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© /978 06beilHHeHHbiil HIICTHTYT MepHblX HCCnet!OBBHHil 1Jy6H8 

I I 
Hal.fHHaH c KnaccHl.feCKHX pa6oT 1 1. 21 , npo6neMa ,IJ,oKa-

JaTenLCTBa ,IJ,HCnepCHOHHbiX COOTHOllleHHH j,IJ,anee ,IJ,.C./ pe

rnaeTCJI, B OCHOBHOM, TOr,IJ,a, KOr,IJ,a B Kal.feCTBe ,IJ,HCnepCHOH

HOH nepeMeHHOH Bbi6HpaeTCJI nH60 HHBapHaHTHaJI Macca Ha

qanbHhiX qacTH:U B c.:u;.M., nH6o KBa,IJ,paT nepe,IJ,aHHoro 4-

HMnynLca. B nocne,IJ,HHe ro,IJ,LI Bee 6onLrne npaKTHl.feCKHX 

npHMeHeHHH nonyqaJOT ,IJ,HCnepCHOHHLie COOTHOllleHHJI no 

HHBapHaHTHOH MaCCe O,IJ,HOH H3 t.faCTH:U peaKIJ;HH. H3yt.feHHe 

C nOMOlll.hiO TaKHX COOTHOllleHHH 3lleKTpOMarHHTHbiX 4JopM

«PaKTopoB /4J.4J./ 6Lmo Hal.faTo B pa6oTe h/ 1 • B pa6oTax/ 4/ 

6blll0 noKa3aHO, 'ITO yqeT HenHHeHHOH l.faCTH COOTHOllleHHJI 

YHHTapHOCTH B ,IJ,.C. no BHelllHeH a,IJ,pOHHOH Macce k2 ,- W 2 

,IJ,llJI $opM4JaKTOpa F(k2 = W 2 , p gill 2,q 2) npHBO,IJ,HT K CHCTeMe 

CBJI3aHHhiX llHHeHHbiX anre6paH'ieCKHX ypaBHeHHH Me:>K,IJ,y 

4JopM4JaKTOpaMH H aMnnHTy,IJ,aMH pa3llH1.fHbiX npo:u;eCCOB B 

,IJ,yxe H,IJ,eH 6yTCTpana. _n.c. no Vv 2 
ll03BOllJIIOT BbiHTH 3a 

paMKH pe3yllLTaTOB, cne,IJ,YIOlli.HX H3 YHHTapHbiX CHMMeTpHH, 

pernaTL Bonpoc o6 aHanHTH'IeCKOM npo,IJ,oiDKeHHH 4J.4J. 

F(k2,p2, q 2) no KBa,IJ,paTaM 4-HMnynLCOB BHelllHHX MaCe, 

Hccne,IJ,oBaTL aMnnHTYALI TPYAHOHJMepHeMhiX npo:u;eccoB, 

Bbi'IHCllJITb pa3llH1.fH~e /B TOM 'IHCne H nepeXO,IJ,Hble/ MO

MeHThl l.faCTH:U /7/. 
B HaCTOJilll.eii pa6oTe paccMa TPHBaJOTCJI 4JopManLHhle 

ocHOBLI TaKHX ,IJ,.c. C noMOlli.LIO npe,IJ,cTaBneHHJI HocTa

lleMaHa-_naiicoHa ,IJ,nH npH'IHHHoro KOMMyTaTopa ,IJ,oKa3aHa 

aHanHTHl.fHOCTL 4J.4J. F(W 2 ; q 2 ,;;: 0) cKanHpHoro HyKnoHa ** 

*CM. o63op pa6oT B/4,~ a TaK:>Ke nocne,IJ,HHe pa6oT~/ 5 • 6/ 

** _nnJI llpOCTOTbl BCe l.faCTH:Uhl C'IHTaiOTCJI 6eccnHHOB~
MH. C nOMOlll.biO onepaTOpOB npoeKTHpOBaHHJI BCe pe3ynL
TaThl MO:>KHO pacnpOCTpaHHTh Ha a,IJ,pOHbl C npOH3BOllhHbiM 

CnHHOM /CM. Hanp./3/ /. 
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B aepxHeii nonynnoci<OCTH I<OMnnei<cHoro W 2 c pa3pe30M 
Re W 

2 2 W ~opor npu no.n.noporOBLIX 3Ha'leHHJIX q 2 . B n.2 
H3 aHanu3a TpeyronLHoro rpaclJa Teopuu B03My~eHuii Haii
.n.eHo YCllOBHe B03HHI<HOBeHHJI aHOMallbHLIX noporoB B pac· 
CMa TpHBaeMLIX .IJ.. C., I< Or ,lJ,a HYI<llOH H $OTOH HaXO.IJ.JITCJI 
BHe MaccOBLIX noaepxHocTeii. B n.3 pe3ynLTaTLI n.2 o6o6-
mawTcJI Ha CnyqaJi npOH3BOllbHLIX BHelliHHX H BHyTpeHHBX 
Mace TpeyronLHoro rpa$a. PaccMoTpeHLI npocTeiimue npu
MepLI. 

1. 3nei<TpOMarHHTHLIH $.$. BeplliHHbl CI<an.llpHbiX HYI<" 
noHoB I puc. 1/ .n.n.11 apeMeHBno.n.o6HLIX q 2 3anHCLIBaeTc.II 
c noMomLw clJopMyn ai<cHoMa THI<B JleMaua- CuMaH'IHI<a- l.J,HM
MepMaHa cne.n.yw~BM o6pa3oM * 

K(W 2, q 2 =(p+k)2 ) = <k,p\j(O) \0> = 

=Jd4xeikx 8(-xo)<p\[j(O),T)(X)]\0>, /la/ 

r.n.e 

1 xo 
8(x)=-0+-) 

o 2 Jxol 

TJ (x) ~(o 2 + m2 ) <P (x) . , ¢ (x) - $yHI<IJ,H.II CI<an.RpHoro non.11. 

,lJ;n.11 BpeMeHBllO.IJ.06HLIX q 2 BellH'IBHa k h = y'(k O +Ill) 2 -q 2 B 
3I<cnoHeHTe exp ikx = exp i [ k 0x 0 - (ex) h I , onpe.n.eneH
Ha.II B CBCTeMe p=0, MO)l(eT CTaTb MHHMOH, uapyWHB CXO· 
,lJ,BMOCTb HHTerpana B /la/. 

~ 
~p 

Puc. 1. 3AeK1!1poMaZHU1fl· 
Ha~ eepwuHa aopOH06 OA~ 
epeMeHunooo6HbiX q2 . HM
nyAbc OOHOZO U3 aopOH06 
Haxoou111c~ eHe Maccoeou 
noeepXHOCtfiU. 

*Bee I<BHeMaTB'IeCI<Be o6o3Ha'leHB.II B cooTHOWeHH.II npu
ae.n.eHLI Ha puc. 1 H B lJpUAOJIC€HUU 1. 

4 

1 

I 
lJT06Ll OCy~eCTBBTb aHallBTB'IeCI<Oe npO,lJ,Oll)l(eHBe B o6· 

nacTL q 0 0, aocnonL3yeMC.II I<naccuqeci<oii npoue.n.ypoii/1/ 
,lJ,n.II BLIXO,lJ,a B I<OMnnei<CHYID o6naCTb flO I<BHeMaTB'IeCI<HM 
nepeMeHHLIM .n.uyx qacTBIJ,. Ilono)l(BM: 

w = w + iw 
1 2 

r.n.e Rew = k 
0 

( = ( + i( ' 
1 2 

Re( = q 2, 

B paCCMOTpHM B CHCTeMe p = 0 TpeXTO'Ie'IHyiD clJyHI<I.I,BlO 

4 iwx -h/(w+m)2 -( 
G(w,()=Jd xe 0 8(-x

0
)<0,m\[j(0),7)(X)]\0>, 

/2/ 

paBHYID $.$. K(W 2,q 2), I<or.n.a nepeMeHHLle u>,q HaXO.IJ..IIT" 
C.II Ha MaCCOBLIX llOBepXHOCT .II X $B3B'IeCI<BX 'laCTBI.I, w -> 0- , 
!; 

9 
-. 0+ , q 2 > 0. ~YHI<IJ,B.II G(uJ,/;) aHanHTH'IHa BO a

2
c.RI<OM 

cnyqae B o6naCTB R 1 

2 
(w1 +m) ~(1; !; < 0 

1 -

R :12u> [ w +m- y'(w +m) 2 
-( < ( < 2uJ [ w +m +y(w +m)2 -!; 

1 \ 2 1 1 1- 2- 2 1 1 

w2 >\Imy'(w +m) 2 -(\. 

B 3Toii o6nacTH aenH'IHHa .; 1 - q 2 < 0 . B TO apeM.II, I<ai< 
$.$ K (W 2, q 2- (p + k) 2) KaHana aHHBrHn.IIIJ,BB onpe.n.eneH 
.IJ.n.II q2 > 0 .IIpe.n.enLHLlii nepexo.n. uJ 

2 
_. 0+, ( 

2 
-. 0-t $yHI<IJ,BB 

G (u>, () B o6nacTH R1 I< $B3B'IeCI<BM nepeMeHHLIM npHBO.IJ.BT 
I< clJyHI<IJ,BB I (W 2. t = (p- k) 2 < 0), .IIBn.IIIO~eiicB $.$. 3nei<Tpo
MarHHTHoii BeplliBHLI ,lJ,ll.II npOCTpaHCTBeHHOllO.IJ.06HLIX 4 • HM • 
nynLCOB $OTOHa /eM. pUC. 2/ 

I(W
2

, t< 0) = <p\j(O) \k > 

= Jd4xe-ikxe(-xo) <p\[j(0),7J(X) ]\0>. /16/ 
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/( 

Puc. 2. 3AeK111poMazHumHaJI 
eepWUHa aOpOH06 0.11.11 
npocmpaHs_meeHHonooo6HbiX 
t= ( p- k) . HMnyAbC 
OOHOZO U3 aOpOH06 Haxo
OUIIICJI eHe Maccoeoil no
eepxHocmu. 

<l>.<lJ. I(W 2
, t) aHaJIHTH'IeH B o6naeru R/ 3/ /eM. TaK:>Ke Is/; 

R . 2 . ~ 
BepXH.H.H nonynnoeKOeTL KOMnJieKeHoro W2 

e pa3pe30M HeW 2 >W 2 =(m+u)2.r.ne 
- HOpM. IIOpor r 

11 - Maeea nuoHa 

t=(p-k)2 :SO /eM. puc. 3/. 

Req2 

4)12 

ZmW2 

Puc. 3. 06AaC111b aHaAUIIIU'lHocmu ,P.,P. 3./leKmpoMaZHUIIHoil 
eepwuHbl aopoHoe. tii.,P. aHaAU111U'leH e eepxHeil noAynAoc
KOC111U W 2 C pa3pe30M W2 ~ (m + J1) 2 . 

6 

' 
TaKHM o6pa30M B03HHKaeT 3a,naqa aHaJIHTH'IeeKoro npo

,noJDKeHHB <ilYHKUHH C(ul ,~) no nepeMeHHOB I; B nonoee 
B,D;OJIL ,neiieTBHTeJILHOB OeH /; BnJIOTL ,D;O noJIO:>KHTeJILHbiX 
3Ha'leHHii q 2 ~ Re!;. CneKTpanLHLie <ilYHKUHH <P.<lJ. K(W 2, q 2) H 
l(W 2 , t) B o6naeTBX HX aHaJIHTH'IHOeTH HMelOT eOOTBeT
eTBeHHO BH,D; 

p(W 2,q 2=(p+k) 2 >0) = .1_ J d4xeikx <pl[j(O), ry(x)]IO>= 
2 

= ..!._(217)
4

1 o(k-4')8(-k )<p lj(O) 1- f><- flryCO) IO>-
2 e 0 

-l o(p+k-f')G(q ) <p lry(O) IP'><f'UCo) 1 O>: /3/ e, o 

a(W
2 

,t=(p-k) 2 <0)=! Jd4xe-ikx <pl[j(O) ,ry(x)]IO>= 

=..!_(2rr)
4 

lo(e -k)E>(k )<plj(O)IP ><f lry(O)I0>-
2 e 0 

-l o(p-k-e' )E>(q ) <p lryCOH' >< e· 1 j(O) 1 O>. e· o 
/4/ 

HH3Wee eoeTOJIHHe, ,D;alOIUee BKJia,n B eyMMY no p, KaK 
p(W2,q 2), TaK H B a(W 2 ,t) eeTL ~b -eoeTO.HHHe, no

eKOJILKY Ma TpH'IHLiii 3JieMeHT < o,n;Ha qaeTuua 1 r1 (O) 1 0 ~' 
paBeH Hymo; BeKTOpbl eoeTOBHHB B eyMMaX no f • B006IUe 
He 3aBHeBT OT ,D;HenepeHOHHOB nepeMeHHOB. ll03TOMY 
Im K(V! 2, q 2) , KaK H Im I(W 2, t )

1 
OTJIH'IHLI OT HYJIB 

TOJILKO npH W2>w 2 ,.,(m+u) 2 H3 $opMyJI /1/-/4/ 
- HOpM.IIOpor r • 

ene.nyeT, 'ITO <ilYHKUHB K(W 2 , k --- k, q 2 ... t) B o6naeTH 
R2 eoana.naeT e <ilYHKUHeii I(W 2 , t), aHaJIHTH'IHoii B 3Toii 
o6naeTH 

K(p, -k) = l(p, k). 
/5/ 

3TO eOOTHOWeHHe npeapaJ.UaeTeB B eOOTHOWeHHe nepeKpeeT
HOB eHMMeTpHH .nnB 3JieKTpoMarHHTHoro <lJ.<lJ. a,npoHa npu 
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ocy~ecTBneHHH aHanHTH'IecKoro npo~o}DKeHHJI WYHKUHH 
G(w,,;) B o6nacTL Ref""q2> 0 /B/ 

~oKa)l(eM, 'ITO lilYHKUHIO G (w, 0 MO)I(HO aHanHTH'IeCKH 
npO,!J,On)I(HTL H3 nonOCLI 

-oo <,; < 0; \,; \ < 0 
1 - 2 -

B o6naCTL BpeMeHHnO.IJ,06HLIX ,; cc q 2 > 0 .n.n.11 acex 
1 

W 2 > W 2 = (m + fl) 2 , 
HOpM.nopor 

T.e. 'ITO G(w,,;)- aHanu-

TH'IeCKaJI lilYHKUHJI B o6nacTH R 3 

l BepXH.II.II KOMnneKCHaJI nonynnOCKOCTL 

R 3: c pa3pe3oM Re W 2 2: W ~opM. nopoi' 
--oo< q2<4{l 2, 

w2 

H, cne.n.osa TenLHO, ll!YHKUHH K (W 2 , q 2) H I(W 2 , t) JIBnJI
roTcJI B JTOH o6naCTH aHanHTH'IeCKHM npO,!J,On)l(eHHeM O.IJ,Ha 
.n.pyroi. HcnonLJyeM .n.n.11 :noro HH4JopMauuro o cneKTpax 
MaCC B a6cop6THBHLIX 'laCT.IIX 4J.4J. H npHMeHHM npe.IJ,CTaB
neHHe flocTa-JleMaHa-~aHCOHa /9/ K npH'IHHHOMY KOMMy
TaTopy B M(w,,;}, r.n.e M{6J, 0 - cyMMa no f B /3/. 
Tor.n.a ll!YHKUHJI M( w, ,;) JanHllleTcJI TaK: 

4 2 
M(w, ,;) = f d ydA 

2 
<I> (y , A , k , ky) 

k 2 2 
(p-- -y + if) -A 

2 

/6/ 

3.IJ,eCL <1>( ...... ) - peanLHaJI BeCOBa.ll 4JyHKUHJI, OTnH'IHaJI 
OT HynJI nHWL B o6naCTH S: 

S: 

r.n.e Y= \y\ • 

8 

k2 k2 
y-..j-<y <..j--y 

4 - 0 - 4 

,k2 
O<y<y--, 

- - 4 

k 2 k 2 
A> max!O;m+fl- ..j(y--) ; 2{1-..j(y+-) I, 

2 2 

HHTerpHpyJI /6/ B CHCTeMe k=O /CM. puc. 4/ no 
TenecHoMy yrny df! , nonyqaeM 

y 

r.n.e 

11 2 . 2 A-t- B 
M(w,,;)= fdA dy

0
dy.y<l>(y,y

0 
,A Hn\--\, 

_1 2 o A-B 
vP -m"' 

0 

ko . 2 2 2 2 2 
A=[yo -(po+2-)] -A -(po-rn) -y • 

B = 2y ..jp2 - m2 . 
0 

p y 

/71 

Puc. 4. 06.11acmb uHmezpupoeaHu.R no meAecHoMy yz.11y e 
uHmezpaAe /6/. 

06naCTL S H KOHyc oco6eHHOCTei A = ± B no.IJ,LIHTerpanL
Horo BLipa)l(eHHJI B /7/ He nepeceKaroTcJI / CM. puc. 5/, 
npu ycnoBHH -oo<,; 1 < 4{12 • Cne.n.oaaTenLHO, a6cop6THB
Hyro 'laCTL lilYHKUHH G (w ,f) MO)I(HO aHanHTH'IeCKH npo.n.on
)I(HTL no ,; H3 o6nacTH R 1 B o6nacTL BpeMeHHno.n.o6HLIX 
0::: q 2 < 4fl2 • Tor.n.a B nonoce 

- 00 < ,; < 4fl 2 
1 
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Yo 

Puc. 5. Ilepecet.teHue KoHyca oco6eHHoc111eu UH11le2paAa /6/ 
u o6Aac111u S /3aUIIIIpuxoeaHo BHy111puj. S - o6Aac1!lb nepe
cet.teHu.R KOHYCOB. 

B03MO)I(eH npe,IJ,enLHLIH nepexo.D. 

10 

limG(w +iw, t +it )=K(W 2 ,q 2 ) 
1 2 1 2 

w .... o-
2 

t .... o+ 
2 

/8/ 

HTaK, .IJ.OKa3aHo, 'ITO w.w. F(W 2, q 2 ) * 3neKTpoMarHHTHOH 
aepwHHLI eeTb aHanHTH'IeeKa.JI WYHKIJ;H.JI KBa,D,paTa HMnynLea 
k 2 = W 2 BHeWHero a,D,pOHa B BepXHeii nonynnOeKOeTH KOMn

neKeHOH nepeMeHHOH w 2 e pa3pe30M Re W2 2 w~OpM.ITO{X)P(rn+l1)2 
,IJ,n.JI ni06biX npoeTpaHeTBeHHOnO,IJ,06HbiX 3Ha'leHHH q2 H 
BpeMeHHnO,IJ,06HbiX q2 B o6naeTH 0$ q2< 4l1 2 /eM. 
puc. 3/. 

0eTaBn.JI.JI B eTOpOHe BOnpoe 0 KOnH'IeeTBe Bbi'IHTaHHH, 
HanHWeM Tenepb ,IJ,.e. no BHeWHeH HyKnOHHOH Maeee ,IJ,n.JI 
W·W 3neKTpOMarHHTHOH BepWHHbl 

oo I F(W ,2 2) 
F(W 2 ,q 2

) = const+ f m ,q dW' 2 

(m+l1) 2 W '
2 

-W 
2 

/9/ 

eTporo ,!J,OKa3aHHOe B o6naeTH 

2 2 
-oo < q < 411 • 

A v 2 HanHTH'IeeKoe npo,IJ,OJDKeHHe no nepeMeHHOH q ,IJ,.e. 
/9/ B o6naeTb q 2 24/I 2 B03MO)I(HO nHWb npH OTeyTeTBHH 
oeo6eHHOeTeii THna TO'IeK BeTBneHH.JI eneKTpanbHOH WYHK-

IJ;HH p (W 2, q 2) = ·-
1- ImF(W 2,q 2 )**. Heene,IJ,yeM aHanHTH'IeeKHe 

2rri 

eBOHeTBa p(W 2 , q 2 ) B paMKaX TeOpHH B03MyiiJ;eHHH, 
orpaHH'IHBWHeb paeeMOTpeHHeM TpeyronbHOH ,IJ,HarpaMMbl 
/puc. 6/, H pa36epeM BOnpoe 0 B03HHKHOBeHHH aHOManb
HbiX noporoa. 

2. PaeeMaTpHaaeMa.JI aepwuHa /eM. puc. 1/ eo,D,ep)I(HT 
.IJ.Be 'laeTHIJ;LI BHe Maeeoaoii noaepxHoeTH. WH3H'IeeKa.JI o6-
naeTb aHHHrHn.llu;HoHHoro KaHana w ~ yq2 -m; YHH

cp113 

TapHLIH nopor peaKu;HH paBeH w 
YHI1T := m + 11 /eM. puc. 6/. 

* ,D;oKa3aB, 'ITO WYHKIJ;HH K(W 2,q2) H I(W ~ t) B o6-
naeTH R3 .IIBn.JIIOTe.JI aHanHTH'IeeKHM npo,D,oJDKeHHeM O.D.Ha 
,D,pyroif, MLI BBO,!J,HM ,IJ,n.JI HHX e,IJ,HHOe 0603Ha'leHHe F(W2,q2) . 

** 3ToT aonpoe Heene,IJ,oBaH a pa6oTe I 10/. 
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I 
I 

N I 

~ p 
Puc. 6. TpeyzoAbHa.R ouazpaMMa .JAeKmpoMazHumHou eepwu-
HbJ aopoHoe" c TT N - npoMeJICy1/IO'lHbiM COC11fOJIHUeM. 

Ha puc. 7 rroi<aJaHa tllHJHl.Jeci<a.ll o6nacTb .o;aHHoro rrpouec-

ca. B o6nacTH I: yq 2-m_::::W<m+11, T.e.yHHTapHhlH 
nopor Jie)KHT "BHyTpH" tllH3Hl.JeCI<OH 06JiaCTH. 06JiaCTb 2 
OIIpe,o;eJIJleTCJI HepaBeHCTBaMH W ?:_ m + 11 , \\ ..::' \' q2 - m , 

yq2<2m+/1, T.e. m + /1 >yq2- rn, H, I<ai< H B 06JiaCTH 1, 
W <W 

cf113 YHI1T • 
B o6nacTH 3, Ja,o;aBaeMoii HepaBeHCTBa-

MH W 2m+ 11; W2yq2- rn; \/q2>2m+/1 rropor peai<
UHH o6pa30BaHHJI IIpOMe)KyTOl.JHhlX l.JaCTHI.( HaXO.D;HTCJI BHe 

tllHJHl.Jeci<oii o6nacTH rrpouecca, T.e. rn+ 11 <yq2 -m, 

W ymtT < W $13 ; COOTHOWeHHe ~HHTapHOCTH He HMeeT 
Henocpe,D;CTBeHHOrO CMhlCJia B 3TOH 06JiaCTH H B03HHI<aeT 
rrpo6neMa rrpo,o;oJI)KeHH.Il ycnoBH.Il yHHTapHoCTH * : 

Ocyll(eCTBHB aHaJIHTHl.Jeci<oe rrpo,o;oJI)KeHue, Mhl noi<a
)KeM, l.JTO ~.C. /9/ crrpaBe,D;JIHBO B ,D;aHHOM nop.ll,D;Ke TeOpHH 
B03Myll(eHHH H COOTHOIIIeHHe nepei<peCTHOH CHMMeTpHH /5/ 
BepHO .D;JIJI BCeX BpeMeHHllO.D;06HhlX q 2 . C 3TOH I.(eJibiO 

* 3aMeTHM, 'ITO paccMoTpeHue MaH.o;eJILIIITaMOM 3TOH 
npo6neMhl B o6nacTH q 2 > 0 He orrpaB,o;aHo 6e 3 .o;oi<aJa
TeJibCTBa aHaJIHTHl.JHOCTH F (W2 , q 2 > 0) I 11/, 

12 

l 

' 

I 

Bbll.JHCJIHM CIIei<TpaJibHYIO tllYHKI.(HJO p (W 2 , q 2 ) Bei<TOp • 
Horo orrepaTopa <p,kJj(O)Jq> B rrpe.o;ene ,o;Byxl.JaCTHl.J· 
HoB: YHHTapHOCTH H rronJOcHoro rrpu6JIH)KeHH.Il .D;JI.Il aMrrnu
Ty.o;LI o6paTHoro :mei<Tpopo)K.LJ;eHH.Il /eM. puc. 6/. Tor.o;a 
CIIei<TpaJibHa.ll tllYHI<I.(HJI p (W 2, q 2 ) B CHCTeMe k = 0 paBHa 

p(\\2,q2) = (2rr)
4 

F (q2)g g W 2 +~2 
lnla(uo).:::_!:_J, 

4 rr rrNN rrNH mw 2 JpJ a(u )-1 
0 

/10/ 

w 

m+;; 

m 2m~p '{ql 
Puc. 7. <l>U3U'lecKuu u yHumapHbiU nopozu mpeyzoAbHOU 
ouazpaMMbl 3AeKmpOMQZHU11fHOZO f/J.(jJ. aopoHOB c TT N - npo
MeJICy1/IO'lHbiM COC1/fOJIHUeM. 

r.o;e F
17 

(q 2 ) - 3Jiei<TpoMarHHTHbiH 1}1.1}1. nuoHa, g
17

NN 
g rrNH - I<OHCTaHThl CB.Il3H BepWHH rr NN H rr N Hadron, a 

q2 -2qou o 

a(uo)• 2 JqJ!irl 

w2 -m2+/12 
u "' 

0 2W 

13 



B o6nacTH, r.u.e a(u 0 )- peaJILHaB<iJYHKUHB, T.e. r'=' !aiJu 1-
Bell.l;ecTBeHHo, ClleKTpaJibHaJI <iJyHKI.J;HJI p ( W 2, q 2) HMeeT 

JiorapH<iJMHqecKyiO TOqKy BeTBJieHHJI npH a 2 (W 2 ,q 2 )=1. 
fiOJIO)I(eHHe OC06eHHOCTH H ee ,!J,BH)I(eHHe C H3MeHeHHeM q 2 

onpe,D,eJIJieTCJI BhiTeKaiOll.J;HM OTCIO,IJ,a ypaBHeHHeM 

4 2 2 2 2
4 2 2 2 4 

W -W (3q +2m )+!!Lq -q (3m -1-l )+m =0. /11/ 
l-l2 

EcnH r CTaHOBHTCJI qHcTo MHHMhiM,T.e. l<il 2 I iil 2 < 0 
JIOrapH<iJM B /10/ nepeXO,!J,HT B <iJYHKI.J;HIO apKTaHreHC, He 

HMeiOll.J;YIO oco6eHHOCTeH 

ln I ~~Lt.!_ I -In I~~ I = 2 i arctgy 
a(u)-1 1-ly 

0 

r.D;e 2 Imr 
y = ~-----

q2 -2 qo u o 
2 ~ 2 --. C) 

06JiaCTH 3HaKOllOCTOJIHCTBa BeJIHqHHbl r ~lql lui~ Ollpe-

,IJ,eJIJIIOTCJI C llOMOll.l;biO HepaBeHCTB 

[W2 -(yq2 + m )2][W 2-(y~ -m)2][W2-(m+!-l)2]x 

x[W
2 -(m-/-l)2 ] ; 0. /12/ 

Ha puc. 8 noKa3aHhl 3TH o6nacTH; 3aniTpHxoBaHhl o6nacTH, 

r.u.e cneKTpaJihHaJI <iJYHKI.J;HJI p (W2 , q2 ) B /10/ He MO)I(eT 

HMeTb JIOrapH<iJMHqecKOH OC06eHHOCTH. llpOCJie,IJ,HM Tenepb 

3a .IJ.BH)I(eHHeM norapH<iJMHqecKoii ToqKH BeTBJieHHJI. Cornac

Ho TeopeMe qenneHa- BaiiTMaHa/lli!/, <iJH3HqecKaJI TpexTo

qeqHaJI <iJyHKI.J;HJI JIBJIJieTCJI rpaHHqHbiM 3HaqeHHeM aHaJIHTH

qecKOH <iJYHKI.J;HH BHeWHHX Mace, KOr,IJ,a MaCChi YCTpeMJieHbl 

K Bell.J;eCTBeHHOH OCH CBepxy. ll03TOMy ,!J,BH)I(eHHe TOqKH 

BeTBJieHHJI Heo6XO,!J,HMO HCCJie,IJ,OBaTb npH COXpaHeHHH y q 

14 

w2 

(m•fl2 

mZ 

2 (m-JI l 

I ~~ m2 ( I z I (2m •}' )2 
2m ')I) .. q2 

Puc. 8. 06Aacmu 3Halwnocmo.RHC11lea eeAU~UHbl t 2 ~,! q! 2 1 iil 2 • 
3awmpuxoeaHbl o6Aacmu, zoe a..wnAumyoa o6pamHozo 3AeKmpo
poJICOeHu.R He u..weem Aozapu¢..wu~ecKoil oco6eHHocmu /..wacw
ma6 30ecb u OaAee Ha puc. ycAOBHbiU/. 

6eCKOHeqHo MaJIOH MHHMOH qacTH i < ( < > 0). llpH q 2--. q2 + i < 
peweHHe ypaaHeHHJI I 11/ HMeeT BH.D. 

2 2 3 2 2 2 2) ReW am +- q - y'q (a-{:3q )+ 0(< 
2 

ImW2 • < [L _ a-2{:3q
2 

2 
2 y q2 (a-{:3q 2) 

O-:;_q2<_g_ 
-2{:3 

ReW2 .. m2+ ~ q2+yq2(a-{:3q2 )+0(<2) 

Imw2 =d 1...- ~q2 -a 1 
2 2yq2(a-{:3q2) 

31-l2. 

a 2 
2{:3 'S_q <~. 

/13/ 

15 



3 2{3q
2 

-a 
+ - ( - -======= 

4 y'q2 la-{3q21 
q2 > ~' 2 2 3 2 

~ 
ReW -m +-Q 

2 

2 2 2 
Im W - v' q I a - f3 q I 3 - -( 

2 
v'/3 

r,IJ;e a= 6m 2 - 11 2 , {3"" (4m 2 -911 2) /411
2

. 

ReW
2 ~ 

I 
I 

(m•pl2 ---- .... ---;, Rewzl(qz) 
/1 I ,. 

1 I I 

~
/:: 

. I I 

lL
. : I 

I I I 
I I 

a ---~--~L- I 
2 

1 l2m•Jl)2 

G,. 
Req2 

m2 

Puc. 9. ,l{eWKeHue peaAbHOii 'lacmu KoopouHambJ mo'lKU 
eemeAeHUJI cneKmpaAbHOU fPYHKijUU p (W 2 , q 2 ) npu 
eo3pacmaHuu q 2 B mo'lKax a, b, ImW 2 ~q 2_l,o. IlyHKmupoM 
noKa3aHbJ y'lacmKu mpaeKmopuu Im W 2 (q ) < 0 • To'lKa 
q1 - BbJXOO AUHUU 'lepe3 HOp.MaAbHbJU pa3pe3 Ha nepBbiU 
pu.MaHOB AUC111. 

Ha puc. 9 noKa3aHa TpaeKTopus ,IJ;BH~eHHB peanbHOH 

qaCTH KOOp,D;HHaTM norapH~MHqecKOH TOqKH BeTBneHHB 

Re W 2 (q 2 ), a Ha puc. 10 HaHeceHbl o6nacTH 3HaKonocTo

BHCTBa ~YHKUHH Im W 2 (q 2 ). IlpH yBenuqeHHH q 
2 

ToqKa 

BeTBneHHB nepeMemaeTcs snpaso, ,IJ;BHrascb TO no sepx

HeR, TO no H~HeH nonynnOCKOCTBM BTOporo pHMaHOBOrO 

nucTa. B ToqKe 

16 

q2,., !!....+ 9 f3 2 
* f3 T-;( 

~YHKUHB ImW 2 (q 2 ) B /13/ 

MeHseT nocne,IJ;HHH pa3 csoa 3HaK. Ilpu 3TOM 3HaqeHHe 

IPYHKUHH 

Re W 2 ( q 2 ) = m 2 + _a_ ~ + ~-== + 0 ( ( 2 ) .. 
* 2 f3 3 v/3 

-m2 +3mll + 0(€2)>(1ll+fL)2 

OKa3biBaeTCB 6onbWBM, qeM (lll+fL) 2 , H llHHHB OC06eHHOCTH 

BblXO,IJ;HT Ha nepBMH pHMaHoB nHCT. Ho BblH,IJ;B Ha IPH3H

qecKHH llHCT, ,IJ;B~eHHe TOqKH BeTBneHHB npeKpamaeTCB, 

nOCKOllbKy, COrnaCHO HepaBeHCTBY /12/, KaK noKa3aHO Ha 

puc. 8, B 3TOH o6nacTH Ha6mo,IJ;aeTcs nepexo,IJ; ln( .... ) _. 
.... arctg( ... ). Jiorapu4JMuqecKas oco6eHHOCTb y cneiCrpanL-

Irnwz! 

a + + 

r _____ ~--- :=-J q; .. Rrq 2 

2 ~ Puc. 10. 06Aacmu 3HaKonocmoJJHcmea fPYHKliUU Imw~ (q ·). 
To'lKU a, b coomeemcmey10111 mo'lKaM Ha puc. 9. 

2 2 
HOB IPYHKUHH P (W ,q ) B03HHKaeT CHOBa B o6nacTH I I I 

npu q2 >(2m+fL )2 /puc. 7/. O,IJ;HaKo 3TO He npHBO,IJ;HT 

K B03HHKHOBeHHIO aHOManbHOrO nopora, T .K. B o6naCTH 

aRe W(q 2_) 
~--

aq 2 

q 2 2 > q* IPYHKUHH /13/ nono-npOH3BO,IJ;HaS 

~TenbHaS H HHr,l\e He MeHSeT 3HaK. Il03TOMY HHHHB 

OC06eHHOCTH DpH q2>qf ,1\B~eTCB no 4JH3HqeCKOMY nuc

TY BCe BpeMB BnpaBO, H 06XO,I\a BOKpyr TOqKH BeTBneHHB 

He npOHCXO,I\HT. )J.B~eHHe OC06eHHOCTH Ha ,1\BynHCTHOH 

noBepXHOCTH DOKa3aHO Ha puc. 11. 
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/ 

/ 
/ 

/ 
/ 

/ 

Im W 2 

,----------------

(m~.l' )2 

/ 

/ 
/ 

/ 

// Im W >O 

Im W<O 

-----Wl:mZ 
f: Rewz 

Puc. 11. ,l{euxeHue Aozapu(JMU'IecKou oco6eHHocmu cne~em
paA&Hoil (JyHKt#UU (J (W 2 ,q 2 ) Ha nep60M U 61110POM pUMa
H06biX AUCITIQX. /IyHKITIUpOM nOKQ3QHO 06UJKeHUe HQ He(JU3U
'IeCKOM AUCITie. 

TaKHM o6pa30M, 4J.4J. BepWHHLI CKaJIJlpHLIX HYKITOHOB 

W N y B ~aHHOM paccMoTpeHHH He HMeeT aHoManLHoro 

nopora, TaK 'ITO ~.C. /9/ MO)KHO TenepL aHaiTHTH'I8CKH 

npo~OIT)KHTh B o6naCTh q2 ~ 4!1 2 H C'IHTa Th 4J.4J. 3IT8KTpo

MarHHTHOH aepwHHLI cKamlpHLix a~poHoB F (W2 ,q 2) aHanu

TH'IecKoB: WYHKI.J;Heii B aepxHeii nonynnocKocTH KoMnneKcHoii 

w
2 

c pa3pe30M ReW 2 ~(mt/1)2 ~n.H -~<q 2 <oo /eM. puc. 3/. 

,2 2 2 2 2. 
3. PaccMoTpHM 4J.4J. F ( K = W ,q ,p ~M) JneKTPOMarHHT-

HOH BepWHHLI ~ITH cnyqag npOH3BOIThHLIX BH8WHHX H BHyT

peHHHX Mace /eM. puc. 12/. CneKTpanLHaHcilYHKUHH p(W 2 .cF), 
Bhi'IHCITeHHaH B TOM )1{8 llpH6ITH)K8HHH, 'ITO H B n.2, CO~ep-

)KHT B 3TOM cnyqae 

ln I b (u 0) + 1 

r~e 

18 

b(u*) - 1 
0 

2 2 w2-m~ 
u~ - 2W 

I, 

q - w2 +q 2-M2 
0 

2W 

a WYHKUHH b (u ~ ) onpe~enHeTcH TaK: 

2 
b(u* ) q -2q u* + m

2 
_ 2 

o - --- o o 2 m3 

21 <iII u I 
YpaaHeHHe ~BH)KeHHH oco6eHHOCTH b 
BHTCH 6onee rpOM03~KHM, '18M /11/: 

(u*0 ) ""1 CTaHo-

24 2 2 2 2 2 2 2 2] m3 W -W [M (m
2 

+m
3

) -(m 
1
-m

3 
)(m

2 
-m

3
) -

22 2 2 2 42 22 2 2 -W q [m 1 +3m3 -M] +q m 1 - q[M (m
1

+m
2

)+ 

+ m 2 m2 + m2 m 2 - m 2 m2 - m4 ] + 
12 13 23 1 

222 2 2 2 2 
+ M [ M m 2 - ( m1 - m 

2 
)( m 

2 
- m 

3
)] ~ 0. /14/ 

YpaBHeHHe /14/ nepexo~HT B ypaaHeHHe /11/ npH M,..m 
1
-rn , 

r~e m - Macca HyKnoHa, m 2 "" m
3 

.. 11., r~e 11 - Macca 

ITHOHa. 06naCTH, B KOTOphiX "HC'Ie3aeT" norapHWMH'IeCKaH 

oco6eHHOCTL cneKTpanLHOH WYHKUHH p (W 2 ,q 2 ), onpe~e
ITHIOTCH B 3TOM cnyqae HepaBeHCTBOM 

2 2 22 22 2 2 22 22 
[ (W + q -· M ) -4 W q ][ (W -m 1 +m 

2 
) -4 W m

2
] < 0, 

/15/ 

k/ 
m3 

~ 
Puc. 12. TpeyZOAbHQJI ouazpaMMa 3AeKJIPOMQ2HUIIIHOU eep
UlUHbJ C npOU360AbHbJMU 6HeUIHUMU U 6HyJtpeHHUMU MQC
CQMU p2"" M 2 . 
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H noKaJaHbi Ha puc. 13. 11ccneAoBaHHe ABH)I(eHHx oco6eH
HOCTH npH q 2 -• q 2 +if AnX npOH3BOnbHbiX Mace oqeHb 
cno)I(HO. PaccMoTpHM B KaqecTBe npHMepa l}l.<lJ AeiiToHa /eM, 
puc. 14/, COOTBeTCTBYIOI.J.tHH puc. 13. )l,BH)I(eHHe oco6eHHO
CTH onpeAenxeTCX ypaBHeHHeM 

4 2 2 2 2 0 2 
4 2 4 W -2W (0 +Q -q -) +Q -2q If! +0 -0, 

2m 2 /16/ 

rAe 0 - Macca AeHTOHa. 
CoBMeCTHoe pemeHHe ypaBHeHHX /16/ H HepaBeHCTBa 

/15/ AaeT Anx m 1 "'m 2 ~ m3 ,.m; M,.O TOqKy 

q 2 = 4 m 2 (1 _ ~ 2 
2m ) 

2 2 9 
Re W ( q * ) -A m 2 + e- N 

z 
(cii;M_) ,,;Z 1 % • ( q ) fn 

" w Ill' 
lL u~~ ,, 

(m,•mzl~TJ/1) tn ti_ 
'It/ - 7 'It (m,-mli-~?1 !J~lj) (ni'r\ 

M
2 

I I I "'~ I I ,, 1.' 

'II z 
- Mz 

z a)Hz < (m,-mz) 

9 

Mz 

(m,-mz)~ 

Mz 
(m,•mzi 

wz 

z n2 Cm,-m,)
1 
~ 7 

Mz 

i) /'7 1 ~ fm, •m2 ) 2 

Puc. 13. 06Aacmu, e Komopbrx a.MnAumyoa mpeyzoAbHoil 
ouazpa.M.Mbr puc. 12 He u.Meem Aozapu~.MU'lecKoil oco6eH
Hocmu. 
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rAe N >0. /ToqHoe Bbipa)l(eHHe Anx N Hecy~.~.teCTBeHHO Anx 
HaillHX ueneii/. 0TCJOAa BHAHO, qTo OC06eHHOCTb BbiXOAHT 
Ha nepBbiH pHMaHOB nucT Ja cqeT qneHa c ~'" 2 H "ocTa-

( Re~·Jz )~ 

w 
r:.:.:.:::=--=.:::::-

fiiJ! 
~ 

/(o(~ 
t~-' 

~ 
/ 
~z ('i/J~2mi fZ 

Puc. 14. TpeyzoAbHQJI ouazpa.M.Ma QHHUZU/IJifiUU oeilmoHa. 

HaBnHBaeTcx" H3- Ja nepexoAa ln( ... )-> arctg( •••• ). B Toq
Kax ImW2(q 2 )=0 npOH3BOAHax aReW2Iaq2<0. )l,BH)I(e
HHe OC06eHHOCTH noKa3aHO Ha pUC. 15. BHAHO OTCYTCTBHe 
aHoManLHoro nopora no W 2 B paccMaTpHBaeMoii AeiiToH
Hoii AHarpaMMe. JlerKO rrpoBepHTb, qTo B OTnHqHe OT pac
qeTa AeiiTOHHoro paAHyca c noMOUlbJO A.C. noq 2, rAeno
PXAOK paAHYCa onpeAenxeTCX BenHqHHOH aHOManbHOrO no
pora, B A. c. no W 2 paAHYC onpeAenxeTcx 3HaqeHHXMH W2 

6nH3KHMH K HOpManbHOMY nopory. )l.eHCTBHTenbHO, 

<r 2 > 
D 

6 --e 

00 

ImFD (W2,q2)~2 
w2 -o2 

_d_ r 
d q2 

2 
WHOpM 

2 00 

_:_oNN f 
"' ' 2 

4m 
m 

___§p2 
---~ 

(W 2-02 )5/2 

2 
gDNN 

--)3/2 
m(rnw 

3AeCb yqTeHO, qTo Macca AeHTOHa paBHa 
0 z2m- (u 

I 
I q 2=0 
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4m2 frmZ • [:!( .. / 

' ~ ---~ (Rcw2)~ 

Puc. 15. AeuJKeHue oco6eHHocmu mpeyzoA&Hoil ouazpaMMbl 
OeUmOHQ. 

B 3aKmo'ieHHe JaMeTHM, 'iTO TexHHKa .n..c. no HHBa

pHaHTHOH Macce O)J.HOH H3 BHeUIHHX Y:aCTHI.I, 3JieKTpOMar

HHTHOH BepUIHHhi rpe6yeT .n.anhHeiiUiero pa3BHTHH. B npo

.n.omKeHHe pa60Thl ' 4 1 
H )J.aHHOH CJie)J.yeT paCCMOTpeTh B03-

MO*HOCTh nOCJie)J.OBaTeJihHOrO "6yTCTpanHpOBaHHH" CHC

TeM ypaBHeHHH )J.JIH 3JieKTpOMarHHTHhiX $.$. BCeB03MO*HhiX 

BepUIHH. B Ka'ieCTBe KOHKpeTHhiX npHJIO*eHHH MO*HO yKa-

3aTh 3a)J.a'iy HaXO*.ll.eHHH CBepXCXO.LJ.HUIHXCH npaBHJI CYMM 

.LJ.JIH <}J.<}J. C llOMOUihlO paCCMaTpHBaeMhiX .LJ..C. IIO HHBapHaHT

HOH a.n.poHHOH Macce. 

ABTOPhl 6naro.n.apHhl li. B. BopoHOBY H ,I.l,. B .lliHpKoBy 

3a CTHMYJIHPYIOUiee o6CY*.ll.eHHe. 

llPHJIO)J(EHHE 

KuHeMamuKa 3/leKmpoMazHumHoil eepwuH&I 

PaccMoTpHM 3JieKTpoMarHHTHYIO BepUIHHY cKaJIHPHhiX 

a.n.poHoB, B KOTopoH: .n.Be qacTHuhl Haxo.n.HTCH BHe 

llOBepXHOCTH /eM. pUC. 1/ 
MaCCOBOH 

q= p + k 
p2-m2 ~ 0 

k 2
- w2 -A o 

q 2> 0 

m - Macca cKaJIHpHoro HYKJIOHa 

W - Macca cKaJIHpHoro a.n.poHa. 

<l>opM<}la~Top TaKoil BepUIHHhl F (W 2 ,q2 , p2 ~ m2 ) HBJIHeT-

CH tPYHKI.I,HeH .ll.BYX HHBapHaHTOB: W2 H q2 
. B HaCTOHlll,eH pa6oTe 

HCnOJih3YIOTCH )J.Be CHCTeMhl KOOp.LJ.HHaT: 

22 

P=O 
B .n.aHHOH cHcTeMe Koop.n.HHaT 

BeKTOpbl COCTOHHHH 'iaCTHI.I, 

paBHbl: 

p ... (O,m) 

k=(eh,k 0 ), 

q - (eh. k +m ). 
0 

r.n.e e - e)J.HHH'iHhiH 

BeKTOp, HanpaBJieHHbiH 

B.LJ.OJih HMnyJihCa: 

e 2 k/ I kl ' a BeJIH'iHHa 
.... 

h "'I k I onpe.n.enseTcs 

cne.n.yrolll,HM o6pa3oM: 

hz y (k +ffi) 2 -q2 
0 

JIHTEPATYPA 

k-0 
B :noii: CHCTeMe KOop

.ll.HHaT BeKTOphl COCTOH

HHH qacTHu onpe.n.ensroT

CH TaK: 

P = (P, Po ) , 

k - (0, q 0 - p 0 ), 

q = (p 'q 0) 

CKanHpHble BeJIH'iHHbl P0H 

q 0 Bblpa*aroTcs qepe3 

HHBapHaHTbl no <}JopMy

JiaM: 

qo 
W2 2 q 2 -m + 

2W 

2 P "'q -m2-w2 

0 2W 
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