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B TeopHH. BaHH6epra-CanaMa 

B paMKax SU(2)L x U(l) KanH6poBoquoit TeOpHH c npOH3BOJ1bHbiM qu:cnoM 
neBbiX .a.y6neTOB ¢lepMHOHOB CO CTIHHOM 1/2 ( Q2 ) BbJqHCJlSieTCSI O.UHOITeTJleBOe 

ql 
npu:6nH)K9HHe llliSI 8MTIJ1HTY.llbi npouecca ve Ql--+ Eq2. flonyqeHa CB060.llH8SI OT 
IYJibTpa¢1HoneToBbiX H HH¢lpaKpaCHbiX pacxo.a.uMocTeH aMnnHryna npouecca. 
BbiqHcneHHSI npoae.a.eHbi B yHHTapuoH: Kanu6poaKe MeTOJIOM paaMepHoH perynsr-

1PH3auu:u. 

Pa6ora Bb!TIOnueua a J1a6oparopua reoperaqecKoH ¢1H3HKH OYI.H11. 

Coo5meHHe 05bellHHeHuoro HHCTHTyTa >mepHhiX HccneuosaHHil. lly5ua 1978 

Bardin D,Yu., Fedorenko O,M, P2 - ll46l 

The One-Loop Approximation for the Amplitude of the 
Process ve q I~ fq 2 in the 1Neinberg-Salam Theory 

Within the framework of a SU (2) L x U(l) gauge model of weak 
and electromagnetic interactions with any number of left-handed 
spin 1/2 fermion doublets ( q2) the one-loop approximation for 

ql 
the amplitude of the process ve q1 ~ eq 2 is calculated, An ultravio
let- and infrared -free expression for the scattering amplitude is 
presented, The calculations are performed in the unitary gauge by 
the dimensional regularization method, 

The investigation has been performed at the Laboratory of 
Theoretical Physics, JINR. 
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1 • BBE)LEH VIE 

B ae,JJ;aBHel! paOorefi/ rrpe,D;craaJieHbl pe3yJibTaTbl BblllHCJie

HRH o~noneTJieBoro np~6nn~e<rnR ~JIR BMnnnry~ npouecca ynpyroro 
pacceRHRR mepi!HOHOB CO C!IRHOM 1/2, 06ycJIOBR8HHOrO 06MeHOM He~
TpaJibHliM 6030HOI,: B {:_ -KaHa.rre, Pac'!eTJl 6!1.'lli BHIJOJJH8Hil B par.,KaX 

51!(2)/.. X LT(i) e~HOH I\anRdpOBO<iHOH TeOpRR CJiadOI'O R 3JleRTpOMarHHT
HOrO B3aRMo.n;eHCTBHi! T~na BaHH6epra - CanaMa/2/ c npo~3BOJU>HI:lM 
'l~CJIOM N't JieBHX .n;y6neroB !IJepiiROHOB co cnl!IHOM 1/2 

(t~). ( 1,1) 

Macchi 111( H sap.ff,lU:l ~, rpe:pMHOHOB C'iRTaJrnci> npoRsBOJ!bHbiMR 3a 
~CRnxA8HReM e.n;HHCTBeHHOrO orpaHR'l8HRR Ha 38pR.n;H 

Q(fu)- Q(fd) ~ +i. (1,2) 

)LJIR llOJiy'!eHRR CB060~0H OT yJlbTpa¢ROJ18TOBbiX R RH~paRpaCHbiX pac
XO,IJ,RMOCT8H BMIInRTy.n;hl npouecca RcnoJ!b30Bana.co cxeMa nepenopM!ilpo
BOR, pa3BHT8R B padOTax/3 •4/, OCHOBaHP~ Ha M8TO.n;e JiarpaHKMaHa 

KOHTp'1JieHOB, 
B H8CT0Rm8ll pa60T8 Mbl .n;aeM eme On~i~H npaMep BblqHCJ18HHH TaKO

ro TRna - nald.n;eno onnonerneBoe npR6nn~enRe aMnJIRTy~ npouecca 

Ve+O (mo) _ _,_{(me!;~ (111a) (1,3) -f1 ~.t. 2 tJ 2 , 

( r.n;e ( i',)- O.n;RH 113 .n;y6JieTOB ( 1,1)), o6yCJIOBJI8HHOro 06MeHOM sa
p.lilKeHHHlli 6030HO!v1 B t -ltaHa.rre,CXeL,a Bbl'1iliCJJ8Hlifl 1l .113JJOlK8H!1e MaT8-

pHaJia !IOJIHOCTI>D aHaJIOI'R'lHbl RC!IOJlb30BaHHbiM B pa6oTef1/, 3HaHH8 
aTOH pa60Tbl, a TaR~e pa6orf3-5/ npe.n;nonaraeTCR npR nocne.n;ynmeM 

R3JlOllteHRJill, 
HaJd.n;eHHaR 3,1l;8Cl>, CB060.n;BaR OT yJ!bTpa¢ROJieTOBbiX R RH~paKpaC

HbiX pacXO,ll;HMOCT8H, aM!IJIHTy.n;a OllRCHBaeT HeCROJ!bKO llPOU8CCOB {npo-
U8CCbl "Vi t-~ Ve e ' pacceRHRe nenTOHOB Ha KBaPRax c l'.CV0 i B n PH-
6nnMeH~R ec = 0 H T ,II.). ORa W.OlK8T 6EiTb 11CllOJ!b30BaHa, B qacTHO-
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cTR, ~nH o~eHRH pa~auHOHHHX nonpaBOK R npoueccaM rny6oKoaeynpyro
ro pacceRHRH He~TpHHO Ha a~OH8X B paMRaX napTOHHO~ MO~enH. ~MeR 
B BH~ npHMeHeRRe pesyX&TaTOB ~aHHO~ pa60TH ~nH qacneHHHX 0~8HOR 
STHX pa~aUHOHHHX nonpaBOK B 06JiaCTH SHeprH~ npOBO~HX B HaCTOfl
mee BpeMH He!TpHHHHX SKCnepHMeHTOg!S/, MY npRBO~HM BHpa~eHRfl ~ 
aMnnHTy~H B npa6naJJterum 

2 2 s , t , m; 4:. Mv , ( 1 .4 ) 

r~e Mv - MaccH BeRTOPHHX 6osoHOB, S H t - aHoopaaHTH aMnnaTy~. 
~CnOX&SYR pesyALTaTH pa60TH/5/, HeTpy~HO npRB8CTR BHpa~eHHR,Cnpa
B8~nRBH8 H B MeHee orpaHHqHT8AbHOM npa6Hallt8HHH 

2 t 2 Mv , 5 , t , s- 'Ji7 m; • ( 1 .5) 
~CXO~H RS STHX BHpa~eHKa, BOSMOKHO, B npHHUHne, paccqaTaTb pa~a
UHOHHI:Ie nonpaBRR B 06JiaCTH SHepral, KOTOpYe 6y~T ,ll;OCTHrHYTY Ha 
ycRopaTenHX cne~nmero noKoneRRR. qacneHHI:Ie ByqacneHHH B npa6na
JJteHHH (1.5) npe~CTaBARDTCH, O~HaRO, npe~eBpeMeHHHMH. 

B cne~lOIIlRX .ll:BYX pas~enax padoTH RpaTRo onacana cxeMa BHqa
cneHHH Roaeqao~ aMnnaTy~ npo~ecca (1.3) B npa6naJJteHHa (1.4). B 
pas,ll;ene 4 ,ll;aHY pesyX&TaTY ByqacneHHH ~~epeauaaALHoro ceqeHHH 
asnyqeHHH TopMosaoro WOTOHa, npa nonyqeHHH ROTOPHX npaMeHHeTcR 
KOBapHaHTHaH npo~e~pa OT,Il;eneHBH H~paKpacHO~ qacTH, npe,ll;AOllt8HHaH 
B pa6oTtl7< 

2. CXEMA IIEPEHOPMID'OBOK 

B HHsmeM nop~e no KOHcTaHTe CBHSH ~ B aMnAHTy~ npo~ecca 
( 1 .3) ,ll;aeT BRJia,ll; ,ll;HarpaMMa: 

k1 1(2. 

91 w 

P, p2 

Pac.1. 
Ha ,ll;HarpaMMe (pac.1) K~_ 11! k2 - 4-11!MnyX&CH aaqaALBoro ae2Tp11!HO Yt H 
ROHeqHoro nenTOHa { , pi 11! ~ - 4-11!MnyX&CH HaqaAbHOrO W8fU11!0Ha CJ-1 

11! ROBeqaoro ct
2 

, COOTB8TCTB8BBO. 
BopHOBCRYil aMnnaTy~ M~ , cooTBeTcTBYDmYil sToft ~arpaMMe, 

sanameM B BliJ~e: 

4 

{ 
Mw [ " 1\ 1\ ~\ o = CMw · Ci®{j + /.i' 9(1+ts)®q(l,35) 

0 w J . 
(2.1) 

B wo'{:ltly ne (2 .1) ~J!R coKpamelll'!.fi sanae a ~cnoALsoro.a CRMBOJl npmJoro 
npOl'l3Be,ll;8HRH y -MaTpa~: 

U(K ... )Qcl'U(Kl).ii(Pz)~'1-t(,P,) ~ ~@~ . (2.2) 

3,1J;eCb H ,JJ;anee: . ~ 4 
-t. s (211) 

eM: = ~ (2.3) 
l ~ 9 - KBa~paT nepe~aHHOrO 4-RMnyX&ca, OoL.~ id_(l+as) , Ocl =~(1-J"s) , 

B o,JJ;HoneTneBOM npa6AHJJteHaa npouecc (1.3) co~epJJtRT BKna~ 

~aarpaMM BHcmero nopH,JJ;Ra. AMnAHTY~ npouecca pacceHHM, c 
qneHOB BHCIDero nop.fi,ll;Ka, BHpasHM B T8pMHH3X WOpMWaRTOpOB 

[ 
(7-' •" " cr -~] M= CM;· O.:®O,.r. ti ~ M~ q (l+Ys)®9(1+ts)· JJ. + o.l~>O.L h . 

yqeTOM 

(2 .4) 

B BH6paHHOM HaMil. npRdAHlKeHHH ( 1.4) •me no cpopMciJaKTOPOB paB
HO •rpeM, >'! CTpyKTypa HX TaKOBa: 

't; = i + itxz ~ i 1 i = l ,2 , 3 · (2. 5) 

AMnnzTy~a npouecca c yqeTOM n~cmHx nopR~KOB on~cuBaeTC.fi cne
nyxxn~H )4BarpaMMaMI1 

II lw 
I II rn 

Pnc.2 
a TaRllte )4BarpaMMaMH C .n;eynaCTl'l'IHHM 06MeHOM (TPE) 

I 

u 
II Pac.3 m 
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llpR BHll0nH8HRR nporpaMMH nepe~OPM~OBOR MH 6y~eM RCllOnb3D
B8.T:b M8TO~ narpaHlltRaHa ROHTJl'IJl8HO:ef 3 •4 • IlOJJy'lRM CYMMy BR~a 
W -6030HHHX co6cTBeHHo-aaepreTH'leCRRX ( 5E ) ,ItHarpaMM I (pRe .2), 

H W- MaccOBOro ROHTJl'l118HHOrO (CT) BR~a: 

W' ~ r-i &...,(q2) JM~ J M(5EW)-+W(MCT) = M
0 
·- · --2- - z -+ 

i•rJw M,., M,., 

II II 2 D 2 l 
q(t•t5)®q(l•fs). r-~B"'(qJ _ __!!_w -iC,.,(q2)·(t+ci..,) 

+C w· z M2 M~ ' M, N..., "' (2.6) 

r~e <:~.""~ q2./M~ , a 8._.,(12
) , C,.,{ql) R Maccomdi cnHr-

6M~/N~ npHBe.n;eHH B pa6o'l'ax/
1 •5/. 

BR~ B aMlliDlTY.ltY nponecca ,ItHarpaMM ll I! lli (pHc.2) paBeH: 

M (WYf) = Cr-~w .r O,®OJ_. rcwv6 + ~. q(H5)®1ct•fs)~ (wvf)] (2. 7) • la. i M.., ' 

r r { " " M(w~/t.J = C1-1:· LOcL®O.t- 1 ( w~,q) + M!, qu-.t5)®q(t+fs) G (w~,~,) + 

+ ~®CE·i;(w~,~") J. (2.8) 

BR~ W -BeP!Dl'IHHI:lX CT ,ItHarpaMM { I + l \: 
VCwcr)=M :·[ 2. g .. J(l1ci) .. l(l~-1)+t(l%1L -i)--t(Z'!).-1)]. (2.9) 

Bl:lpaxeBHH ~Jl.fi os/~ H ROHTpq118HOB B tjlopMyHe (2,9) ~ paccMaTpH
:eaeMOA MO~eJUl npHBe~eHH B pa6oTI1/. CTpyRTypa BHpalKeHIDi (2.6)

(2,9) nonyqeHa C TO'lHOCTbD ~0 'lJl8HOB ~ 84 C yqeTOM CORpameHl'!H 

BR~OB, CO~epJKallll'IX ROHTP'lJl8H lw-1 • C p.OMO!III>I> BHpa.M8BRii (2.6)

-(2.9) HaXO~ 0611!YJ> CTPyRTYPY tjiOIJ4tjlaRTOPOB Ti ( i =1,2,3): 

Cl' 1 -l-~8w({J aM~ 1 r ( R) r ( ~ = L + - • 2 - - 2 + 'wY + 1 W~i ~_J + 
1. f+J Mw Mw i w 

6 

+~(l,ci)+J·(l~-1)+2 ~g ~ }(l~,ci) + f(l~.,L -1) + B1 , (2.10) 

\ -1+ -~-· r-i- Blv(cf)- oM~ 1- il3w(q2)- SM~-+ 
2.- l-+dw l M~ M~ M!,. Mt. 

_ i_Cw(q2
)-( htlw)+ G (wYf) + C (w~1 ~2 ) + t(l1t -1) + 2·1 + i(?n- i )-~

+tU~,L-i)+ ~-(l~,L -i) ..-82 , 
(2.11) 

~3 = f+ ~(w~I~L)+B3. (2 .12) 

B !POJIAY1lBX (2.10)-(2.12) qepe3 Bi ( L·=1, ••• ,3.) o6o3Ha'leHhl BRna~H 
,ItHarpaMM .zrsyxqacTR'lHoro o6MeHa B tjloJI.I(paxTopl:l Yi. lloRaxreM, 'ITO 
BCe ~i CB060~I:l OT ynbTpa<fil'!0118TOBI:lX l'l HH!jlpaxpaCHI:lX pacxo~OCT8#. 

3. COKPAIIIEH~ PACXO.UMMOCTEfi 

~Cil0AD3YR pe3yADTaTI:l pa6oT~5/, nocJie H8ROTOPHX npeo6pa30Ba

HI!A, OOJJy'lRM RBHH8 Bl:lpaxteHM .D.Jl.fi Bep!Dl'IHHHX tfiYHRitR~ n , BR~OB 
,ItHarPaMM TPE R BRJia~OB ROH'l'P'l118HOB B tjiO~TOpl:l aMnJll'ITY~ npo-

necca 2. 2 

r.
1

(WYf) = 1
2

• i [ rnt (-
4
!._ .. 4~- RrJ."")-3 + lR+ 1r{ .. '!.!.,1 _ RJ..., + 

16n Mz. 4 2 2 c w 2 
'w 

4 2 R~:._ 1 I ( 1 (
3
> 21 

+ 3RJ,.,- 6 · p - z ~- 2R) -~ (R.cLw) + R~ (d ... ) -(1-R)·~ (dw)mt) 
,(3.1) 

2. 2. 

r ( n) a [ ml ( I R) 13 3 2 2 d. w RJ... ~ 2 1 1· W'Yt =- · -· --+- --+-R.+-R+--- +,R« ·p(3 2) 
2 i 6l H~ 4 .z 3 c 3 z .z v .. > • 

z l 2 

r ( ~ j [ 171'1. ( I R Rd...., 1-R u ) mi ( f fl. Rei 
1 w~,qz)= fbl'] ~w·· -4 + 4- 4 .... 2.' 7~} -r M~2 · -4+ if- 4"'T 

H. ~ 3 2. If Rcl..., 4 2 Uw +z-lt%,!)+2(1-R)·lt1,+~z~-3+gR.+ ;zR + r;dw- 2 + 311-Jw-"f" ·P-2 21 
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- 4~~ {I-R)/f'J,f11 /-f( eli 111t j !?liJ · B-~ .,. ~ (- f + /f~_/(1-R) ).(j- /l'f, /{1-R) ).V,(RJjr 

1-f v. 2 2 11 o-y 2 
+ (1-R.) · ~. f~J A {dw /n~, > rrlg) ~ C 1-R)-/f~,l- VA t <>"...- J m!,) -

(3) 2 t 
-(1-R) If~) l-4 (Jw)IYlg) -t- R. ~(dw) J , 

2 2 2 

r ( g { [ mz, ( t R 1-R 1, ) miz ( ~ .~ I~ wo fJ ) = - • -. -- +- _,. -. r. I +- . -- + - + 
2 b1l2 16.,/ 11~ 4 2 2. ~2 H'C., 4 2. 

(3.3) 

1-R. ) I /'!> 3 c. z d.., RJ"' 2 21 1 p +zl+~,l + 2 (1-R.) t-~,f't)- 3+2R.,.-sR+T- :T-.- 3Row. -

2 2 2 ~ - 4 [{& (1-R)·/tf fQ /· f{ 9 j )1'!$
1 

j m~) ·PIR. 
I '2 ) (3.4) 

2 

. ~ { mg, mil f.. ~ r (wQ o) = - · - - · .,(t+dw) ·P 
I 3 ~~~z i&-r/ H~ c. • (3,5) 

3.n;ecl> P - y JU,Tpa<l!.HOJleTOB!l:it, a PrR - .H!i<PpaRpaCH!iH ITOJl!OCa np.R paa

MepHOCTR ITpOCTpaHCTBa \1.=4, t~ H fQ - 3apR;JUI 'laCT!i~ 0 1i ~ , COOT-
" •2 Dt ~ 

BeTcTBenno. B BepnmHHmc WHRW'IRX ~ H r3 MH BH.n;e.JJ.HJI.H TOJ!hl{O no-

JIIDCHyro qaCTl> - KaR YnhTpaWHOJl6TOByiD, TaR R RBPpaKpaCHyiD, He 3a-

60THCb 0 ROHe'lHO:it qacTH, ROTOpaH B aMfln.RTy.n;e npo~ecca OKa3HBa-

6TCH ""'m')M~ • B B!ipalleH!liiX (3,1 )+(3 .5) - /1..-= 1-1~ I M~ •. 
BKna,n W -BepnmHHHX: CT ~arpaMM: 

V(wcT) = 1{f46_~-R-? mi_(J..-~)--- m't~.(-.!.. + 1-RI+. t) + 
Krl t.J j t M2 4 2. M2 't 2 ~I z w w 

m't ( t I-ll. / ) f.z 2 J f 2 z 
+ Mt -Lf + z f~) + (1-R)· ~~ _,. (1-R) f'iz ·f +2.(1-R)t J-..f(f~ )fu~-

I L 1.. 3 "' 3 mp fn
2 

-2(1-R' rj +2~-~" .,(o +~ ) + ~ -2.-.. -R+ -(1-R.) - ~ 
• J VIR v "' o, 2 811-. 4 2 M2 

w . (3.6) 

B <PoPMyJle (3.6) BeJlilqHHa G1~1/ onRcHBaeT HHPpaRpacHHe pacxo~
MOCTH, npRCYTCTBYIDmRe B KOHTpqJleHax. 

•CM, 3a.MeQaHHe Ha CTp,7 pa6oTw'1/, 

8 

.llJJJI m<na,na B aMnJUl.TY.IT.Y .ItRarpaMM TPE (pHc,3) noJJ.y'lHM BHpaJKe

HWI, R3 ROTOp!IX HeTpy.JUlO BJ:m6JU!.Tl> R03iN)HUH6HTii {) i B rtJo:pMqlaRTOpaX 

f· 
L • .llJIJi .nm.ar'Q8!1.M I (pHc,3) R.'>lee.l51: 

l 2 2 2 

9 j I ( ?> 3 2. R mt + m'i .. m~ 3 3 2 
Bw;:= 16Tz·CH:'"J -2R-2R-t-4' M~ .. _TRJ....,-2Rdw+ 

2 2 2 2 
Rd.., it

2J!, Rtiw rrlt+ 117'i,+mlfz) Q ~ t\ -'~ ( f 
-r 6-~" 6 + 4-· M~ Do:® 'J..-?- M~ q(r+d;)®q(I+JS} - 2+-R-

2. z d...., 2 z ') R ( ) m~,-mi2 "' 1 - -R:-- +Rd. - -Rol .... -I·•J. ... --- ·0, mo ·P + 3 2. 'w ..3 IN 2 ~ M2. ... '61 d._ 

"" 
+ _!_.(-.!...-t-R-3R.?)~K ·0 ®0 l 

1-R 2 ~ d. d.. } 
(3.7) 

JlRarpaMMH ll ('pac,3)! 

BwA == j_ 2 ·CMw · \_20-R)(/-+ dw) Oti.®Od.·P- 2(1-R)0}90p ·(rill+ 
1~ • l . ) 

qcl.?fo ) ( L + I I )\ p ' 0 0 ( I { l (J ·I r-l· ,\ 
+ M~ ·\.lft,/·ll' x.·+-1 ~.,_/·S·f.-.5 ' • IR. -qHZ) d.-@J..\1-r~,/" 2\•-5"')-

z 2 2 

[ .t {1 I M )fi J fl X 2 { 2X ? )If X I ( M;..) f 2. 2 -4 1- 2S\2.\{..,-.sJ.: tn( ·VYtmlm%~ J;..\1+ ~f\w- S rnlit_/ d~ j-. S ·L 3 7f -

-fn xm~.fn i. - gl X mt. k !_,. J} + lt~t I·[.!.. -4·(t- 1fnd. )frr _L -
9'~ m~ 94 mg, c2 z. 2 "" mem'tz 

( s )n s 1 (g 2. o s n stl n s c sm: \1)] --4· 1-- ttt- -~--· -lf-f.tt- tM-e- rn- <.11 -•2) ?z M~. d..w .3 ~ /.f~ m& M" 
.. "' r2 w 

llHarpaMMH ffi (pac,3): 
2. " ~ 

B = J_ ·[- /+rlw. q(l-+os)®q(l .. ts) }·P 
WJ 16i2 2.. M~ . 

(3.8) 

(3,9) 

B nocJle,nHeM BHpal!emm. coxpaaeHa TOJ!l>RO noJlllCHB..R: -qacn, T.K. Ro

He"<IH!rl!: BRna,n B aMIIJUl.TY.llY oxaaHBaeTCJi"' 1112.1 H~ • B <PoJ:NYJie (3.8) 
HCOOJ!l>30Ba.HB CJle.n:ymmae o603Ha"'leHHH ~ HHBapi!aHTOB aMOJIHTY~ 

nponecca: 
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S=-2(1k1 , ':)
1
= -2Pzk2) X=-2p,k2 , CJ~S-X y 

a L~ :e L-:.' onpe.n;eJieHH B pa6oTef5/. 

(3.10) 

B Ta6JIBn;ax I-III nplllBe,neHJ:i nOJI])CHHe BKJJa.IJ:H ,n:earpaMM np111 pas
MepHOCTIIl npocTpaRCTBa n =4 Ill n =2 ( JIOraplllifl.llf<l:eCRHe H RBa,lJ;paTH'I
HHe y JlhTpaifJIIlOJieTOBHe paCXO.n;PIMOCTH) • CyMMH BCeX BKJJa.ll;OB .ll;Jlli RaE
,noro if>O.PMif>a.I<Topa pa.BHH HyJID. 11H!PpaxpacHa.JI pacxo.n;HMOCTI> Gu 
ycTpaHHeTcR Ha ypoBRe BH'IHCJieHHR aMnJIBTY.IJ:B npouecca B nopR.IJ:Ke t 11/. Bu.n:eJI.IUI B aMnJIBTy,ne lllCTHHHHe :IUlfPpaRpacHHe tacxo,nPJMocTH 
FIR , coRpama.JX~~HecR aa ypoBHe Bll'llllcJieHHR ce'!eHHR npon;ecca,npH 

,no6aB~eHIIllll B paCCMOTpeHIIle npon;ecca lllSJiy'leHHR ifJOTOHa, OKOH'IaTeJll>-
HO RMeeM: 2. 

M = M~· [ ( f + i!l· Pt) + ~: · 6. PrR 1 . (3.11) 

B ipO!l>iY Jle ( 3,11) ipo~Top F 1 cBo6o,neH oT y Jll>Tpa4JHoJieTo
BHX 111 :eappaKpacHHX pacxo.nHMocTeA. KoaeqHHe BKJJa.I(bl <PoiMI>a.RTopoB 
F2 111 F~ B aMnJllllTy.ny (2 .4) .....,m2.! M~ • 11H!PpaRpacHo pacxo,wmtMCR 
qacTI> o paBHa: 

2 2 L 'L c (,2 e 2 d = 1+t~ 1 +1~2 -lfi)X'- x -lftJS· 5·-2APz·/f~;r~)f\1;ny,;m~).(3.12) 
BHnRmeM CB060.n;HHA OT paCXO.ll;lllMOCTel, KOHe'IHHI BKJla.ll; B ipopM

ipaKTOp ~i B nplll6JlllllKeHIIllll ( 1,4): 

~ = W(o)- W(-i)-+ 2·6 - 3
R + 35" -Sit+ (t-R)·/fo fo I· [l- 2-i 4 If t1 62 2R 2 

z. 2 rr/ 2 m2 

-!T2 (1-~fn ~· )& M~' +2~-~L, ~I! )f11 M;2_ 3~d.,.-+- lu 2J.w] + 2~~(o)t 
kl "' \' "" w 

2 2. 2 
( 3 11 ?> n m~ ) 1 z. ( 3 11 3 o m'l ) ~ 11 )ll. d 

+ (1-R)f~,· 4R- 4+ z-!M M~ + (1-R)r~z· LrR- L/., .. 2fA1M2wz +VI-!{~~ 
"' 

+~~R(-_fTR-3~2 )~R+ (1-R-)(I+~}{.Hf-4~~)-~[~-~-(~ + d:_-
2 2 -~ \~~1ftt _!___ -!_·(I+~- i)fn _!_ + L(t+ 'i~)·[g_ l-

SJ...., ) mem~, Jv.., M~ s u~ ~ 5 3 

10 

' ' 

.l 
J 

2. l 

{) 1111e f) t D t. mil, g X J} [J (< 1 II fJ S -l'M-·f-n--tn- ·ttl- ...-If I· --4 1--cn.J ){t,- -1" m; ~" mt, z2 2 2 w ~111~ 
2 ~ 

-4(1- -2)ln- +- · -Ji- fM -z fht- -ht ;;:z 41- (3 13) 
s n s l ( g z g s 1 smr D s D smtt2 ) ]) 

1 M~. cl. w 1 mt M~ mi r"i ~ • 
.. 2 ' 

v. ) S S S" 3 /L D 3 f!lz,f_ 
1. (o =-SA. +Lj- 81{ - 'IR_ ml\.. + T I-I{ 

BHprureHHe ,ll;JIR "{''j ( r:J., ) ITOJiy'leHO B pa6o'l'ef5/. TIOJJarM B ifJOPMY Jie 
(2.9) pa6oTif'5/ rJ... = -1 H d._= 0, ITOJiy'IRM,COOTBeTCTBeHHo: 

lld i) ~ 23 {51 5 ( i 1 1 ) 0 ( t 2. vn- ""12R2+1ZR-9+9N1-+ 24R.?l+f2R2 -iR w~+ 241(~+ .3'K2 -

l 2. 2. 

tl )\IJ i. J. 'f( J)n '( 1 ') ---2. r(R)~-+---?>-J+- rttt"+-1--..-- !f(i) 
b'R, 2. 12. 4 (; /' 2. 3 IZ ) (3.14) 

W(o)= s- - 33 -f ~ fl(i+l{) + I .2. + ..i- _3_)ttz~t + Y(ol 
8fl 8 8 (~ll. 1f 1-fl... p '), 

V(ol = s. _ .1. + 2... .J&l'f 
.}( '} 8 8 'I 1-J 

2.1 .t 
B ipOJNYJiaX (3.14) 111 (3.15) f=M.J Nw ,a G , 
pe~eneHH B pa6oTef1/. 

4. .l31fll:!CJIEHI1E BK.IIA,lJ.A PEA.IThlillX OOTOHOB 

IIpouecc 

(3.15) 

\f'(R.) :e lf (J) on-

Yt(kr)-r ~~ (~) -fck2)+~i&)-t-t(k) (4 .1) 

B HHsmeM nopR.n;Ke OnlllCHBaeTCR 'leTHPI>MR ,nHarpaMMaMH,B TpeX HS KO
TOp!iX ~ -KBaHT lllCITYCKaeTCR HS BHemHHX if>epMIIlOHHHX JIBHIIlA, a B O.ll;

HOa - 1113 BHpTyaJll>aoro W 6o3oaa. 
B 3TOM pas,neJie MH HCllOJll>SyeM ROBaplllaHTHYD npone.nypy OT,nene

HHR qacTH ce~eHHR TOPMOSHOrO lllSJiy'leHBR ~OTOHa, co,nepmamYD BHippa
RpaCHYD paCXO.ll;lllMOCTI>, paSBHTyD B pa6oTef?/. B RaqecTBe ITHIH He
aaBIIlCIIlM!iX lllHBaplllaHTOB, xapaRTep:esynmax .ll;lllipipepeaUHaJll>Hoe ceqeHHe, 
BH6epeM: 

2 2. 

S-=-2P\k, 1 ':J,.(k,-k2.)) X:-2p1 k2Jt=(Pz-P.),l=-2k2 k. (4.2) 

~aaoBHR o6~eM npouecca c lllSJlY'IeHaeM peaJll>Horo ipo'l'oHa cne,ll;YDmlllM 
06pa30M BHpa~e'l'CR qepes BBe,neHHHe lllHBapHaHTH: 

II 



3 3 3 

J clr f d k2 d 11. d .k G( 1 ~ dY.olrdldz 
= - • -.- 01 k.z-rf{--k-~-kl)=-. (4.3) 

2~0 2~0 2~ 4~5 ~ 
2 2 

3~ec:& A.,=s > R 1 =A1 .Z..-2Bz.z~cl, (4.4) 

r~e -Az= A= c}..-4m~y ,B=Et .. f-C,=Al"-t2Bt-..c; ~\11<$-Xj 
~ ~ ., ? ) 

B81Ui'UU!H A,B,C,E H F' - <PYHRI(HH s • y H X l'IM81l'l' BH)t: 

A ( zi'. z~ ,.,.. 2 
~ 'f...+Y-mt)-4mt.( , l. =Sx-y .... m'& 

t 

2.2. 2.2 (z z z ~ B = - ':;:J{X+Y) +2me· s .. -+ 4m,.m~J.· Y- .1· 2me .y -2mt ·S ..... mt.x-+ m1 + 

2) 2 l lr 2 2 
+Y-+X.Y +men+x.mt.s .. -ml·S,_ ' L1 =ma,-m~ 

[ 
2 1 ]2. 2 2 2 C= ~s-mesx-d(Y+m,) -t-4Y·(St:.-m-m'l,) j 

~ = X·1Y-YS-2mi,·Y+mf.(s)(-t2m~,) ' 1J= -zrzk = sx-~ .! 

(4.5) 

2 2(2. 2) [ 21 F'~ ':I·(S·r;~ .... zm~,·Y)-me· 5"' +2!11~,-Y .... ,1. Y-(S-t'f)-me·S .. • 

BN.neJieHHe zs ltH!PflepeH.llHaJll>Horo ceqeHHH d5R nponecca u 

(4 .1) 'IacTH ceqeHIDI, co~e~ett HH!llpaRpacHyll pacxo~ocT:& d~, 
OCROBHBa8TCH H8 TO~eCTBe(f/ 

I.R U r: Ill 
dfiR. = dop_- d~ + doR =daR + doR _, (4 .6) 

r~e doiR. - Ta qacTI> ceqeHRH, KOToprur co~epuT RH!llpaRpaCHYil 

pacxo~ocT:&, a do/- KOHeqao. 

d26: IR 2 3k 2 
R e (d b. dO. 

dxdY=(27i)~·J 2ko· 4 n."dt.ofY 
(4. 7) 

d z az \ 2 2 

Oo= ~ z·O(Pz+111f1) 
dx d Y 81i ( Y+ M~) 2 

r~e 

- ~<PWepeHnHaJIDHoe ce'l:eHze, oTBeqaromee 6opHoncxo~ ~arpaMMe 

(pHc.1), a 

l 2 l l p 

mt 2 ( m'!) 2
( mtt) m1--m1+Y (4.8) 

~rR= --+f · --' +f· __ l -If r /·' z + r ~' uz \ V 2 7,r12 11V 

12 

I 
4-: 

+ lt. /·{-m;+mg;-m{.,+S)+ Jf (·_!_ 
~2 zv ~, ~z. 

nJIH wasonoro 06~eMa ~OTOHOB cnpane~JIHBO paBeHCTBO 

( \, 2 2 d 3
K I J dt. ( dl 

Jcl (~+m~) 2/(
0 

= 2 J iff; (4.9) 

McnoJl:bsyH npneMH pa6oT~~/, HeTpy~Ho BH~eJIHTb H3 (4.7) 
!iappaxpacHH~ noJl!OC FrR. H y6e~TbCH B TOM, qTo OH coKpamaeTcH B 

Ha6JIID~aeMo~ cyMMe .nn<PWepeHnP~aJll>HHX ceqeHz~ peaKnH~ (1.3) z (4.1). 

BH'l:HcJieRRe BKJia~a nponecca (4.1) B pa~anHOH~ro nonpaBRy TecHo 

cBHsaHo c ycJIOBHRMH KOHKpeTHoro sRcnepHMeHTa I. ITocKOJll>KY aHa

JIH3 STHX BOnpOCOB BHXO~T sa paMKH HaCTORmeH pa60TH 1 MH He 6yneM 
npHBO,IJ,HTl> HBHb18 BHpaJKeiDUI ~JIH do'-IR • 

KoHe'l:HHi:l BRJla~ d r:s/ , He C0~8PlK8JllllH liH<lJpaKpaCHOH pacxo.n;H-

MOCTll, MOlK8T 6b1Tb R8I'KO npOllHTerpHpOBaH B ycJIOBllHX SKCllepllM8HTa 

BToporo Tuna (no TepMnHonorKH pa6oTuf7/), Ror.n;a peaxunH (1.3) H 

(4.1) SKCnepHM8HTaJll>HO H8pa3JlH'l:HM!l*. F 

ITpnBe.n;eM, B 3aKJ!IO'IeHne, oopallteHJMI ~JlJI ce-qeHHH do;._ , npoHH

TerpnpoBaHHoro B ycnOBllHX SKCnepHMeHTa BTOpOI'O Tuna. nnH Bbl'l:HCne-

RHH mnypOB, BH'l:HTaHHH dop._:U. H BHllOJlH8HH.fi ~ByKpaTHOrO HHTerpn-

pOBaHHH ( 4 • 9) HCnOJll>30BaJlaCI> nporpa.MMa aHaJIHTii'l8CKHX Bf,tq~c~C neHH~ 
SCHOONSCHIP /IO/. .&flHCJieHHe ~OHHbiX HHTerpaJIOB ocy- · 

1!18CTBJIHnOCb nocpe.n;CTBOM no~cTaHOBOR. 0603Ha'!HM 

:rra2J= fJc~-tsR-;zdz. ~ . 
Tipz BH'l:HcneHHH do,( BCTpeqaJDTCH cne~JOOU'le HHTerpaJlbl: 

v J[i]- t 
l 

r[i.]=L =..i..Pn_ u t( ffy 
s~ ..-2m"', ... vr; 
SJ(-r2m~-rJ:; ' 

2 

~ ~ £n X+Y-me+Vif' 
J [ z J ~ LA ~ 'fA x .. Y- rnf -VA 

(4 .10) 

(4.11) 

(4 .12) 

• TaxM CHTYanHH pea1UI3yeTcH, B qacTHOCTH, B onHTax no I'JIY60iw

aeynpyrOMy paCC8HHHD, IlpHBO,IUIM08 HHJKe B!lpa!t8Hll8 .D;JlJI do/ MOJK8T 

6HTb HCnOJID30BaHO ilpll 0Il8HKe pa,IJ,HanHOHHHX nonpaBOK K peaKnHRM 
'Yr + N ~ e + a,JU>OHbl H Ve + N ~ l + a,JU>OHH 

B paMKax napTOHHO~ MO~enEJB,gf. 
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r.rte 

[ _!_ ]-iL --~ tt'l x-~-vx. J ?U - V X- VY>:x 1. - f>:; 

4 J 4 T[ zz = m;v 

J [ ~z] = m;
1 

V 

\ 2 2 2 
111 "x-x-4m,m~ 

f) 

V~\-':1-+-f1' 11!:.-2pJ=S~-t+.<1 

(4.13) 

( 4 .14) 

l4.15) 

(4 .16) 

l:'a36111BWI do[ H8. qacTl'l, B COOTBeTCTBM CO CTeneHRMiil sa

p.fi,Il;OB ¢epM1110HOB <t-, 111 12 , npe.n:cTaB111M ceqea111e do/ B BH.n;e 

do,/= dfio., + doQ ...- dfio + d6f l4 17) 
~~ -tr2 Of fi2. • 

nnR OT.IJ:6nbHHX qneHOB l4.17) HMeeM 

d2. F 2 q4 [ 2 o'l,f. e o ~(x ... :j) 2 :i-S 
dxd.Y =41i2 .3'lri<:}M~ • +\· 47: -~- tt · \ 4 _. w 2. i 

2 2 
55 ->2'<.':1·-'i 

4S" 

- ::J<;(<; .. ~)+ ~. ~/:/-+ 52 :J·1J·L--- !-~-It ·f I·~~ <;,·:J·S L + 
2s2 z S3 2SC -u. 11 ~2 1 ~l l " "1ol 

;( J( X 1< 

XV" -:IS -X'i 5:1
2 

\ l + +-

2 '[; ' 

d2cs£ =< e 2
_ ~ 4· I f<t21. [- S( Y+3X) + 

di.d.'J -'1112 3211 S
2 Mt, 2S~ 

2 2. 
'::!X (u<:J )- S '1 +X 'IT 

zs: 

(4 .18) 

2. 2. 
S:::f 

- ~}'[ -

" 
S

2·LA } ) 
\4.19)_ 

2 F 4 
ol E>'i, -e2 ~ ·lh,l 
ch. d'l = 47i2 • 32rr S2·M: [ 

Xlr+SY X'lT-S::t ( · x .. 'j---+--· '::>-8-;J-
zs 2S2 

" 
}( 1. 

- ~sy) + ;s. ( l'fJ- 2sxcs-j) + s.\s .... y. .. ':J)} L-u. 
i 1. 

14 

2 2. 
S+X...-"Y D (X-t'J)·mtt, 1 

- -- {n_ ~--' 
2 xz.rc- ; 

2 F 
do, e 2 a~ 
dx d':J ""4n2 • 32ils" M~ · [-

2':.1) I L"' ] - S -t- JSIJ"· A 

;( ' 
,..., ~ n 

r.n:e L """ -·-lYI. 
'14. s>l 

2. 

s" 
mz'C 
~4 

(4 .20) 

X-t::J 
-+ 
2 

S'l_~·(x .. .lv_ s sz J J 
X )( 

(4 .21) 

' 
"' 
LA 

2. 

_!_. fn (X .. Y) 

x~Y m;.r 
l4 .22) 

HHpalltaeM OJlBJ'o.n;apaocTb B.M.JiyOoB MKY, C. T .IleTKOBy 11 H .M .lliy
Me~Ko sa nonesHHe oocyJK.n;eHiil.fi HeJwTophiX BonpocoB. 
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