ (h) Ollpe,lJ;eJIeHbI CJIenyIOIUHM o6pa30M: 

(L.9) 

F '(h) = dF(s,mz,mH) I (L.IO)h - 8 d8 s=mi ' 
HCllOJIL3yg [81], CTp. 88, IIOIIyqHM: 

(L.1I) 

= 1 + (_h_  ~h) Inh 
h-I 2 

h~~ -larctan~~ -1 
h h 

,h < 4. 

llpn h -+ 00 

IIpn h -+ 0 

(L.I2) 

(L.13) 
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HaKOHeu, .n;mI F~ (h) HMeeM: 

Ff.(h) = -1+ h -llnh + (3 _ h)~ h In (~ h - 4 + 0 h > 4, 
2 h-4 4 ~4)' 

(L.14) 

h - 1 Ih f4-=-h 
= -1 + -2-lnh+ (3 - h)~4=harctan~----';--h-' h < 4. 

ITPH h -t 00 

F~(h) ~ 2~ - ~2ln(h) . (L.15) 

Bce 6eCKOHeqaOCTH B <popMyrrax (L.l) - (L.8) co6paHhI B <paKTOPbI ~w 

nyTeM 3aMeHhI ct>aKTOpOB ~ z II ~H IIpH nOMOIIJ;H ypaBHeHIDI: 

~i = ~j + In(m;jmn 

ct>yHKIU'UI Hm ( h) paBHa: 

I67rs4 (c2 [ 2 ( 2 ] (2 ( )Hm (h) = 3a 82 IIz(mz} - IT w mw) + IIw mw) - IIw 0 

III'(m~) - 2~rrl'z(O)) - divHm , (L.16) 

r,lJ;e divHm 0603HaQaeT CYMMY rrpOIIoprmOHaJILHbIX ~w 'tIrreHOB B nOllilpH3a

D;IIOHHhIX orrepaTopax B (L.16). IIo.llcTaBmUI KOHeqm.re ~aCTIf q.OPMYJI .llml 

nOJIs:pH3au.IIOHlThIX onepaTopOB .lI3 3Toro IIpurro)KeH.Hj£, nOJIy'qHM: 

(L.17) 

r,Qe nponOpUll0Ham.HhIH Ph (h) 1:J:rreH B03HHKaeT 113 IIz, a 'tIJIeH, npOlIoprmO

HaJIhHDIii Fh (hjc2) npOHCXO.llHT H3 IIw(m~). tIrreH, nponoprnrOHaJIbHhIH In h 
IIpHXO.llllT ll3 IIz , B TO BpeMj£ KaK In(hjc2) npOlICXO.llJIT KaK OT rrw(m~), TaK 

11 OT TIw(O). IIponopI(lloHaJThHDIH h 1JrreH CO.llep)KHTCj£ B IIz ,IIw(mtv), IIw(O) 
:0:, HaKonen;, Bee qeTbIpC nomrpll3aIOioHHIillC onepaTopa BROCHT BKJIa.ll B KOB

cTaHTy. 
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ITo,ncTaBnXX nponopIUlOHaJIbHbIe ~w 'lneBbI B nonSIpH3auHOHRble onepa

TOphI B (L.16), nOJIYqm(: 

4 2 2 
divH = 161rS ~w [~c'l (782 _ 25 + ~ 8 + 25 _ 8 )

m 3a 41r82 s2 6 6 c2 6 c2 

4 
+ ~_ (_ 19) + 3ir + 2~~ a] = 161r8 Aw~. (L.18)

41r82 6 41r C 521r 3a 1r8 2 

HaKOHen 38,MeTRM, "lTO pacxo.n;mnm:cH ~neH B D (CM. (E.8) B: (M.26)) B 

TOlffiOCTB: KOMlleHcltpyeT pacXo,IlHMOCTL B (L.18), qTO ,neJIaeT nOCne,llOBaTeJTh

HhIM (caMoCornacoBaHlThIM) BhI'tJlITaHHe 6eCKOne11HOCTH B (L.16). 
<l>ymmmr HA(h) BhIPaJKaeTca: "lepe3 norra:pH3aI(HoHHhIe onepaTopDl crreny

IOInHM 06pa30M: 

(L.19) 

TIOllCTaB.TI.KH KOHe"tlBLIe 'lacTJiI IIOJIKpH3anJiIOHHhIX onepaTopoB, IIOJIyqRM: 

hc2 h 8h 4 2 2 2 
HA(h) = h _ c21n c2 - 9(h _ 1) In(h) + (3 - ;}h + gh )Fh(h) 

h2
4 4h ) 1 h 

( ;} - 9 + 9 Fh(h) - 18 + 0.78 , (L.20) 

rue In(h/c2) npOHCXO,nHT OT IIw, Inh - OT ITz. Fh(h) npOlilCXOUHT KaK OT 

ITz , TaK H OT E~, Tor.n;a KaK e,n;BHCTBeIIHhlM HCTO'lHllKOM Fh(h) .HBJIXeTCJl 

E~. JhmeiiBLrli no h "tIJIeH co.n;eplKlITCH B ITz 11 llw, B TO BpeMX KaK Bce TpH 

II01U[p:n3a.n;HOH1U>IX orrepaTopa naIOT BKIIan B KOHcTaBTy. 

(KlIa.z:thIBa j{ paCXOA.nmreC.K 'lJIeHLI, IIOrryqBM: 

d' H 16 2 2~ 161r8
2
c

2 
~ Q 

W A = 3"C 8 W = 3a w; (L.21) 

HanoMImM (CM. (M.18) B: (M.14)), "tITO 113 D B:bIq]{TarraCL paCXO)l;nn;aJlCSI 

"tIaCTL: 
16c2 161rs2c2 1\ a 

divDA = --~w = u.w- (L.22)
3 3& 1I" S2 

B BepIIIH1I1lLIX ~aCTHX TaIOKe HMeIOTClI yJILTpae:pHoneToBble pacxo.n;IIMOCTB. 

B IIpHJIOlKemm M 6y,neT IIOJIyqeHO: 

divFA = _(16 C28 2 _ 16c2)Li.w = 161r~2c2 ~w ~ ~ (L.23)
3 3 3a 5 2 1r 
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CYMMa'lnenOB (L.21), (1.22) II (L.23) paBna Hymo. 

HaKoHen npHBe,neM BhIpaiKeHHe .nJI.SJ. HR (h): 

161r 2 2 (C2- 8
2

) 2 2 2
HR (h) = - 3a C S cs IIz,(mz) + TI-y(mz) - ITz(mz) + ITw(O) 

+ 2~II.rz(O)) - divHR(h) . (1.24) 

Co6npcur KOne'lHbIe 'laCTH nomq>lI3auHOHHbIX ouepaTOpOB, nOJIy'lIIM: 

qJIeH, rrpOnopI(lIOHa.ThHnm Fh(h), npHXOIUIT 113 Hz, TalOKe KaK R Inh. Ilw 
nOpO)KJlaeT qJIeH I"V In(h/c2). JIHBeihlhl:ii no h 'lJIea eo.n;ep)I(HTea: ~aK BIlz , TaK 

II B Ilw, II Bee IIOJHrpII3aI{lIOIlIIble onepaTophI KpOMe II"Yz(O) BHOCa:T BKJIan B 

KOHCTaHTy. 

CJMMlIPYJI pacxo.nIDUIeea: qaCTlI nOlIiIplBaIUloHHhIX orrepaTopOB, BXO,Z:VOIUlX 

B (L.24), nony'lllM: 

divHR(h) = ~w [~(c2 - 8
2)(1 + 30c2) + 4C2s2+ ~c2 (782

_ 25
936 

(L.26) 

HplIHHMaK BO BHlIMaHlIe pacxo.ngm;IIIICiI 'IneH B D, npHBo.uaIIJ,Irii K 

." 16 2 
divDR = -TC 6.w , (L.27) 

1I B Fn (CM. ITplIJIO)J{eRlIe M, yp-HlU (M.11) II (M.22)): 

. ~ 16 4 
dtvFR = (TC -

8 '23C )~w , (L.28) 

MhI y6e)K,UaeMC.SJ. B KOMneHCaD;mI pacxo.n;1IMOCTeii: B Bblpa)J(emm: .n;JIJI R. 


