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JleAHHU.KH P., JII06owuu. B.JI. P2-92-546 
BJJHSIHHe B3aHMOAeHCTBHSI B KOHe4H0M COCTOSIHHH 
Ha Y3KHe napH1>1e KOppe.nstU,HH npH MHO.lKeCTBeHHOH 
reHepau,HH 4aCTHU. H pe3oHaHCOB 

TTposeAeH aHaJIH3 CTPYKTyp1,1 napHhlX Koppe.nsiu.un B3aHMOAeHcTBylOW.HX 
Apyr C APYfOM 'laCTHU,, ABH.lKYW.HXCSI C 6JIH3KHMH 4-CKOpocT!IMH. ,ll,JISJ onucaHHSI 
YJKHX napHhlX Koppe.nsiu,un pa3BHT o6w.uit q>opMaJIH3M AByx11aCTH'IHOH npocT
paHCTBeHHo-speMeHHOH MaTpHU,bl nJIOTHOCTH, Y'IHTblBalOW,HH npocTpaHCTBeH
HO-BpeMeHHYIO KorepeHTHOCTb npou,eccos reHepau,uu; npu 3TOM CTaHAapTHOH 
MOAeJIH TSl.lKeJlblX TO'le'IHblX HCTO'IHHKOB COOTBeTCTByeT AHafOHaJlbHaSJ 
MaTpuu,a nJJOTHOCTH. ,ll,eTaJlbHO HCCJlCAyeTC!I BJlHSIHHe B3aHMOAeHCTBHSI B KO
He'IHOM COCTOSIHHH Ha Y3KHe napHhle KOppeJISIU,HH npu o6pa30BaHHH CHCTeMhl 
«pe30HaHC + 'laCTHU,a>>. TToKa3aHO, 'ITO B npeAeJJ.bHOM CJly'lae MaJlblX pacCTO
!IHHH Me.)l(Ay TO'IKaMH reHepaU,HH pe30HaHca H 4aCTHU,bl B3aHMOAeHCTBHe B 
KOHe4HOM COCTO!IHHH npHBOAHT K H3BeCTHOH JIOr~pmt,MH'leCKOH oco6eHHOCTH 

TpeyroJibHOH AHarpaMMbl. O6cy.)l(AalOTC!I YCJIOBH!I AHaroHaJllf3aU,HH MaTpHU,bl 

nJIOTHOCTH H nepeXOAa K MOAeJIH T!l.lKeJlblX T04e'IHblX HCTO'IHHKOB. 

Pa6oTa BhlnOJJHeHa B Jla6opaTOpHH BblCOKHX 3HeprHH H B Jla6opaTOpHH 

csepxs1,1cOKux 3uepruif OHSH1. 

Coo6~em,e 06,,enHHeHHOl'o HHCTHTYTa 11nepHblX HCCJtenouaHHH. ,ll,y6Ha, 1992 

TTepeBOA B.JI.JII06owuu,a 

Lednicky R., Lyuboshitz V.L. 
Final-State Interaction Effect on Narrow Pair Correlations 
in Multiple Creation of Particles and Resonances 

P2-92-546 

An analysis of the structure of pair correlations for mutually interacting 
particles moving with slightly different 4-velocities is performed. For the 
description of narrow pair correlations a general formalism of the two-particle 
space-time density matrix taking into account the space-time coherence of 
generation process is developed, the diagonal density matrix corresponding to 
the model of heavy point-like sources. The influence of the final-state interac
tion on narrow pair correlations in the case of production of a <<resonance + 
particle» system is investigated in detail. It is shown, that in the limit of small 
distances between generation points of resonance and particle the final-state 
interaction leads to the known logarithmic singularity correspoding to the 
triangular diagtam. The conditions of the diagonalization of the density matrix 
as well as of the transition to the heavy point-like source model are discussed. 

The investigation has been performed at the Laboratory of High Energies 
and at the Particle Physics Laboratory, JINR. 
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I. BBE,llEHJIIE 

IlOC.BffiUAETCfl CBETJion IIAMflTI1 
BOPHCA IDIBOJIAEBWIA BAJIYEBA 

MeTO,ll; onpe.n;e~eHHfl IIpOCTpaHCTBeHHo-BpeMeHHHX xapaKTepHCTilli 
npoueccoB MHOlKeCTBeHHon reHepaUHH qacTHU, OCHOBaHHI,itt Ha HsyqeHHH 
Koppe~flUHOHHHX CBOttCTB "YSKHX nap", Harne~ rnHpOKOe npHMeHeHHe B 
q)HSillie Bl:1COKHX :meprlitt (CM. , HanpHMep, O(;SOpH [ 1 , 2]) • B OCHOBe 
3TOro MeTo.n;a ~emHT TO O(;CTOflTe~bCTBO, qTo KOppe~flUHH ,ll;OCTaTOWO 
(;J:1CTpl:1X qacTHU, ~HlKYIIl,HXCfl c (;JIHSKHMH 4-CKOpOCTflMH, onpe.n;e~flIDTCfl 
TO~bKO ,ll;BYMfl stWJeKTaMH: stW:eKTOM TOlK,ll;eCTBeHHOCTH (KB8HTOBOtt 
CTaTHCTIIBH) H BSaMo.n;ettCTBHeM qaCTHU B KOHeqHOM COCTOflHHH (BKC) 
[3-6). 

061:1wo npenrro~araeTCfl, qTo qaCTHUJ:1 HCIIYCKaIDTCfl CHCTeMon 
"THlKe~" ToqeqHl:lX HCTOqHHKoB. O.I(HaKO BO MHOrHX c~yqaflx -qaCTHUl:1 
polK.n;aIDTCfl npeHMymecTBeHHO B peayJibTaTe pacrra.n;a ,ll;BHJeyIIl,HXCfl "~erKHX" 
pesoHaHCOB, qTo IIpHBO,nHT K YB9~9HHID Ha6~ro.n;aeM1:1x pasMepoB o6~8CTH 
reHepaUHH. B CBflSH C STHM BOSHHKaeT BOIIpOC O BOSMOlKHOCTH 
onpe.n;e~eHHfl pasMepoB o6~aCTH COBM9CTHOtt reHepaUHH "IIpflMOpolK,ll;eHHHX" 
qacTHU H pesoHaHCOB. B pa6oTe [7] STOT BOIIpOC paccMaTpHBa~Cfl )];~fl 
c~yqafl KOppe~flUHOHHOtt ~YHKUHH TO)K,ll;eCTBeHHHX IIHOHOB, o6pasoBaHHHX B 
a.n;pOHH1:1X BSaHMo.n;ettCTBHflX IIpH Bl:1COKHX SHeprHflX. IlpH STOM, IIOMHMO 
3(flt)eKTa TOlK,ll;eCTBeHHOCTH, Y"l!HTHB8~OCb TaKlKe KY~OHOBCKOe 
B3aHMo.n;ettCTBH9 IIHOHOB, HO HX C~bHOe B38HMO.n;ettcTBHe He 
paCCM8TpHB8~OCb, 

PaHee B Harnett pa6oTe [ 4] B p8MK8X MO,ll;eJIH HeIIO~HlKHHX 
O,IUlOqacTH'tlHHX llCTO'tlliliKOB 6WI npe.II,1IO&9H IIpOCTOtt MeTO,ll; yqeTa KaK 
KY~OHOBCKOro, TaK H CH~bHOro BSaHMo.n;encTBHfl polK,ll;eHHHx qaCTHU. B 

HaCTOfl!Uen pa6oTe Ml:1 paSBHBaeM ~aHHHn rro.n;xo.n; H npHMeHfleM ero K 
6o~ee o6men sa.n;aqe b BJIHflHHH BKC Ha ysKHe rrapH1:1e Koppe~HUHH B 

c~yqae, Kor.n;a O,IUla HS paCCMaTpHBaeM1:1x qacTHU flBJifl9TCfl IIpO,ll;YKTOM 



. . 
pacrraAa pesoHaHca, rrpmeM BTopaH qacTHQa n pesoHaHc poJK,UaroTCH B 
paaHHX rrpocTpaHCTBeHHo-BpeMemrux TO'lffiax. B rrpeAe~hHOM c~yqae Ma.JJHx 
paCCTOffiIIDt M6JK,UY YK838HHh!Mll TO'lffi8Mll BKC IIpHBO)UiT K H3B6CTHO8 
~orapnqr..mqecKott oco6eHHocTH Tpeyro~hHott .zmarp8MMI1, paccMoTpeHHott B 
pa6oTax Ba.7IyeBa[8] H AliHCOBWia H JJ;aXHo [9]. H9A8BHO 3IPIJeKT BKC B 
CHCT6Me "pe3OH8HC + qacTHUa" 06CyJK,Ua~Cfl TaIOKe B C'.['8Tbe Eoy~epa 
[10]. O~aKo B IIpHM6H6HHH K Koppe~H~flM TOlK,UeCTBemmx ITHOHOB 
HHTYHTHBH!:ltt rromoA, HCITO~hsyeMIDt B [10], IIp9ACT8B~fl9TCH. H8M 
HeorrpaB~ammM. 

2. S(txJ)eKT BKC H Y3KHe rrap:ime Koppe~: o6lltltll fJ)opM8JIH3M 

3aIDIDJeM HHKJTIOSHBHoe ~!PIJepeH~a~bHoe ceqeHHe o6pasoBaHHH rrapH 
H8TOlK,U8CTBemmx qacTHQ. 1,2 C 4-HMITy~bC8MH P1• P2 B BMe: 

d
6a = 

w1w2d3p1 •d3P2 
L I Tes.µ> (P1 ,p2;a) 12 

S,µ,a. 
( 1 ) 

rAe 3H8K CYMMH ITO,Ilp83YM8B~eT CYMMHpOB8HH6 ITO ITO~OMY CITHHY S 
rrapH (1,2), rrpoeK~ rro~oro cITHHa µ n KB8HTOBHM qnc~aM a 
OCT8~bHHX KOHe~ qaCTHQ, - BKJTIOqafl HHTerpeyoBaHHe ITO HX 

HMITY~bC8M C yqeTOM coxpaHeHHH aHeprHH H HMITY~bca B peaK~. 
Hae 6YA8T HHTepeCOB8Tb o6pa30B8HHe rrap (1,2) IIpH M8.JlllX 

OTHOCHTe~bHHX HMITY~hcax lq;2 1 = 21R*I B c.u.n. qacTHQ 1,2. EyAeM 
cqnTaTb, qTo aHeprHH Bcex KOHe~x qacTHU AOCT8T~qHo Be~. T8K 
qTo OCHOBHOtt BK~8A B ABOttlioe HHKJ!l03HBHOe ceqeHHe A8IDT KO$rypa~ 
(1,2, •• ,t, .. ) c 60~bIIIHMH OTHOCHTe~bH!:lMH HMITY~bC8Mll B c.u.n. 
OCT8~bHHX nap (1,t) H~ (2,t), COCT8B~emmx H3 qacTHU 1 H~ 2 H 
.npyrnx· qacTHQ, yqacTBYIO!IUU B peaK~ (i = 3,4, .. n). B CBH3H c 
pesKHM IT8AeHHeM BK~8A8 BKC C poCTOM OTHOCHTe~bHoro HMITY~bca MH 
MomeM B 3THX YC~OBHHX rrpeHe6peqb 3IPIJeKTOM BKC BO BCex rrapax (1,t) 

.H (2,t) KpOMe rrapH (1,2). TOrAa B COOTB9TCTBHH c ,nnarpaMMott Ha 
pnc. I Pr Pr 

P2 P2 
P2 

== 

P~m.r 

2 

! 

i 
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8MIT~TYA8 reHepa~ p(S,µ)(P1,P2;a) B BHpameHHH (1) HMeeT CTPYK

TYPY 
pCS,µ)(p p ·a)= pCS,µ)(p p ·a)+ AT(S,µ)(p p ·a) 

1' 2' 0 1' 2' 1' 2' ' (2) 

rAe T6S,µ)(P1•P2;a) - 8MIT™TYA8 reHepa~ rrpH OTCYTCTBHH 
AT(S,~)(P1,P2;a) OTEeqaeT EK~a,ny BKC qacTHU 1 H 2, 
OITHCHB88TCH qiopMy~oa 

BKC, a 
KOTOpillt 

AT cs,µ> (P1 ,p2;a) = # L Jd4~ T6s· ,µ' > (~,P-~;a) • 
2i31 S' ,µ' 

lS,µ;S' ,µ' >(p1,p2;~.P-~) 

• (~2-m12+iO)[(P-~)2-m22+101· 
(3) 

3A8Cb P = 2p = P1+P2• m1 H m2 - M8CCH paccMaTpHBaeMHX qacTHQ, 
T68 ' ,µ' )(~,P-~;a) - 8MIT~TYA8 reHepa~ H9B38HMOAettcTBYIDIIUIX 
qacTHU, 8H8™THqecKH IIpOAO~meHHafl 38 IIp9A8.JJH M8CCOBOtt ITOBepXHOCTH, 
,cs.µ;S',µ' )(P1•P2;~,P-~) - 8MIT™TYA8 pacceHHHH qacTHQ 1 H 2, 

TaKme aHa~TnqecKH IIpOAO~meHHafl B H9(pli3HqecKyro o6~8CTb. 
Ilp9ACT8BHM T6S,µ)(P1•P2;a) B BM8 HHTerpa~a ~ypbe: 

pCS,µ>(p p ·a)= Jd4x d4x e1P1X1+1P2X2,Tcs.µ.>(x x ·a) (4) 
0 1' 2' 1 2 1' 2' " 

~YHK~fl T(S,µ.>(x1,x2;a), oqeBH~O, HMeeT c~c~ 8MIT™TYAH reHepa~ 
qacTHQ 1 H 2 B IIpOCTpaHCTB9HHO-BpeMeHHHX TOqKax x1 H x2 
COOTB9TCTB9HHO. IloAqepKHeM, qTo IIp8ACT8B~eHHe (4) OTHOCHTCH H K 
BHpTY8~hHHM qacTHUaM. 

B'HHTepecylOIIleM Hae c~yqae Ma.JlllX IR*I rrpeo6~aAaroT ~eHTpa~bHHe 
CHJJH, TaK qTo aMIT™TYAa pacceHHHH / .nnaroHa~bHa rro rro~oMy CITHHY S 

H He 38BHCHT OT ero rrpoeKuntt. C yqeTOM aToro rroc~e ITOACT8HOBKH B 
qiopMY~Y (3) BHpameHHH (4) c saMeHott p

1 
➔ ~. p

2 
➔ P-~ HMeeM [4-6) 

p(S,µ) (p
1 
,p

2
;a) 

,h(S) (X ,X ) 
'l'p p 1 2 

1 2 

Jd4x d4x tj)(S) (X X ) •T(S,µ) (X X ·a) 
1 2 p 1p 2 1' 2 1' 2' ' 

e1P1X1+1p2x2 + Atj)cs> (x1,x2) 
~ P1P2 

= 81PXc 81qx/2 + ~cs> (x)J, 
P1P2 

3 

(5) 

(6) 



q>CS) '(x) = # e-1PX(1+Pq/.P2)/2x 
P1P2 2i31 --

1c£T cs> • 
4 e J <P,,Pz,<£,P-<£) 

xfd ;e ----==---=-----'----==---. 
(<£2-m1

2+10)[(P-<£)2-m2
2+10l 

N ...2. 2 2 
3,necb q = q-P(qP)l.r, q = p,-P2• qP = m, -m2, X 

OTHOCUT6JibH8fl KOOp~aTa, 8 

X = ~[x
1
+x2+x(qP)I.P2] = [(p 1P)x1+(P?>x211.P2 -

(7) 

x 1-x2 -

(8) 

4-KOOp~aTa U6HTp8 nttepunn .I03YX'I8CTWIHOit CUCT6MH. ~YHRUUfl 
¢CS) (x,,x2> eCTb 8MIIJilITY.na BeTe-CoJIIIHTepa B HerrpepHBHOM CTieKTpe 

P1P2 N * 
[11,12). B c.u.n. qaCTHU 1 H 2, B KOTopott p = 0, q = {0,2R }, x = 

{t*,r*}, 8MTIJIHTy,na BeTe-COJIIIHTepa IIpH t* = 0 C TOqHOCTbID ,no 
~830Boro MHOlllliT6Jifl COBTia,naeT co CT8UUOH8pHHM peruettneM sa,naqn 0 
pacceHHHH ¢CS)C+)(r*), HM6IOO\HM IIpH 60JiblllHX r* 8CHMTITOTHRY TIJIOCKOit 

-1* 
n_pacxo,n~ettcfl c~pnqecKott BOJIHH ([13), §136). 

MH BH,lUIM, qTo B COOTHOID6Hnfl (4) H (5) BXO~T o~a H Ta w.e 
8MTIJIHTy,na reHepaunn Tes,µ.) (x, ,x2;a); COOTB6TCTByromaH 
Koop~aTHo-BpeMeHHOMY rrpe,ncTaBJiettnro. Ilpn 9TOM yqeT BKC CBO~Tcfl K 

TOMY, qTo poJib 683UCHHX ~YHRunit, Ha KOTOpHe rrpoeKTnpyeTCfl 
,103yxqacTnqH06 COCTOHHUe, Tiepexo~T OT TIJIOCRHX BOJIH K 8MTIJIHTynaM 
BeTe-CoJIIIHTepa ¢cs> (x

1
,x

2
). 

P1P2 
B naJibHettrueM MH 6y,neM rrpeHe6peraTb KYJIOHOBCKHM 

BsanMonettcTBHeM n cqnTaTb, qTo BB~ MaJiocTn k*= IR*I CHJibHOe 
B38HMonettcTBHe M6Y.~ qaCTHU8MH 1 H 2 UMeeT 8-BOJIHOBOtt xapaKTep1 . 
Ec.JIH pa~yc S-BOJIHOBoro B38HMOnettCTBHfl M8JI TIO cpaBHeHHID C 

1no~o6Hlitt 8H8JIH3 poJIH KYJIOHOBCKOro B38HMO,nettCTBHfl coneplllliTCfl B 
CT8Tbe [4]. B CJiyqae, KOr,na paCCTOHHUe MeJK,I(Y TOq:K8Mlf' rettepaunn 
p8CCM8TpUBaeMHX qacTnu B HX c.u.n. M8JIO TIO cpaBHeHHID C 
COOTB8TCTBYromHM 6opoBCKHM pa~ycoM, BJIHflHUe KYJIOHOBCKOro 
B38HMonettCTBHfl CBO~TCfl K YMHOY.eHHID ceqettnfl reHepaunn qacTnu Ha 
KYJIOHOBCRHit ~aKTOp, p8BHHit KB~aTy MO~Jifl BOJIBOBOit ~YHRUUU 
HerrpepHBHOrO CTI6KTp8 IIpH r* ~ 0. 
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paCCTOHHUeM r* = !r*I MeJK.I(Y TOq:K8MH reHepaunn qaCTHU 1 H 2 B HX 
c.u.n., MOY.Ho TIOJIOlllliTb /cs>(p

1
,p2;;e,P-;e) = ,cs>(k*) n BHHecTn B 

(7) . 8MTIJIHTY~ pacceHHUfl 38 3H8K UHTerpaJia. MHTerpnpOBaHUe TIO . 
II8p8M8HH0ft '?£0 * B C. U. U. napH ( 1 , 2) C lICTIOJib30B8HH6M TeopeMH 
BHqeTOB naeT [4] 

cs) * 3➔ -1ifr* · 
qi.CS) (X) = f (R >,s d <£ e F(if.2,t*), 

P1P2 2-n:2 ii.2-R*2-10 
(9) 

rne rrpn t* 

F(if.2, t*) 

* t * > 0 t, - 2. 

2 R*2+m2 1121 
1 1 ( 2 ) 

= z{[ + ii.2+m2 

*2 2 R +m.1 > 112
1 - [1-(ii.2+m,2 

expc-1(-l#+m22_-&*2+m22>t*1 

exp[-1(h2+m
1
2-h°*2+m

1
2 )t*J, (9') 

a rrpn t* < 0 B ~pMyJie (9') CJie~eT IIpOB6CTH 38M6HY m, - m2, t* ➔ 
1t*1. B rrpn6JIHY.6HHH k* « m,m2l<m,+m2> (HepeJiflTHBHCTCRHe qacTHl.l;B B 
c.u.n. TI8pH) MOY.HO cqHT8Tb, qTo 

. ~2 ~*2 
F(if.2 ,t*) ~ exp(-1-a:_-~_ lt*I), (9'') 

2m(t*) 

rne m(t*) = m1·rrpu t* >On m(t*) = m2 rrpn t* <. O. IlocKOJibKY 
OCHOBHYID pOJib B UHTerpaJie (9) nrpaeT 06JI8CTb, B KOTOpott !if.2-R*2

1 

< N1/r*2 , rrpn ycJioBnn 

lt*I « m
1
r*2 e(t*) + m2r*2e(-t*), (10) 

. . . . 

·. IIpHM6HHMO rrpn6JIHY.eHHe 0~8KOBHX BpeMeH HCTIYCK8HHfl qacTHU B HX 

c.u.n. (t*= 0) [4]. Tor,na 

rnCS) ~h* * 
"'P P (x) = ls>ck*) e~ r r (11 ) * . 1 2 ----

EcJIH qaCTHUH 1,2 To~eCTBeHHH, B ~PMYJie (5) Heo6xo~o 

rrpoBeCTH CHMM6TJ)H38um<J 8MTIJIHTY.nH BeTe-COJIIIHTepa 

5 
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(S) 
¢ (x 1 ,x2 ) -

P1P2 
Nis> ( r cs> - ¢ x 1,x2 ) = ¢ (x 1,x

2
) + 

P1P2 P1P2 
(-1 >8¢CS) (X ,X )]/-1"2. 

p 1p
2 

2 1 

"B STOM CJJyqae m1 = m2, q = q, X = (X1+X2)/2 H corJJaCHO (6) 

¢cs> (x ,x) = 81PXr 81qx/2 + (-1 )S8-iqx/2 + 
P 1P2 1 2 

+ cpCS) (X) + (-1 )Scp(S) (-X) ]/-1"2. 
P1P2 P1P2 

(12) 

(13) 

~erKo BR,U9Tb, qTo S-BOJ1HOBO9 B38liMO,U8:A:CTBH9 Tom.necTB9HHHX qacT:111.1, 
BO3MOlKHO TOJlhKO B COCTOSIHilli C qeTHHM ITOJJHHM CIIBHOM S; Ilp:11 STOM 

¢CS) (X ,x) = -1"2e1PX{[cos(M) 
P 1P2 1 2 . · -Z 

s 
CS) (X)]1+£-1) + 

+ <pP1P2 S 
g:r 1-(-1) } + isin(--z)~ • . ( 14) 

OClcym,naeMm! M9TO~ MOlKHO TaKme IlpliM9Im:Th ,UJlfl OIIliC8Imfl 
reHepal.l,ID!: ,CJJaClo CB.ff3aHHHX .nBYxqacTWIHHX COCTOfllIIBt (B '!BCTHOCTH, 
,n;e:A:TpoHOB) • AHaJIU3 IIOK8311B86T, qTo npo1.1,ecc reHepal.l,HH CHCT8Ml1 ( 1 +2) 
C M8JJO:A: saepr:11e:A: CBfl3H .T8CHO CBfl38H co CTPYKTypo:A: Y31CHX rrapHHX 
KOpp9JJ.ffl.l,H:A: qacTID.\ 1 H 2 B H8np9p11BHOM CII9KTp9 OTHOCHT8JlbHHX 
SHeprd (CM. rro,n;po6Hee [5]). COOTB9TCTBYI00{99 HHRJ1I03RBHO9 ceqeHHe • 
np:11 HyJJeBOM op6HT8JlbHOM MOM9HT8 CHCT9M11 (1+2) H saepr:im CB.ff3H €CB 
« m1m2 l(m 1+m2 ) -HMeeT BH,n 

· 3 · m +m 
W d O = (2?C) 3 ___!__?. ~ Jd4x d 4x d 4x'd4x'" C1+2)d3P m1m2 L.J 1 2 1 2 

C 1+2) a,µ 

MTCS,µ) (x x ·a)TCS.µ>* (x' x• ·a) ,,hes> (x x )•"CS)*(x' x') (15) 
1' 2' 1' 2' ~CB 1' 2 ~CB 1' 2' 

r,n;e S - cram CBfl38HHO:A: CHCT8M11 (1+2), µ - ero IlpO8Kl.l,H.ff, 
TCS,µ)(x1,x2;a) - Ta me 8MIIJJHTY.U8, qTo H B flX)pMyJJe (5), 

'"cs>(x x) = eiPXXcs>(x) - (6') 
~CB 1' 2 CB 
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8MII.JlliTY.U8 EeT8-CO.JIIIllT8p8 A)Ifl CBfl38HHOro COCTOflimfl. B np:116.IDDKemm: 

"paBHHX BpeMeH" B c.1.1,.:11. rrap11 8MII.JlliTY.U8 X~!l (X), OIIliCHB8!00{8fl 

OTHOCRT9JlbHO9 ,UBIDK9Im9 qaCTID.\ 1 R 2, COBII8,U89T C 

HepeJJflTRBRCTCKO:A: BojmoBo:A: ~YHRUR9:A:. 

3. IlpOCTp8HCTB9HHO-BpeMeHHaH KOrepeHTHOCTb H nepexo.n 

K uo,neJJH o,n:HoqacTH'IHblX HCTOllHHKOB 

0611qao:A: 

nBo:A:Hoe HHRJ1~3RBHO9 ceqeHHe (1) IIOCJ18 IIO,UCT8HOBKH p83JJOm8Imfl 

(5) IlpHHliM88T BR,U: 

d6o 
-~ 3➔ 

w1w2d3p
1 

•d P
2 

~ Jd4x d4x d4x'd4x'x 
S

L, 1 2 1 2 
,µ,a 

llTCS,µ>(x x ·a)TCS,µ)*(x' x•·a)•(j>CS) (X x )(j>CS)*(x' x')· (16) 
1' 2' 1' 2' P 1P2 _ 1' 2 p 1p 2 1' 2' 

B CJJyqae TOm,n;eCTB8HH11X qacT:111.1, ¢CS) (X1,x2) 
P1P2 

CHMNI8TpH3OB8HHYID 8MII.JlliTY.nY (12). BB9,ll;8M ~yHRJ.U'[ID 

38M8Hfl8TC.ff Ha 

P (X x x' x') = ~ Tcs,µi(x x ·a)Tcs.µ>*(x' x••a)/ 
S,P 1' 2' 1' 2 L.J 1' 2' 1' 2' 

µ,a 

/Jd4x d4x d4x•d4x' ~ Tcs.µ>(x x ·a)Tcs.µ>*(x' x' ·a) (17) 
1 2 1 2 I..J 1' 2' 1' · 2' ' 

S,µ,a _ _ 

KOTopyID MOlKHO yCJJOBHO p8CCM8TpHB8Tb K8K SJ19M9HT ,nByxqacTmHO:A: 
npocTp8HCTB9HHO-Bp8M8HHO"1 "MaTpHUH IIJJOTHOCTH" [6] C H8CT8H,n8pTHO:A: 

HOpMJ1P~BKOir: . 

2MaTpm.\a Ps,P' Booelme roBopH, saBRCRT oT cyMMapHoro HM!IYJJhca P 
paccMaTpHB38MO:A: rrap11 K8K OT rrapaM8Tpa. 3TO CB.ff38HO C coxpaH8Im8M 
SHeprRH R RMITYJJhC3 B peaKl.l,HR: ~JMMRPOB8Im8 B ~PMYJ18X (1 ), (16) H 
(17) BKJJIDqaeT RHTerpRpOB8Im8 no ~83OBOMY oCl~eMy OCT8JlbHl1X KOH8'IBHX 

3➔ n(a)d p n(a) 

qaCT:111.1,, SJ18M9HT KOTOporo paBeH n -2rf: a4 
(pI+pII-P- }:; Pi)• 

· (=3 ( · (=3 
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R[d
4
x,.d

4
x2d

4
x;d

4
x2•Ps,p<.i1 .x2.x; .x2> = 1. 

s ' 
(17') 

RoppeJIHUUOHHYID (l)YHKWilO R(p, •P2> Y.llOOHO OIIp8,ll8JIHTb_ Ka_K .· OTHOmeHUe 
MOfflioro HHKJII03HBHoro ceqeHUH w1w2d6a/d3p1 d3p2 K qJOHOBOMY ceqemno 
w1w2d6a0/d3p1 d3p2 , KoTopoe H80JIIO,llaJioch OH rrpu OTCYTCTBIDI s!PI)eKTOB 
BRC H KB8HTOBOtt CT8THCT:mrn: MH TOJK,ll6CTB6HHHX qaCTHU · 

R(p
1 
,p

2
) = 

·-,rd4 d4 d4 'd4, ( , ') ,'i:CS> ( )'"CS>*(, ') LJ.J x 1 x2 x 1 x2 ,p8 P x 1_,x2,x1 ,x2 ''I' x 1 ,x2 'I' x 1 ,x2 S . ' P1P2 P1P2 
~d4x,d4x2d4x;d4x2•Ps,P(x,,x2,x;,x2)•eip,x,+ip~2-1p,x;+1p2x~•(18) 

r,lle ~(S) (x,,x2) OIIp8,ll8Jlfl8TCH corJI8CHO (12). IlpH CTO~OB8HUHX 
P1P2 

THJKe~ HOHOB HJIH IIpH ,llOCT8TOqffQ OOJibllIBX SHeprHHX CT8.JIKHB8!0lJU,iXCH 
qacTHU MH MO~eM rrpeHeOpeqb KHH8M8THqecI<HMH. orpaHUq8HHHMH H 

ITOCTpDHTb ql()HOBOe pacrrpe,lleJieHHe,.HarrpHMep. C IlOMOmbID qacTHU H3 
p83Hli!X COOHT:mt. 

IlO-BlUU!MOMY, IIpH OOJibIDOM sHeproBH,lleJiemm B peaKUHU, KOr,lla 
IIpOCTp8HCTB8HHO-Bp8M8HHH8 pa3M6pH 00JI8CTH reHepaUHU B8JIHKH ITO 
cpaBHeHHJO c xapaKTepHott ,llJIHHott KorepeHTHocrn L N 1/IPI H 
xapaKTepH!i!M BpeMeHeM KorepeHTHOCTH TN 1lp0 , a TaK~e - B ,llYXe 
CT8THCTHqecKHX IIp8,llCT8BJiemnt - IIpH OOJibIDHX MHomecTB8HHOCTHX 
BTOpHqH!i!X qacTHU, H8,llH8rOH8JlbH!i!MH SJI8M8HT8MH M8TpHIU,I ITJIOTHOCTH 
MO~O rrpeHeC5pe%3 • To~,lla HHTept>epeHUHH Me~ p83Hli!MH rrapaMH 
IIpOCTp8HCTB8HHO-BpeMeHHHX ToqeK ucqesaeT, 

Ps,p<x1 ,x2,x; ,x2 ) "' W8 ,P(x1 ,x2 )B
4(x1-x; )B4 (x2-x2) (19) 

3Borrpoc O CTporoM OOOCHOBamm 'STOt! rHIIOT83H OCT88TCH OTKPHTHM. 
B qacTHOCTH, MH CHCT6MH "pe30H8HC + qacTnua" (CM. rrrr. 3 H 4) 

ABYXqacTHqff8H M8Tpnua IIJIOTHOCTH Ps,P' -Booome roBOpH, 
He,llHaroH8JibH8. YCJIOBHH rrpnO~eHH0:0: ,llH8rOH8JIH38UHU M8TpHIU,I 
IIJIOTHOCTH B STOt! MO,ll8JIH paCCMOTpeID.l B IlpHJio~eHHU .• 

8 

Ii 
I 
j 
\. 

i I 
(, 

l: t1 
11 
Ii 
l 

·1 

r 
l 
I 
{ 
' t 
\ 

! 
\ 

~,-' 

r 

H MH IIpHXO,llHM K CT8H,llapTHOt! MO,ll8JIH "TH~8JllX" Toqe'IlillX HCTO'lfllliKOB C 

pacrrpe,D;eJieHneM 4-1mop,IUmaT W 
8 

,P<x1 ,x2 ) [1 J. B paMKax sTon MO,IJ;eJIH 
s!PI)eKT BKC H KB8HTOBOt! CT8THCTHKH OIIHCHB86TCH IIpOCTOt! qiopMyJion [4) 

4 4 N (S) 2 
R(p

1
,p

2
) "'Rfd x 1d x2•W

8 
P(x1,x2 )1<!> (x 1,x2)1 • (20) 

S ' P1P2 

B qaCTHOCTH, IIpH reHepaUHU H6B38HMO,ll8t!CTBY!OllU'iX H6IIOJIHpH30B8HH!i!X 
TO~,ll6CTB8HHHX qacTHU co CIIHHOM J (H H8HYJI8BOt! Maccon) HM88M 

2 w
8

,P(x
1
,x2 ) = [(2S+1 )/(2J+1) 1WP(x1,x2 ), 

l~~s~ (x
1
,x

2
)1 2 = 1 + (-1 )5cos(qx), 

1 2 

Jd4x 1d
4x2WP(x 1,x2) 1 , 

U H3 (20) CJI8,llY8T pesyJibT8T KoIIHJIOBa-Ilo,IJ;ropeUKOro, COOTB8TCTBY~ 

q}ICTOMY s!PI)eKTY Oose- HJIH q)epMH-CT8THCTHKH [14-16,4): 

R(p
1
,p

2
) = R(q) = 1 + (-1)2J<cos(qx)>, (21 ) 

r.ue 

<cos(qx)> = Jd4x 1d
4x2 ,WP(x1,x2 )cos(qx). (22) 

JerKO BH,ll0Tb, qTO BJIHHHH0 S(pp:)KTOB TOJK,ll0CTB0HHOCTH H BKC Ha 

Y3KH0 rrapHUe KoppeJIHUHU B paccMaTpHBaeMHX yCJIOBHHX ueJIHKOM 
orrpe,ll8JIH8TCH xapaKTepoM OTHOCHT8JlbHOro AI3HJK8HUH. AI3yxqaCTHqff0:0: 
CHCT8MH.B COOTB0TCTBID1 c· STliM BB0)J;6M aMIIJil1TY)J;H reH0PaIUlli l!aCTlill; 1 

H 2, 38BHCHmff6 OT OTHOCHT6JibHOt! 4-Koop,llHH8TH X = x,-x2: 

T~s.µ.>cx;a) = e1PX(1+Pql.P2)12,Jd4x2•e1Px2 Tcs.µ.><x2+x,x2;a). (23) 

Tor.ua qJOpMYJll (4) H (5) ,llJIH H6TOJK,ll6CTB6HHHX 

rrepeIIHC8Tb B BH,ll0 

N 

T~s,µ.> (p
1 
,p

2
;a) = Jd4x•eiqx/2 T~s,µ.> (x;a), 

9 

qacTHU MO~O 

(24) 



r.ne 

TCS,fl-) (P1 ,p2;a) Jd
4
x•x;

8
~ (x) T~8 •fl->(x;a), 

1 2 

N 

X(S) (X) = 8iqx/2 + (j)(S) (X) 
. P1P2 P7P2 

(CM. (6) H (7)). C yqeTOM (24) H (25) HaXO,nHM (5) 

6 
WW d O = Jd4xd4x• M (Xx' )X(S} (X)XCS)*(x') 

1 2d3➔ d3➔ s p • pp pp • P1 • P2 • 1 2 1 2 

MS,P(X,X') = I: T?•fl->(x;a)T?•fl-)*(x' ;a). 
fl,. a. 

(25) 

(26) 

(27) 

(28) 

Qor~acHo (15), Ta me qiopMy~a onpe.ne~HeT mrn:~3HBHoe ceqeHHe 
reHepaUHH CBH3aHHoi CHCTeM!:l (1+2): 

d3o 
WC 1+2)d31\ 1+2) 

m +m 
(2'IC)3 ~ Jd4xd4x' •M (X,X' )XCS) (X)XCS>* (X'). m1m2 S,P CB CB 

(15 I) 

IlocTpOIDA "MaTpHIJ.Y IWOTHOCTH" B npe.ncTaB~eHHH OTHOCHTe~bHHX 
4-KOOp,nHHaT [5) 4 

Ps,P(x,x') = M8 ,P(x,x' )/ Jd
4
xd

4
x' ~ M8 ,P(x,x'), (29) 

y,noB~eTBOpHrouzyro HOpMHpOBO~OMY yc~OBHID, aHa~orH'IHOMY (17'): 

Jd
4
xd

4
x' ~ Ps,P(x,x') = 1. 

4
~YHKUHH Ps,p<x,x') H Ps,P(x1,x2 ,x;,x~) CBH3aHH cooTHomeHHeM 

Ps,p(x,x') = 8 1P(x-x')(1+Pq/.P2)/2, 

(29') 

XJd4x d 4x• ,e1P<x2-x~>p (x +x x x'+x' x•) 
2 2 S,P 2 '2' 2 '2 X 

2 2 HarroMHHM, qTo qP = m
1 

-m
2

• 

IO 

(U 

I 
' 

)• 

1' 

c rroMombro MaTpm.u,i Ps,P Koppe~HI.J,HOHHYID ~yHKI.J,HID .nBYX HeTom.n;ecTBeHHllX 
qaCTHU MOlKHO npe,ncTaBHTb B KOMITaRTHOtt qiopMe 

4 4 N 

I:Jd xd X'•Ps p(X,X')·XCS) (X)X(S)*(x') 
S • P1P2 P 1P2 

I;Jd4xd4x, ·p (x,x') ,eiq(x-x' )/2 
S S,P 

R(p 1 ,P2) (30) 

Ee~ qacTm.u,I 1 H 2 TOJJ,n8CTB8HHH, TO B COOTBSTCTBIDl. c (12) H (13) 

aMIT~Ty.ny OTHOCHTe~bHOro ,nBHmeHHH XCS) (X) B qiopMy~ax (25), (27) H 
P1P2 

(30) c~e.nyeT 3aMeHHTb Ha CHMM8TpH30BaHHyro aMIT~Ty.ny 

XCS) (X) = [X(S) (X) + (-1 >5XCS) (X))/y'2 = 
P1P2 P1P2 P7P2 

[eiqx/2 + (-1 >5e-1qx/2 + (j)CS) (X) + (-1 )S(j)CS) (-X) l/"Y'2; (31) 
P1P2 P1P2 

IIpH 9TOM q = q = P1-P2· 
3arieTVJM, qTQ y3KID,1 rrapHb!M ROppeJIR~ll.HM COOTBSTCTBY~T .nocTaTOtIHO 

Mame 3HaqeHHH OTHOCHT8~bHOro ~y~bca q, He B~HromHe Ha 

KHHeMaTHRY npouecca. ECT8CTBeHHO cqHTaTb, qTo BepoHTHOCTb 
reHepaUHH HeB3aIDAo.nettc!BYIDmHX qacTHU HeqyBCTBHTe~bHa R H3MeH8HHID 
ROMITOHeHT 4-BeRTOpa q B OKpeCTHOCTll HY~H. TaR qTQ pe3Rafl 

saBHCHMOCTb ,nBottlioro mrn:~ro3HBHoro ceqeHHH oT q (H~ i*> ue~oM 

oOyc~OB~eHa BKC qacTHU 1 H 2, a TaRme CHMM8TpH3aI.J,Hett aMIT~TY.n 
XCS) (X), ec~ 9TH qacTH@ TOm.JJ;eCTBeHHU. IlpH 9TOM C yqeTOM yc~OBHH 

P7P2 
HOpMHp9BKH (29') sHaMeHaTe~b BNqiopMy~e (30) o~soK R e.JJ;HHHue (B 

c~yqae .JJ;HaroHa~bHott MaTpH@ Ps,P - cTporo paBeH e,nHHHue). B 
pesy~bTaTe npH rrepexo.ne R Mo,ne~ THmemx ToqeqHHx o,nHoqacTHqHHx 

HCTO~OB, Ror.na 

Ps,P<x,x') = W8 ,P(x)a
4
(x-x'), 

ROppe~HI.J,HOHH8fl ~YlfKI.J,HH IIpHHIDAaeT IIpOCTOtt BH.JJ; 

4 CS) 2 R(p1 ,p2 ) = Efd x•W8 P(x) IX (X) I , 
S ' P1P2 

11 
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rAe wS,P(X) = wS,P(r,t) - pacnpeAe~eirn:e p83HOCTH 4-Koop~aT ,nBYX 
HCTO'qffiffiOB C HOpMHpOBKOtt 

3➔ ➔ 
fd rdt•Ws,P(r,t) = 1. 

B c.u.H. rrapll (1,2) B npHOJIIDKeHHH "paBHl:lX BpeMeH" (10) HMeeM [4,5] 

R(p,,p2> = 2Jd3r*,w (r*)l<Jl(S)(+lcr*>12 
S S,P ~* • -k 

(33) 

rAe 
w8 ,P(r*) = fdt*W8 ,P[r*+(r-1 )n(r*•n)+rvt* ,r(t+V•r*)l. 

3AeCb l = (1-v2 )-112 , V = PIPg = nv; pa3HOCTH KOOp~aT H BpeMeH B 
CHCTeMe IIOKOfl HCTO'qffiffiOB r = r 1-r2 Ht= t

1
-t

2 
CBH3aHl:l Cr* Ht* B 

c.u.H. rrapu npeoapasoBaimeM ~opeHUa. 
Bume Mll npe,lUio~ara~. qTo qacTHI,Ill 1 H 2 B3aHMOAettCTBYIDT 

TO~bKO ~yr C ~yroM. O,lUiaKO IIpH Ma~x 8HeprHHX OTHOCHTe~bHOro 
,I(BHlK6Hllfl (T.e. IIpH yc~OBHH k* « k;i. k;i. rAe 2k;i H 2k;i -
OTHOCHTe~bHl:le HMIIY~bCll B c.u.H. nap (1,i) H (2,i)) CTPYKTypHl:le 
COOTHOIDeHRH (24)-(31) coxpaHHIDT onpeAe~eHHl:ltt CMllC~ H C yqeTOM 
B3aHMOAettCTBHfl qacTHU 1 H 2 C OCTa~bHl:lMH KOHeqHJ:lMH qacTHUaMH, 
~ll'f6M 8TO B3aHMOAettCTBHe OTpamaeTCfl ~b Ha ~YHKUHHX MS,P(X,X') H 

Ps,p<x,x'). ne~o B TOM, qTo IIpH Ma~x 8HeprHHX OTHOCHTe~bHOro 
,I(BHlKeHRH paCCTOHHHe Me~ qacT,ruaMH 1 H 2 MeHHeTCfl oqeHb MeA~eHHO. 
ITO8TOMY B aAHaOaTnqecKOM npHO~memm KBaHTOBO-MeXattHqeCKOe 
COCTOHHHe Bcex KOHeqHJ:lX qacTHU, BO3HHKaiomHX B pesy~bTaTe peaKUHH, 
npeACTaB~HeTCfl B BHAe IIpOH3BeAeHRH COCTOflHllfl OTHOCHTe~bHOro 
,nBHlKeHRH paccMaTpHBaeMllX qacTHU 1 H 2 H He saBHCffiI!ero OT 8HeprHH 
8Toro ,I(BHlK6Hllfl COCTOHHHfl KOHeqHOtt CHCT8Mll [(1,2),3, ... nl IIpH 
saAaHHOM 3HaqeHHH rrapaMeTpa X = x,-x2. TaKafl ~KTOpH3aUHH IIpHBOAHT 
K TOMY, qTo crreKTp OTHOCHTe~bHllX 9HeprHtt ABYX HeTo~eCTBeHHl:lx 
qacTHU, .I(BHJKylIIHXCfl C (J~3KHMH CKOpOCTHMH, onpeAe~HeTCH r~aBHl:lM 
oapasoM B38HMOAettCTBHeM HMeHHo 8THX qacniu Me~ coaoa (S(f:q)eKT 
MID'Aa~a-BaTCOHa [17,18]). 

4., YaKHe napHI,Ie Koppe~ B CHCTeue "pea0H8HC+118CTHI!8" 

PaCCMOTpHM Terrepb MOA8~b, B paMKaX KOTopott B TO~e c 4-
KOOp~aTott XA pOY.,IJ;aeTCfl Herro~HpH3OBaHHlltt pesoHaHc, pacrraAalOIIUtltcH 

12 

l.> 
! 

r 

)1 

7' 

ITO KaHa~y R ➔ 1+3 (3 MOmeT npeACTaB~HTb coaott qacTHUY HJIU rpynny 
qacTHU), a B TO~e C 4-Koop~aTott XB - Herro~HpH3OBaIDiafl qacT,rua 
2. ByAeM cqHT8Tb pesoHaHC ToqeqffllM, T.e. npeHeOperaTb ero 
coOcTBeIDillMH npocTpaHCTBeIDio-BpeMeHHHMH pasMepaMH no cpaBHeHHID c 
BpeMeHeM mHSHH 1/I', a TaKme - c npocTpaHCTBeIDio-BpeMeHHHM 
paCCTOHHHeM e=XA-.xii Me~ TO~aMH reHepaUHH pe30HaHCa H qaCTHUll 2. 
MHllMH C~OBaMH, OyAeM rro~araTb, qTo_ pacrraAHUe qacTHUll 1 H 3 

oapasyroTcH B omi:ott H Tott me npocTpaHCTBeIDio-BpeMeIDiott To~e (CM. 
pHC. 2). 

~A~S 

I 

~ ~ 2 

PHc,2 

8 8TOM npHOJIIDKeHHH aMII~TYAY pacrraAa pesoHaHca MOmHO 
paccMaTpHBaTb K8K KOHCTaHTy: A(p,,p3) ~ A. Ee~ qacTHUH 1 H 2 
HeTO~8CTB8HHl:le H OTCYTCTBY8T BRC, TO aMII~TYAa reHepaUHH qacTHU 
1,2,3 c 4-HMIIY~bcaMH p

1
,p

2
,p

3 
B c~yqae OTCYTCTBH~ BRC He aaBHCHT 

OT cyMMapHoro CIIHH8 S qacTHU 1,2 H HMeeT BHA: 

To<P,,P2;P3,xA,xB) = 
A,ei (p,+p3)XA +ip2XB 

(p,+p3)2-M2+iMI' 

PA8 M - Macca pesoHaHca: Cor~aCHO (4), aMII~TYAa reHepaUHH B 
IIpOCTpaHCTB8HHO-Bp8MeIDIOM IIp8ACT8B~eHHH 

T(x, ,x2;p3,XA,;)= -½ fd4p;d4p•e-1p;x,-1Pz2'2t 
(2%) 2 

(34) 

xT ( ' ,. 1p X 4 d4K e-1K(x -x) . o P, ,P2•P3,xA,xB) = A•e 3 ,a (x -x >I-- , A • (35) 
2 B (2'1C)4 K2-Jl2+iMI' 

13 



3aM8TliM, qTo IDITerpa~ B (f)opMy~e (35) rrpe~cTaB~fleT cooon aMTIJIDTYm' 
pacrrpocTpaHeHHfl pesoHaHca HS ToqKH polK,I\eHHfl xA ~o ToqKH pacna~a 
ft. ITOCKO~bKY BBe~eHHe MaTpHU n~OTHOCTH Ps,P<x1 ,x2,x; ,x;) H 
Ps,P(x,x') Ha OCHOBe (35) He IIpHBO~T. BOOOil\8 roBOpfl, _ K 
CYil\8CTB8HHHM YIIpOil\8Hl'IflM (CM. , BrrpoqeM, IlpH~OlK8Hl'I8 . ) , ~a~bHef1mee 
paCCMOTpeHHe Y~OOHO IIpOB8CTH Ha ypOBHe aMTIJIDTY~-

ITO~CTaHOBKa (35) B COOTHOill8HH8 (5) ~aeT aMTIJil1TYm' reHepa~ 
CHCT8Ml1 "peSOH8HC + qacTHU8 2" C yqeTOM BKC M8JK,ny qacT~aMH 1-H 2: 

pCSl(P1•P2:P3,XA,XB) = To(P1,P2;p3,XA,XB) + ATCSJ(P1,P2:P3,XA,XB) 

AT(S)<P1•P2:P3,XA,XB) = Ae1<p1+P2+P3)XB•fd4x d4K e-1K(x-E)i. 
(2'JC) 4 K2 -M2+ tMr 

N 

xe1<p1+P3-ql2)X <p(S) (X). (36) 
P1P2 

C yqeTOM Bl::lpalK8Hl'Ifl (9) ~~fl 8MTIJIDTY.n;l::l <p(S) (X) norrpaBKa AT(S) sa 
P1P2 

cqeT BKC MelK,ny qaCTHU8MH 1 H 2 noc~e IDiTerpHpOB8Hl'Ifl no Ko* B 
c.u.H. napH (1,2) rrpIDIHMaeT BH~: 

ATCS>(p ,p ;p ,x ,x ) = 2AfCSl(k*)e1 <P1+P2+P3)XB•fd3r*dt*~ >< 
1 2 3 A B (2'JC)s1 2K 

0 

d3➔ N 

X i£ F("if.2 t*) e:xp{H(Jt*-➔p*-"if.)r*-Jt*"t*+(w*+w*)t*-K lt*-E*I]} 
"if.2-R*2_10 • · 3 1 3 o o • 

(37) 

rie K
0 

flB~fleTcfl KOpHeM ypaBHeHHfl K
0

2-Jt*2-M2+1MI'=O, y~oB~eTBOpflIDil\liM 

yc~oBHHM ReK
0 

>NO, ImK
0 

< o. ITpH r « M m.1eeM ReK
0 

~ -h2+Jt*2 , 
ImK0 ~ -MI'/(2ReK

0
). IlpoHHTerpHpyeM BHp8lK8Hl'I8 (37) nor*, t* H ·7t*, 

HCnO~b3Yfl H8p8~flTHBHCTCK08 IIpH0JrnlK8HH8 (9'') ~~fl ~YHK~ F("if.2 ,t*). 
Ml::l Bl::lITHill8M TO~I,KO OCHOBHon BK~a~ B AT(Sl, liM8IDIUIDt ocoOeHHOCTI, 
B0Jill3H ~HSHqecKon oO~aCTH5 : 

5oueHKH noKa3HBaIDT, qTo OTOporneHHl::le q~eHH OTHOCHT8~1,HO Mam. 

14 

! 
l,_ 

,.,, 

ll 

.,,, 

r~e 

Af(S)C',*). 1 ~= d3➔ -1~* 
AT(S)(p p ·p X X) = - '-->'-~~-'--'-8 p3xA+.Lru f c£e t 

1' 2' 3' A' B -2 :c':2 "'1!*2 2-w ;r-~ -10 

. re2-R*2 ., . * 
B(E*)e-1~ Eo + [1-8(E*)Je18Eo 

X[ 0 2 O + 
➔2 '1?*2 

("if.+p➔*)2-(w*+w* c£ -~ )2+.¥2-1..MI' 
3 1 3----zm;-

"if.2 R"2 
[1-8(E")J(e1~ E~ - e1EE~) 

0 1 
+ ➔2 .. 2 · ) ' 

(i+p➔*) 2-(w*+w*+c£ -R )2+M~-1MI' 
3 1 3 --zm;-

~ 1 [ . ...P 
u = 2 XA+XB+E(qP)l.r], E = -,!M2+(re+p➔*)2-w*-w* 

3 1 3 

(38) 

3aMeTHM, qTo rrpH E~;>o pesy ~I,T8T (38) ~ern:o no~yqHTI, B paMKax 
HMIIY~bCHOPO rrpe~cTaB~8HHfl, ecJID B (f)opMy~y (3) no~CTaBHTI, BHpaJKeHHe 
(34) c saMeHon p

1 
➔ <£, p

2 
➔ P-<£. IlpH 9TOM ~~fl CHflTHfl HHTerpa~a no 

9Heprllll i£0 BHpTya~bHon qacTHUH 1 (CM. ~arpaMMy Ha pHc. I) c~e,nyeT 
BOCnO~I,30BaTbCfl TeopeMon Bl::lqeTOB, 38Ml1K8fl KOHTyp HHTerp:iqioBaHHfl B 
BepxHen no~yn~OCKOCTH. TaK KaK no~IDC 6peliT-Bfil'H9pOBCKOli aMTIJIDTY~ 
(34) B 9Ton no~yn~OCKOCTH Haxo~TCfl ~a~eKO OT ~sHqecKon oO~aCTH 
(Rec£o< 0), OCHOBHon BK~a~ B aMTIJIDTy,ny CBfl38H C no~IDCOM rrponaraTopa 
BHpTy·a~bHon qacTHUH 2 (Rec£o= m12-m2-c1:.2 I (2m2)). Ilo~cTaHOBKa 9TOPO 
3HaqeHHfl B aMTIJIDTy,ny To(i£,P-c£;p3,XA,XB) H IIpHBO~T K nepBOMY HS 

c~araeMUx B (f)opMy~e (38) rrpH 8(E~)= 1. 
Ee.Jill B (f)opMy~e (38) no~OlKHTh E~= o, Ml1 no~yqm.1 

➔-it* 
(S)(h*) 1 1-= d3➔ -ii£~ AT(·S)(p p ·p X X ) = - Af ~ e p3xA+ .ru f i£e 1 

1' 2' 3' A' B 2~ "if.2-R ... 2-10 

1 
,I( ➔2 •2 • (39) 
(re+p➔*)2-(w*+w*-i£ -R )2+M2-1..MI' 

3 1 3~ 

BHpaJKeHHe (39) COOTB8TCTBY8T npHO.JIIDKeHHID o~aKOBHX BpeMeH 
HcnycKaHHfl pesoHaHca H qacTHUH 2 B c.u.H. napl::l ( 1 ~2). JlerKO 
noKa3aTI,, qTo ecJID E~ > 0 (pesoHaHC polK,I\aercfl nosJKe, qeM - q~CTHU8 
2), TO IIpH0JrnlK8HH9 (39) S8KOHHO IIpH YC~OBllll 
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TorAa B pesy~bTa1e 
rrpeoOpasyeTCH K BH.l(Y6: 

HHTerpHp<mamrn 

* ' 2 I E0 1 « m21 , 

ITO d3i• '(fiopMy~a (39) 

(40) 

rAe 12 = [p;/(MI')] 2+t*2 . Yc~OBHe (40) BIIOJJHe aHanorWIHO 
HepaBeHCTBY (10), HO rrpH 9TOM yqHTHB80TCH, qTo xapaKTepHoe 
paccTOHHH0 1 M0JK.nY TOqKaMH pom~eHHH paCCM8TpHB80MblX qacTHU 1 H 2 

38BHCHT OT 9illIJeKTHBHOtt A~ L ~ p;/(MI') rrpoOera pe30H8HC8 B 
c.u.H. qacTHU 1 H 2. Ee~ me E; < 0 (pesoHaHc pom~aeTcH paHhme, 
qeM qacTHU8 2), TO rrpHO~eHHaH (fiopMy~a (39) rrpHMeHHMa rrpH Oo~ee 
~eCTKHX orpaHwi:eHHHX 

IE;I « m 12 1 • I E; I « 21r, 
1 p*2 
3 3 •2 p;2+.M2E0 « 

12. (41 ) 

.l{Ba rroc~e~ * HepaBeHCTB8 oOecrreqHB8IDT B03MOJKHOCTb 38M8Hbl 
9KCIIOH0HTH e18Eo B (fiopMyne (38) Ha e~. HepaBeHCTB8 (40) H 

(41),KaK rrpaBHnO,BHITOJJHHIDTCH B c~yqae, KOr~a Bp8MH JKH3HH p830H8HC8 
cymeCTB8HHO npeBH!lla9T IlpOCTp8HCTB9HHO-BP9M9HHH9 pasMepH oOnaCTH 
reHepaUHH rrpHMopo~eHHHx qacTHU. Ee~ ~e BpeMH l!rnSHH pesoHaHca 
OTHOCHTenbHO HeBe~o. T.e., 1E;1 » 2/r, HO BHIIOJIH0HH ycnoBHe (40) 
H nepBoe HS ycnoB~ (41 ), TO no-npeillieMY MOJKHO rronh30B8TbCH 
(fiopMynon (39) MH HeoTpHUaTenhHHX sHaqeHHtt E;, a rrpH E; <OB Hett 
cne~eT CA0~8Tb 38M8HY m2 ➔ -m,. 

BocrronhsyeMCH HHTerpa~hHHM paB8HCTBOM 

_1 __ = 1 Jd3r 
8
1 (ir+k*r) 

i 2 -R*2-10 4'it r 

H BB8~8M HOBYID rrepeM8HHYID HHTerpHpOB8HHH if'= iE+p;lb, rAe 

(42) 

___________ b = 1 + (w;+m
1 

)lm2. (43) 

- 63TOT pesynbT8T cor~acyeTCH c (fiopMy~o:ll: (2.12) CT8TbH [10) (ec~ 
ucrrpaBHTb 3H8K MHHMO:ll: qacTU BHpameHHH (2.3) 9TO:ll: paOOTH) TO~bKO B 
rrpe~e~e m

2 
» m

1
+w;, Kor~a b = 1. 3ToT rrpeAen cooTB8TCTBY0T 

rrpHCi~meHHID t*= 0 B aMII~Ty~e EeTe-ConITHTepa (CM. (fiopMyny (11 )). 
·o~aKo AnH paccMoTpeHHoro B cTaTbe [10) cnyqaa m1= m2 TaKoe 
rrpHO~meHHe 38B8~0MO HeKoppeKTHO. 

H, 

1' 
1j1 

I 
I 

·j• 

-J. 
J 
I 

ATCS > Af CS> * (p,,p2;p3,XA,XB) = - ~ (R )eip3xA+1P3~ 4'1Cb ,. 

iR*l ➔ -;,*I ➔➔ xJd3r e r+i; 8 1(vr-p;r)/b _ 

1r+t*I r 

3~8Cb V HBnHeTCH KOMIIneKCHIIM KOpHeM ypaBHeHHH 

- -,.,•2 ..... 2 
v2 = p*2 + b[(w*+m +~~ )2-p*2-M2+1MI'] 

3 3 1 c.m 1 ~ 3 , . 

C MHHMOtt qacTbID Imv > o. OqeBH~O, 

v = rl\v2 i+Re(v2 ) +1/iv2 1-Re(v2 )]/i2. 

(44) 

(45) 

(46) 

B c~yqae, KOrAa E; < 0, BHITOJJH8HO rrepBoe H3 yc~OB~ (41), HO 
1E;1» 2/I',MOXHO no-IlpmKH9MY IlOJih30B8ThCR COOTHOill9HlieM(44), 0~8KO 
B (fiopMy~ax (43) H (45) c~e~eT C~8~8Th 38M0HY m2 ➔ -m,; T.e. b = 
-w;1m,, B (fiopMy~e (45) OTCYTCTBYIDT qneHH, rrporropUHOH8nhHH8 k*2, a 
peanhHYID qacTh VB BHpameHHH (46) cne~eT B3HTh co 3H8KOM "MHHYC". 

5. Jiorapiiq».n111ecKas oco6eHHocTh 

MHTerpHpOB8HH8 B (fiopMyne (44) MOJKHO rrpoBeCTH aHa~THqecRH ~o 
KOHU8 B ~BYX "rrpoTHBOITO~OJKHHX" rrpe~e~bHHX c~yqamc: rrpH 1t*1 » I, 
Ik* « 1 (H8IIOMHHM, qTo rrapaMeTp 1 = p;/(MI') HM88T CMb!Cn 

9iPIJeKTHBHO:ll: MHHH rrpoOera pesoHaHca B c.u.H. qaCTHU 1 H 2), U rrpH 
lt*lp; « 1 u lt*lk* « 1. B nepBoM c~yqae, nonaraa B (fiopMyne (44) 
lr+!*i ~ i!*i, IlO~yqaeM 

AT(S)( • Af(S)(k* 1k*l7'*1 P, •P2•P3,xA,xB) = ~ )e1p3xA+1P3 __ e_. _i;_ 
v2-p*2 "I'* , 

3 Ii; I 
(47) 

T.e. norrpaBK8 38 cqeT BKC rrporropUHOH8~bH8 cqiepuqecKo:ll: BOJJH8 (11 ). 
Bo BTOpOM npeAenbHOM cnyqae Mb! MomeM cquTaTb lr+t*I ~ r, H 
HHTerpHpOB8HH8 A80T 

AT(S l (pt ,p2;p3,XA,XB) 
1AfCS)(k*)eiP X +1P3 v+bk*-p3* 

* 3 A •ln ---~ 
2P3 v+bk*+p;' 

(48) 
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• 
rne p; = IP;1. B :mrnapnaHTHl::lX ooosHaqeHHmc 

* 1 2 2) 2 2 1/2 P3 = Zrif:":{[(m123+m3> -m12 [((m123-m3> -m,2 J} ' 
12 · 

h* _ 1 [ 2 2 2 2 1/2 ~ - Zrif:":{ (m 12+m1) -m2 J[((m 12-m1) -m2 J} , 
12 

(49) 

rne m123 H m12 - s(pf)eRTllBHH8 M8CCH CHCT8M (1,2,3) H (1,2) 
COOTB8TCTB8HHO. 

PesynbT8T (48) OTBeqaeT H3B8CTHOil norapn(fllmqecROil ocoOeHHOCTH 
TpeyronbHOil AHarpaMMH (pnc. 3). CqnTaH, R8R ll npelK,I(e, qacTHUH 1 H 
2 HepenHTllBllCTCRllMll B llX C.11,.ll. ll OT0paCHB8H Ma~n qneH, 
nporrop~oHanbHHil k* 4 , rrepeIIllllleM BHpameHHe (45) nnH v2 B BHAe 

v2 = (p"'-bk*) 2 + b[(w"'+m +k"'
2

}2-(p"'-k*)2 -M2+iMI'J 
3 . 3 1 ~ 3 • 

(50) 

3 

R 

\----I 

2 

Pnc.3 

CornacHo (48) n (50) norapn(fllmqecRaH ocoOeHHocTb npnO~maeTcH R 
<I)llsnqecRoa oOnacTn npn BHrro~eHllll cneAJIDII1llX ycnoamt: 

., k"'2 2 ., * 2 • .? 
a) (w

3
+m

1
+2ii'f":'.) -(p

3
-k ) _-m- = O, 

1 
0) B C.11,.H. qacT~ 1 n 2 llMilynbc TpeTbett qaCTlll.Ul 

m +m +w* p; >bk*= 1 m2 3 k* • 
2 

YcnoBne a) MOJKHo TaIOKe rreperrncaTb B Bnne 

Ill 

2 2( *h* ➔ .. ~*> M2 m,3 + P3~ +p3K = , 

2 2 rne m13 = (p1+p3 ) 
HCHO, qTo npn k* 
ocoueHHoCTb npn r ➔ 

- RBanpaT s(pf)eRTHBH08 M8CCH CllCTeMH (1,3). 
= o, Rorna m12 = m1+m

2
, norapll(fllmqecRaH 

0 COOTB6TCTBY8T TOtIHOMY p630HaHCy. Ilpn STOM 
s(pf)eRTllBH8H Macca Tpex qacT~ IIpllHllM88T · M8RCHManbHOe nnH 
paCCM8TpllB88MHX ycnoBlltt 3HaqeHHe 

max m,+m2 2 2 2 m1+m2 2 2 2 
m,23 = (p3+-m--P,> = (m1+m2> +m3 t-m--(M -m3 -m1 ). 

1 1 

Ee~ me k* t o, TO coBrraneHHe norapn(fllmqecRoa n rronrocH~a 
ocoOeHHOCTea ·Bo3MOlKHO TOnbRO npn 8HTHllapaJIJIMl,HOH opneHTar.tim 
B8RTOpOB r; ll R* (p;R* = -p;k*). Ilpn STOM qacTlll.Ul 1,2,3 HaxonHTCH 
B ~entton RoHqillrypauun; B cnny ycnoBnH O) RaJK.naH ns qacT~ 1 n 2 
nBnmeTCH B C.11,.ll. Tpex qacTHU B HanpaBneHHH, 
HanpaBneHHro nBnmeHHH qacTuuu 3, npuqeM qacT~a 
pe30H8HC8 norOHH8T qaCTllUY 2, T.e. llM88T Oonbmyro 
pemnM Oun BrrepBHe YR838H BanyeBHM [8])7 • 

IIpOTllBOITOnOlKHOM 
1 OT pacrrana 

CICOpOCTb ( STOT 

BBeneM 0003HaqeHHH 

X = [(w"'+m +k"'2)2-p•2-k*2-M2]/MI' 
3 1 ~ 3 ' 

y = 2R*i, i = p;l(MI'). (51 ) 

Torna m13
2 

= MI'(x+y)+M2, u B npno~meHllll 1!"'1p; « 1, l!"'lk* « 1 
rro~aH 8Mil~Tyna·reHepa11,llll CllCT8MH (1,2,3) IIpllHllM88T Bun 

TCS)( • A" i(p+p )X+ip .. r P,,P2•P3,XA,XB) = me 1 3 A Z-BX 

1 fCS)(k"') B 
x[1-i(x+y) + 21 ln --=---J, 

x+2k"'I+1 
rne 

B 1 [ ( * )2 b2 *2 * * = o1ilI' v+p3 - k J = 2p3 (p3+v)/(bMI')+x+1, 

7CRopoCTb CllCT8MH (1,2) OTHOCHTenbHO C.11,.ll. Tpex qacTHU 
* * * v,2 = P3l(m,2+W3) ~ bp3/m?, B TO Bp8MH R8K B c.u.u. qacTUU 

* * * * * ~ * v3 = p3lw3 , v 1 ~ k lm1, v2 ~ k lm2 . Ilpu rrepexone B c.u.n. 
qacTHU HMeeM v3 > 0, v 1 < O, v2 < 0, 1v 11 > 1v2 1. 
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(52) 

(53) 
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· V Ollp6){6JI.H6TC.H ITO WOPMYJI6 (50). MH MOlK6M H8Im:C8Tb 

r.ne 

j* 
In B = ln£1Bl//(x+2k*l) 2+1J+1£arctg(x+2k*1)-arctg~J, 

x+2k"'l+1 A
2 

IBI = / IA11 2+IA21 2 , 
N 

A . = 
1 

N 

A = 2 

ReB = x + 2p;(p;+Rev)l(bMI'), 

ImB = 1 + 2p;Imv/(bMI'). 

~eI'Ko BH)(eTb, qTo ecJIH p; » k*b, p;21!lI' » 1, TO npH 1x1 N 1 HMeeM 

1B1 
· *2 m 
4p3 2 * » 1, 

"'-irrr- m,+m2+w3 

N* 
A1 

arctg~"' '!C/2. 
A2 , 

EcJIH qacTHUI,I 1 H 2 TOlK,Il6CTB6HHH, TO 8MIIJIHTy){a (52) ,I{OJIJKHa 

OHTb CHMM6TpH30B8H8B COOTBSTCTBlili C(13). IlpeHeOpera.H B IIOK838T6JI6 

aKcrroHeHTH qJieHoM l!*lk* « 1, rroJiyqaeM B paccMaTpHBaeMoM 
npHOJIIDKeHHH (B Tex lK6 oOosHaqeHH.HX8 ) 

pCS)(p p ·p X X ) = _A __ e1p3 xA.+1P(XA+XB)/2')( 
. 1' 2' 3' A' B ii/2MI' 

1 S 1 S fcs>(k*) B 
xf1-i(x+y) + (-1) 1-i(x-y) + £1+(-1) J 22 ln ---J. (54) 

x+2k*1+1 

AMIIJIHTy,I{a (54) 063 JiorapHitr,mqecKoro qJieHa, Y~THB8!0lll6PO BKC M6lK){Y 

TOJK.n6CTB6HHHMH qacTHUa~rrr, H60,I{H0Kp8THO HCIIOJib30B8JI8Cb IlpH 8H8JIH36 

HHT6pql6p6HUHOHHHX KoppeJI.Hmtlt TOJK.n6CTB6HHHX Im:OHOB (S = 0, (-1)8 =1) 

. B npoueccax C polK,Il6HH8M p630H8HCOB (CM. HanpHMep [1], [7]). 

8rrpH m,= m2 rrapaMeTpH X H y .HBJI.HIDTC.H JIHHetrnmm: KOM0HH8UH.HMH 
KBa.npaTOB ~KTHBHHX Mace CHCT6M (1,3) H (2,3): 

2 2 2'2 2 2 x = (m 13 +m23 - m-)/(2MI'), y = (m 13 -m23 )/(2MI'). 

20 

6. Ycpe){Heime no Tol!KaM reHepaltlili pesoHaHca H ~ac~ 

BHme MH paccMOTpeJIH rettepaUHID pesottattca H qacTHUI,I 2 B 

q)!lliCI1J)OB8illlliX rrpocTpaHCTB8HHO-Bp8M8HHHX TQqKax XA H XB. B 
HMIIYJibCHOM Ilp6,I{CT8BJI8HHH TaKott CHTY8UHH COOTB6TCTBY6T aMIIJIHTY.1{8 

reHepaUHH t(P13•P2;a), MO){YJib KOTOpott He 38BHCHT OT 4-HMIIYJibCOB 
P13 H P2 p830H8HC8 H qacTHUH 2 (a - KB8HTOBH6 ~CJia OCT8JlbHHX 
qacTHU, o0pa30B8HHHX B peaKQHH; p630H8HC H qacTHUI,I C~T8IDTC.H 

H6ITOJI.HpH30B8HHHMH, B CB.H3H C qeM cmrn:OBH6 rrepeM6HHH8 OITYJn8HH). 

QqeBH){HO, TaKa.H M0,1{6Jlb .HBJI.H6TC.H CJil1111KOM ynpomeHHott: peaJibHO 

xapaKT6pH08 paccTO.HHH6 M6lK){Y qacTHU8MH 1 H 2, Ollp6){6JI.H!Olll66 HX 

KOppeJI.HUHOHHYID @YHKUHID, 38BHCHT OT CKOpocTett ,I{BHlK6HH.H p630H8HCa H 

qaCTHUH 2. B CB.H3H C 9THM IlpoCT08 ycpe){H6HH6 no Bepo.HTHOCTHOMY 

pacnpe.neJieHHID ToqeK rettepaumi s.nech He ro.nHTC.H. 

YqTeM HMIIYJibCHYID 38BHCHMOCTb aMIIJIHTY){H rettepaUHH t(P13•P2;a) 
H Ilp6.I{CT8BHM ee B BH,1{8 HHTerpaJia ~ypbe: 

t <P13•P2;a) = Jd4xA d4xBe1P,3XA +ip2XB• t (XA'~;a). (55) 

AHaJIOrHqttO (17) BB6,1{6M ·npocTp8HCTB6HHO-Bp6M6HHYID M8TPHUY ITJIOTHOCTH 

p630H8HC8 H qacTHUH 2: 

p(xA,xB,xl,xB) = ~ t(xA,xB;a)t*(xl,xB;a)I 
a 

/Jd4xAd4xBd4xld4xB• ~ t(xA,xB;a)t*(xl,xB;a). (56) 
a 

~erKO BM6Th, qTQ mmapH8HTH06 HHKJIID3HBH06 ceqeHHe oOpasoBaHH.H 

B38HM0,1{6ttCTBYIDII\HX H6TOlK,1{6CTB6HHHX qacTHU Oy.neT HM6Th BH,I{ 

6 
w w d a = ~(2S+1 )Jd4x d4x d4x'd4

x.!.r 
1 2d3p,•d3p

2 
S A B A -H 

xp(x x x' x')e1P,3(XA-Xl)+ip2(xB-xB)X 
A' B' A' B · 

N 

xr1a<p,,p3)12+e-1q(f-f')/2AT(S)(p,,p2:P3,t)hT(S)•cp,,p2;p3,t')+ 
N 

+a(p,,p3)e1qf'/2hTcs>*<p,,p2;p3,t')+ 

21 



' +a* (p1 ,P3 )e-1qU2f.pcs > (p, ,p2;P3• U J • 

r.ne f =X A-~, E '=Xl-Xi, 

2 2 a(p1,p3 ) = A(p1,p3 )/C(p1+p2 ) -M +1MI'J, 

(57) 

f.pCS>(p 1,p2;p3 ,E) = e-i(p3xA+P.3)f.TCS>(p1,p2;p3 ,xA,xB), (58) 

(BIT. 3 H IT. 4 (llopMyJThl ,nJI.H f.T(S)(p 1,p2;p3,xA,XB) ITOJiyqeHH B 
rrpH6~~emm A(p1,p3 ) =A= const). 

nJI.H ,naJihHettnero ITOJI83HO paCCMOTpeTh CJiyqatt reHepar.um 
H0B38HMO,nettcTBYIDillllX TO~8CTB8HHHX qacTHl\ 1 H 2. Tor,na 

d6a 2 
w,w2 3➔ 3➔ = I;(2S+1 ){r(P13•P2;P13•P2> c la(p, •P3) I + 

d p 1 •d p2 s 

+ r(p23•P,;P23•P,)Cla(p2,p3 )1 2 + 

+ (-1 )52Re[r(p13 ,p2 ;p23 ,p1)a(p1,p3)a*(p2,P3 )J}, (59) 

r.ne 

r(k,p;k' ,p') = I;t (k,p;a)t* (k' ,p' ;a)/I;I t (O,O;a) 12 • (60) 
a a 

8JieM8HTH r-MaTpHIUI BHpa~aroTC.H qepes 8JI8M0HTH p-M8TPH'-U1 B BH,ne 
HHTerpaJIOB IDYphe: 

r(p13•P2;P13•P2> = 

fd4xAd4xBd4xld4xBp(xA,xB,xl,Xi)e1P13<xi..-xl)+ip2(~-xB>, 

r<P23•P,:P23 ,P1) = 

fd4xAd4xBd4xld4xip(xA•~•xl,Xi)e1P23(XA-Xl)+ip,(xB-xB), 

r(P13•P2;P23•P,> = 

22 

fd4xAd4xBd4xld4xBp(xA,xB,xl,xB)e1R(xA-xl)+1p(xB-xB)+1q~. 

(61) 

· r.ne k = p+p3 , p = (p1+p2 )/2, q = p
1
-p

2
• He,nHaroHaJihHHe aJieMeHTH 

MO~O rrpe,ncTaBHTh B BH,ne [7,19] 

r<P13•P2;P23 ,P1> = [r(p13 ,p2;p,3 ,p2 >r<p23 ,p,;p23 ,p1)l 112P(q;k,p). 

(62) 

Ilo orrpe,neJieHHro P(O;k,p) = 1 H, B COOTB8TCTBHH C HepaBeHCTBOM 
lIIBapl\a, /P(q;k,p)J:,:; 1. 

YqTeM Teneph, qTo pacrrpe,neJieHH.H napaMeTpOB "pa3MHTOCTH" TO'I8K 
reHepar.um pesoHaHca H qacTH'-Ul f.A= xA-xl H f.B= xB-xB orrpe,neJI.HIDTC.H 
HX o6paTHHMH xapaKTepHHMH HMITYJihC8MH H, K8K rrpaBHJIO, OHH ropas,no 
y~e. qeM pacrrpe,neJieHHe ITO nepeMeHHott f =.XA-XB. 8TO O6CTO.HT8JlbCTBO 
ITO3BOJI.H8T IlpOH3B8CTH ~aKTOpHsar.mro H nepeHeCTH OCHOBHYID 38BHCHMOCTI, 
M8TpH'-U1 ITJIOTHOCTH (56) OT f.A H f.B B "OCTpyro" ~YHKlUiID d(f.A•¾), 
6~3KYID K rrpOH3Be,nemrro a-wyHKr.mn 64(f.A)64(f.B): 

p<xA,xB,xl,xB> = W(xA,xB;"'A'"'B)d(f.A,f.B), (63) 

r,ne Xi=(Xi+X~)/2, 1= A,B. IlpH 8TOM ~YHKI.UIB W H d HOpMHpOB8Hll B 
COOTB9TCTBHH C YCJIOBH6M(17'): 

4- 4- - -fd XAd xBW(xA,xB;f.A,f.B) = 1, fd4f.Ad4f.Bd(f.A,¾) = 1. (64) 

IlpeHe6pera.H MO,nJJI8M B8~'IHHH (f.A-f.B)/2 no cpaBH8HHID C MO,nJJieM 
Be~q>JHl:l I= xA-xB, MH Mo~eM c~eJiaTh B (llopMyJie (57) saMeHH € ➔ I H 
€' ➔•I H rrpeo6pasoBaTh ee K BH.ny 

d6a 2 
w,w2 3➔ 3➔ = I;(2S+1 )r(P13•P2:P,3,P2){Cla(p,,p3)I + 

d p1 •d p
2 

s 

+ fd4xAd4xBw(xA,xB;p13 ,p2 )Clf.Tcs>(p1,p2;p3,€)1 2 + 

2:1 



2R ( (' i~f/2 N(S)* • + ,ea P1,p3 )e AT (p1,p2 ,p3 ,E))l}, (65) 

rne ~YHKUHH 

W(X X "k p) = Jd4A d4A eikAA+ipABX 
A' B' ' A B 

xW(xA,xB;AA,AB)d(AA,AB)/r(k,p;k,p). (66) 

)l.JIH 9~8M8HTOB r-MaTplll.(U, OIIp8Jl8~8HlillX ~pMynaMH (61 ), B Jl8HHOM 
npH0~memm HM88M: 

r(p,3,P2;P,3•P2) ~ Jd4AAd4ABd(AA,AB)e1P,3AA+ip2AB, 

r(P23•P,;P23;p,) ~ Jd4AAd4ABd(AA,A~)e1P23AA+ip,AB, 

r(p 13 ,p2;p23 ,p1) ~ r(k,p;k,p)Jd4xAd4xBw(xA,xB;k,p)e1qE_ (67) 

IlO,I{'l8pKH8M, qTo 38BHCHMOCTb HHK~ID3HBHOro ceqeHHH OT HMIIynbca 
pesoHaHca H qacTHl.(U 2 o0yc~oMeHa He~aroHa~bHHMH aneMeHTaMH 
IIpOCTp8HCTB9HHO-BpeMeHHoil M8Tplll.(U ITnOTH0CTH (AA,AB t 0). 0 yqeTOM 
c~aoon saBHCHM0CTH ~aroHa~bHHX a~eMeHT0B r(p13 ,p2;p13 ,p2) H 
r(p23 ,p1;p23 ,p1) OT q, a~eMeHT r(k,p;k,p) M0JKHO saMeHHTb HX 

reoMeTpHqecKHM cpe,!Uill:M, T.e. 0T0~eCTBHTb ~YHKUHID F(q;k,p) B (62) 
c HHTerpa~0M ~ypbe B rroc~e~e:tt H3 ~PMY~ (67) (CM. T8R~e [7,19]) 9: 

F(q;k,p) ~ Jd4xAd4xBW(XA,xB;k,p)e1qt_ (68) 

Mcrro~b3YH IIp8JlCT8B~eHHe (63) Jl~~ p-MaTpHJJ,ll, 38IIHIII6M H8ROH8U 

91!>opMy~a (68) HB~H6TCH TQqHo:tt B K~accHqecRo:tt MO]le~ ToqeqHHx 
HCTQqHHRoB RorrunoBa-Ilo]lropeUKoro (npH 9T0M ~YHKUHH F(q;k,p) He 
38BHCHT OT HMIIY~bC0B k, p), a TaRme B c~yqae IIp0THmemmx 

HCTO'lJHHROB C neffCTBHT9RnHHMH qlyHRUHHMH pacrrpeneReIDUI, He 38BHCHlllH

MH OT KBaHTOBHX tm:CeR noyrnx qaCTHU, 9CJll1 llO~ XAH °'B llOID.!M8Tb 
cpe~He 4-Koop~aTH HCT0'll!liK0B. 
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BHpameHHe Jl~H HHK~3IIBHoro ceqeHHH odp830B8HHH B38HMO]l61tCTBYJOmHX 
qacTHU: 

6 

w,w2 3➔d 03➔ = ~(2S+1 )Jd
4
xAd

4
xB{r(p13•P2:P13•P2)W(XA,xB;p,3,P2)X dp1,dp2 s 

2 [ N(S) • 2 xr1a(p1 ,p3 )1 + IAT (p
1
,P2 ,P3 ,OI + 

+2Re(a(p1,p3 )e1qt/2ArC 3 >*(p
1
,p

2
;p

3
,t))] + 

+ r(p23•P, ;p2;3•P1 )w(xA,xB;P23•Pi )x 

2 N (SJ • 2 Xfla(p2 ,p3 )1 +flAT (p2 ,p
1
,p3 ,OI + 

+2Re(a(p2 ,p3 )e-iqtf2ATCSh (p2,p
1 
;p

3
, 0) J t 

+ (-1)
5
r(k,p;k,p)w(xA,xB;k,p)•2Rere1qta(p

1
,p

3
)a*(p

2
,p

3
)+ 

+AT(S) (p, •P2;P3• OAT(Sh (p, ,p2;P3• O+ 

+a(p, •P3 )eiqtf2t,_pCS>* <P2,P1 ;p3, O+ 

+a*(p2,P3)eiqt/2t,.pCB>cp,,p2;p3,t)J}. (69) 

HeTpy~o y0e~TbCH, qTo B npe]le~e ATCSJ➔ o sTo BHpameHHe CBO~TCH 
K ~pMy~e (59), OIIHCHB8IOlll9il liHRJIIOSHBH0e ceqeHHe MpasoBamrn 
H9B38HMO]le:ttcTBYIDmHX qacTHU. 

TaRHM MpasoM, B H8CTO.fllll81t p80oTe pa3BHT Mnm:tt IIO~OJl, 
II03BO~H~ OU9HHTb BM8Jl BRO B ,I(BYX'll8CTH'lJHHe Koppe~HUH0HHHe 
~YHKUHH IIpH MHomeCTB8HH0:tt reHepaUHH qacTHU H pe30H8HC0B. MH 
IIOJlPOdHO paCCMOTpe~ ocodeHH0CTH rrapHHX Roppe~HUH:tt T0~8CTB9HHHX H 

H9T0~9CTB9HHHX 'll8CTHU IIpH o0pasoBaHHH CHCTeMH "pe30H8HC + 
"\l8CTHUa", pO~b ROTOpo:tt B npoueccax MHomeCTBeHHoro po~eHHH IIHOH0B 
HMH9TCH, ll0-IDUU1MO.MY, Jl0MHHaHTHO:tt [7]. IlOJlPO0HHe. pesy~bT8TU 
"\IHC~8HHHX pac"\leTOB npemro~araeTCH IIplIB8CTH B 0TJl9~bHO:tt p80oTe. 
3]l9Cb TO~bKO YKameM, "\ITO B yc~OBHHX ~orapH(fooiqecRo:tt OCOdeHHOCTH 
~arpaMMH "p+'IC" BM8Jl 9®leKTa BRO B Roppe~HUHOHHHe · ~YHICUHH nap 
'IC±'IC±, ~~ H 'IC+'IC- IlpH k*=O IIpH0~3HT9~bHO\cocTaBJIJi9T -0.1, 0.4 H 
0.3 C00TB9TCTB9HH0 (C0OTB8TCTBYIOlllHe 3H8"\l9HHH ~TYJl 'lC'IC-pacceHHHH 
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)IpH k*=O paBHH [22): -0.028 ± 0.012, 0.105 ± 0.019 H 0.164 ± 0.034 
m -1). 

11; 

Mu r~y60KO IIpH3H8Te~hHll M.M.Ilo,IU'opell,KOMY 38 HHTepec K pa6oTe 

H u;eHHHe 38M8'l8IDHI. 

IlpH.11olltemrn 

PaccMOTp!iM BOIIpOC O CTPYKType rrpocTp8HCTB8HHO-Bp8M8HHOn 
M8TPHWI IT~OTHOCTH H yc~OBHH ee .nnaroH8~bHOCTH B c~yqae, Kor,n;a 
HCTO'lllliKOM 'l8CTHQ!I 1 HMH8TCH p830H8HC (CM. rrrr. 3 H 4). KaK H BIT. 
3,6y,n;eM C'IHT8Th, 'ITO peso~aHC H 'l8CTHU:8 2 polK,n;aroTCH COOTB8TCTB8HHO 
B rrpocTp8HCTB8HHO-Bp8M8HHllX TO'IK8X XA H XB H 'ITO pacrra,ll pesoHaHca 
no KaHa~y R ➔ 1+{3} TaKlKe IIpOHCXO,nHT B TO'IK8. 11IillMH C~OB8MH, 6y,ll8M 
C'IHT8Th MO~~ aMIT~TY,ll o6pa30B8HHH H pacrra,n;a He 38Bll.CH1IU1MH 0'1' 

HMITY~hCOB qacTHIJ;. B COOTBB'l'q'l'Bllll c WOPMY~aJ.IB (16), (17) H (35) 
HHK~ID3HBH08 C8'l8HH8 reHepau;HH 'l8CTHU: 1 H 2 683 yqeTa BKC Me~ 
HHMH 6y,n;eT HM8Th BH,n; 

6 
ww do oc 

1 2d3➔ d3➔ 
P1' P2 

Jd4x
1
d4x

2
d4x;d4x;•p(x

1
,x

2
,x;,x;)e1P,(x,-x;)+ip2(x2-x;), (A.1) 

r,n;e 8~8M8HTH IIpOCTp8HCTB8HHO-Bp8M8HHOa 
orrpe,n;e~eHH BHpalKeHHeM 

M8TpHu;H Il~OTHOCTH 

3,ll8Ch 

p(x1 ,x2,x; ,x;) 
d3p 
J~3f(m3,P)cp(x1-xA;p3)cp*(x;-xA;p3 )x 

3 

xa4 (x2-XB)a4 (x;-xB). 

¢>(x;p3) 
d4K e-1(K-p3)x 

J(2'1C) 4 K2 -M2 +tMI'' 

(A.2) 

(A.3) 

M Hr - Macca H nrnpHHa pesoHaHca; B c~qae .llBYX'laCTITTHoro pacrra,lla 
f(m3,P) = f(P)a(m3-m~0

)) (38BHCHMOCTb ~YHKIJ;HH f OT p ~ p,+P2 
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o6yc~oB~eHa coxpaHeHHeM 4-HMITY~hca B rrpou;ecce polK,lleHHH pesoHaHca H 

II8CTHIJ;H 2). iliYHKI.UilO ¢>(x;p3) MOlKHO T8KlK8 IIp8,llCT8BHTh B BH,lle 

3 ~ 
cp(x;p) = _=1__s.J!Jl ei(ltr-Koltl+P3X) 

3 (27C) 3 2K ' 
0 

(A.4) 

r,n;e X = {r,t} H Ko HB~H8TCH~KOpHeM yp~BH8HHH Ko2 -K2 -M2+1JJI' = 0, 
y,n;oB~8TBOpHIDIUHM yc~OBHHM ReKO > 0, ImKO < 0. 

B ,n;a~bH8t1nl8M y,n;o6HO rrepeonpe,n;e~Th IIpOCTp8HCTB8HHO-Bp8M8HHYID 
MaTpHu;y Il~OTHOCTH, BK~IDIIHB B Hee 8KCITOH8HTY, BXO,llHII\YID B (A.1): 

P~(x x x' x') = p(x x x' x')e1P1(x1-x;)+ip2(x2-x;> (A 5) ,, 2' 1' 2 ,. 2' ,, 2 . " 

~ 
3~8M8HTH MaTpHu;H p T8RlK8 orrpe,n;e~HIDTCH ~~My~oa (A.2), HOC 38M8HOtt 
~YHKIJ;HH ¢(x;p3) Ha ~YHKUHID ¢(x;p,3) = e p,x,¢(x;p3), r,lle~ P,3 = 
p 1+p3 • ITo,n;qepKHeM, 'ITO . .nnaroHa~hHHe s~eMeHTH MaTpHU: p H 'p 
COBIT8,ll8IDT. 

~ Ey,lleM C'IHTaTh M » r. c yqeToM cooTHorneHHa ReK
0
~= w(K), 

ImK0 ~-MI'/[2w(K)J Tor,n;a HMeeM 

¢(x;p ) ~ _=1__J d
3
K 8 1(K-p13 )r-1{w(K)-w13-1rM/[2w(K)J}ltl 

13 (2'1C) 3 2w(K) ' 

,[S(t) + e21w,3t0(-t)J~ (A.6) 

rrepea,n;eM B cHCTeMy rroKoH pesoHaHca (p;3 = 0) H pas~olKHM sHeprHro 
w(K*) B TO'IICe K* = O: w(K*)·= M + K* 21(2M) + ...• JerKo BH,ll8Tb, 
'ITO IIpH 3H8'l8HHHX lr*I » 1/M OCHOBHOtt BK~a,n; B HHTerpa~ (A.6) 
BHOCHT HMITY~hCH K* « M~ 3TO 06CTOHT8ihCTBO Il03BO~H8T ITO~OlKHTh 
w(K*) = M B83,ll8, KpOMe apryMeHTa 8KCITOH8HTH, B KOTOpOM c~e~eT 
yqecTb BTopoa q~eH pa3~0lK8HHH w(X*), ITOCKO~bKY ero M8~0CTh MOlK8T 
CKOMTI8HCHpOB8ThCH 60~hllillM 3HaqeHH8M xapaKTepHoro BpeMeHH t* ~ 1/r., 
BH'IHc~eHHe HHTerpa~a (A.6) Tor,n;a ,n;aeT 
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¢(X';P13) ~ ;! g(r*,t*)e1<w;3-M+1I'/2)1t*lx 

* t* r[S(t*) + e21W13 8(-t*)l, (A. 7) 

r ,n;e 1pYJiKJ..WH 

g(r*, t*) = ~[Ml (?Cl t* I )]3/2 (1-1)3e1Mr*2 / (21 t* I) (A.8) 

CTJ)8MHTCH K 6-qJYHKUHH a3 (r*) IIpH t*IM ➔ o: 
MOlKHO yOe.n;HTbCH B TOM, qTo OCHOBHOtt BKna,n; B HHTerpan 

Jd4x ¢(x;p13) BHOCHT nonoJKHTenhHlle BpeMeHa t* H M8Jil:l8 paCCTOHHHH 

r*· < kfM. N 1/-M. IlosTOMY B cnyqae ,n;ocTaTo~o Oon1moro 
paCCTOHHHH M8JK,ll;Y TOq}<8MH reHepaium pesqHaHC8 H qacTm.w 2 B CHCT8Me 
IIOKOH p83OH8HC8 

1t*1 = 1xl - x;1 » 11m 

MH MomeM rronoJKHTh 

¢(x;p
13

) ~ -1 a3(r*)e1(w;3-M+IT/2)t*e(t*) 
2M 

= -: a3(r-~ t)e1(w;3-M+1I'/2)t/r S(t) 
2w(p ) 13 13 , 

13 

(A.9) 

(A.10) 

* -a ➔ r,n;e w13 = r 13 (w 13-~ 13p13 ) - CJMMapHaH sHeprHH pacna.mrnx qacTHU B 
cncTeMe noKOH pesoHaHca, ~13 = p13lw(p13 ) H r 13 = w(p13 )/M -
CKOpOCTh H nopeHU-ql8KTOp pe3OH8HC8. CpaBHHBaH TO~Oe 3Haqemre 
HHTerpana Jd4x ¢(x;p13 ) = 1/(p13

2-M2t1MI') c HHTerpanoM OT 1pYJiKJ.UIB 
(A.1O), nerKO yOe.n;HThCH, qTo COOTBeTCTBYIDmaH OTHOCHTenhH8H 
norpelllHOCTh COCTaB7.lR8T cw;3-M)/(2M) H B pattoHe pe3OHaHca 
npeHMpeJKHMo Mana (NO(I'/M)). 

3aMeTHM, iITO npHOnnmeHHHtt pesynhTaT (A.10) MOlKHO nony~Th 
TaKme H3 To~oro BI:IpamemrH .n;nH HHTerpana (A.6), KoTopoe oT~aeTcH 
oT np~on 1pYJiKUHH pacnpocTpaHemrH qacTHUI:I c KoMIIneKcHott Maccon 
TOnhKO ~a3OBHM MHOJKHTeneM: 
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c2 > I (M 1 1 2 M H1 ( 1-r ~r) ) 2 
¢(x;p13> ru 41c{a(-r) + 2[ 1-.1 8(-r) + 

Hc 2 ><-11-.1 <M 1r)) 
+ 1 ~ 8(--r2 )J}e1P13x (A 11) -11-.1 ' • 

r,n;e -r2 = t 2-r2, H~ 2 > - (pYJiK!..WH XaHKenH BTOporo po,n;a (CM., 
HanpHMep, [20]). Cne,n;yeT yqecTh, qTo OCHOBHOtt BKna,n; IIpH 
HHTerpHpOB8HHH lpYHKJ.Uffl (A.11 ) no d4x BHOCHT 3HaqemrH -.2 

» 11M2, H 
Bocnonh3OB8ThCH H3B8CTHHM 8CHMITTOTHqecKHM BI:IpamemreM ,n;nH ~YHKUHH 
XaHKenH. 

TaKHM oOpasoM, npu BHIIo~emm ycnomrn (A. 9) MH MomeM 
nonh3OBaThCH npHO~~HH8M (A.10) ,n;nH (pYJiKJ.Uffl ¢(x;p13) H 

npe,n;cTaBHTh sneMeHTH p-MaTpHUJ:I B BH,ll;8 

N d3➔ dm 
p(x1,x2,x;,x;> ru f J ➔3 f(m3,P)a3 (r-~ 13t)a3 (r'-~ 13t')x 

4w3 <P13) 
* t-t' r t+t' 

xe1<w13-M) 113 ,e~ , 13 ,e(t)S(t')a4(x
2
-x

8
)a4(x;-~>- (A.12) 

Ycpe,n;HHM (papMyny (A.12) no p; B ,ll;OCTaTO~O Y3KOM HHT8pBane, TaKOM, 
~TOOH MOlKHO OHnO npeHeOpeqh COOTB8TCTBYlllt8il rrorpelllHOCThID B 
HMIIYnhce pesoHaHca p13 . HeTpy.n;Ho BH,n;eTb, qTo B cnyqae, Kor,n;a 
sHeproBH.n;enemre B pacna,n;e cymecTBeHHo npeBumaeT rronymHp1rny 
pesoHaHca: 

M-m -m » r12 
1 3 ' 

(A.13) 

pasMHTHe sHeprHH Aw; 3 N (M-m
1
-m3 )Ap;1p; npH TaKoM ycpe.n;Hemm 

MOlKHO c,n;enaTh OORhmHM no cpaBHemrro c I'/2 H IIpH xapaKTepHHX 
BpeMeHax N 113/r saMeHHTh nepByro SKcnoHeHTY B qiopMyne iA.12) Ha 
(pYJiKJ..WID, nponopJ..WOH8RhHYID a(t-t'). B pesynhTaTe MaTpnua p CBO,ll;HTCH 
K ,n;HaroHaRhHOtt: 

N f f 3➔ ➔ ➔ ➔ 3 ➔ Q -rt/, p(x1,x2,x1,x2) ~ fd p3 F(p13 ,p1,p2 )a (r-~ 13t)e 13 S(t)• 

,a4 (x 1-x; )a4 <x2-Xa )a4 cx;-Xa >' (A.14) 
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r~e ~YHKJ.lHfl F rrpo~OPJ.lHOHanhHa IIpOCTO sneMeHTY ~a30BOro 06neMa. 
oopMy~a (A.14) COOTB8TCTBY8T K~accHqecKo~ MO~e~ Tfl~8JTI1X ToqeqHUx 
HCTOqJflIBOB KoIII1noBa-rrowoperucoro (CM. TaK~e [7,21]): 0~ HCTOqHHK 
o6pasyeTcH B npocTpaHCTBeHHo-BpeMeHHo~ TOqKe xB H MrHoBeHHo 
reHepnpyeT qacTHI.zy 2, BTOpO~ HCTO~K po~aeTCfl B ToqKe XA, 

~BillK8TCfl co CKOpOCThID ~13 H reHepnpyeT qacTH~Y 1 ITO 
SKCITOHeHUHa~hHOMY 38KOHY pacrra~a. COOTBeTCTByromeMy BpeMeHH ~3HH 
1/I' B CHCTeMe ITOKOH HCToqHHKa. 
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