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KpamKue coo6~eHuR OHRH N3-84 
YAJ( 539.12 

Om1CAHHE MHOJKECTBEHHOfO POJKAEHH.It 4ACTHU 
B nPOCTPAHCTBE OTHOCHTEnbH~X CKOPOCTE~ 

llpeAnO~eHO penHTHBHCTCKH-HHBapHaHTHOe OnHCa
HHe MHO~eCTBeHHhlX npo~eCCOB B npOCTpaHCTBe OT
HOCHTenbHbiX 'leTbipeXMepHbiX CKOPOCTeH b ik = 

PI I\ 2 
= -(- --),rAe Pi - 4-HMnynbCbi, m i- Macchi 

mi mk 

qacTH~.llpHBeAeH HOBbiH MeTOA Bbi,IJ;eneHHH aApOHHbiX 
CTp~1 H C~OPMYnHpOBaH npHH~Hn ocna6neHHH Kop
penH~HI1 B npocTpaHCTBe bik , aHanorH'IHbiH npHH~Hny 
Boromo6oBa B cTaTHCTH'IecKoii ~H3HKe.MpOHbi H HAPa 
TpaKTYIOTCH KaK KBapK-rmoOHHbie KnaCTepbi C 
b ik << I • llpeAnaraeMbie MeTOAbi HnniOCTPHPYIOTCH Ha 

OCHOBe 3KCnepHMeHTanbHbiX AaHHbiX no MHO~eCTBeH
HOMY poli(JJ;eHHIO B lT-C -B3aHMOAeHCTBHHX n:pH HM
nynbCe nHOHOB 40 rsB/c. 

Pa6oTa BbmonHeHa B Jla6opaTopHH BbiCOKHx 
3HeprHH OIDIM. 

Description of the Particle Multiple Production 
in the Relative Velocity Space · 
Baldin A.M., Didenko L.A. 

Relativistically invariant description of 
multiple processes in the relative four-veloci-

pi I\ . f ty space b 'k = - (- --.-),where P. 1s the our 
l mi mk l 

momentum and mi - the particle massz i~ sug~es
ted. The new method for description of 
the hadron jets is given and a principle 
of depletion of correlations in the bik space 
is formulated which is analogous to the Bogolu
bov principle in statistical physics. Hadrons 
and nuclei are considered as quark-gluon clus
ters with b ik« I. The suggested methods are 
illustrated by the experimental data of multi
ple production in "-c interactions at 40 GeV/c. 

The investigation has been performed at t he 
Laboratory of High Energies, JINR. 
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If 

06o6~eH~e MaCWTn6HO~ ~HBap~aHTHOCT~ Ha npo~eCC~ CTOnK
HOBeH~~ pen~T~B~CTCK~X ~Aep / 1 / ~ npoBeAeH~e COOTBeTCTBy~
~~X 3KCnep~MeHTOB np~Ben~ K o6HapymeH~~ KyMyn~T~BHOrO 3~
¢eKTa / 2/ , KyMyn~T~BH~~ 3¢¢eKT paccMaTp~sanc~ yme s neps~x 
pa6o TaX / 3,4/ KaK pe3ynbTaT CTOnKHOBeH~~ Ha ypOBHe napTo
HOB , BXOA~~~X He TOnbKO B OTAenbHble HyKnOHbl, HO ~ B 11 Ka
nenb K~ aApOHHO~ MaTep~~~~ /~n~ B MHOrOKBapKOB~e KOH¢~rypa
~~~/ , no CBOe~ CTPYKType C~nbHO OTn~4a~~~ec~ OT CB060A
Hb1X HyKnOHOB, 0TMe4anOCb, 4TO B ~Apax cy~eCTByeT ABa xa
paKTepHbiX MaCWTa6a ~MnynbCOB, Ha4~Ha~ C KOTOp~X pean~-
3yeTC~ np~6n~meHHa~ MaCWTa6Ha~ ~HBap~aHTHOCTb,OA~H COOT
BeTCTByeT cny4a~, KOrAa B Ka4eCTBe KBa3~CB060AH~X MOmHO 
paCCMaTp~BaTb HyKnOH~ KaK ~enoe, a APYrO~ - KOrAa B Ka-
4eCTBe KBa3~CB060AH~X cneAyeT paCCMaTp~BaTb KOHCT~TyeHT~ 
HyKnOHOB - napTOH~. noA4epK~BanOCb, 4TO B~6~BaH~e HyKno
HOB ~ ~AepH~X ¢parMeHTOB B CTOnKHOBeH~~X pen~T~B~CTCK~X 
~Aep AOnmHO ~MeTb MHOro o6~~X 4epT C B~6~BaH~eM KBapKOB 
np~ CTOnKHOBeH~~ aAPOHOB C 6onbW~M~ nepeAa4aM~ ~Mnynbca, 

HccneAOBaH~eM npo6neM~ pacnpeAeneH~~ KBapKoB B ~Apax 
AY6HeHCK~e ¢~3~K~ 3aH~Ma~Tc~ c 1970 r. /eM., Hanp~-

Mep, 14• 51 I Ha ocHose w~poK~x 3Kcnep~MeHTanbH~x ~ccneAosa
H~~ B ny4Kax pen~T~B~CTCK~x ~AeP c~Hxpo¢a30TPOHa. BbiBOAbl 
0 Cy~eCTBOBaH~~ B ~Apax MHOrOKBapKOB~X KOH¢~rypa~~~ 6~n~ 
nony4eHbl Ha ocHose AaHHbiX no npeAenbHO~ ¢parMeHTa~~~ 
~Aep / 5,6/ , nony4eHHble B pe3ynbTaTe 3TO~ npo~eAYPbl CBO~CTBa 
CTPYKTYPHbiX ¢YHK~~~ Hawn~ HeAaBHO nOATBepmAeH~e B 3KCne
p~MeHTaX no rJly6oKoHeynpyroMy pacce~H~~ nenToHoB Ha ~A

pax /7 ~ / .3TO nOATBepmAeH~e He TOnbKO CB~AeTenbCTByeT B 
nonb3Y cy~eCTBOBaH~~ MHOrOKBapKOB~X KOH¢~rypa~~~ B ~Apax, 
HO ·~ scen~eT ysepeHHOCTb B npas~nbHOCT~ Haw~x npeACTaene
H~~ o np~poAe npeAenbHO~ ¢parMeHTa~~~ ~AeP KaK o npo~eccax 
CTp~nn~Hra ~ nOAXBaTa Ha KBapK-rn~OHHOM ypOBHe, 

¢pa rMeHTa~~OHHble npo~eCCbl, npo~CXOA~~~e ·np~ CTOnKHOBe
H~~ COCTaBHbiX C~CTeM B pen~T~B~CTCKO~ o6naCT~, KaK 6bln0 
noKa3a Ho B pa6oTe / lO / , YA06Ho on~CbiBaTb c noMO~b~ nepeMeH
H~x 

bik 
pi Pic 2 

- (---) 
mi mk 

[ (P!Pk) - l], 
2 mimic 

/1/ 

rAe Pi, Pk - 4eTblpexMepHble ~Mnynbc~, mi, rnk - Maccbl 4acT~~. 

Ce4 eH~~ npo~eccos ¢parMeHTa~~~ pen~T~B~cTcKoro ~Apa 1 
B ~HKn~3~BHOM npo~ecce 

l+ll ... 1 +2+ ••. /2/ 
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c o6pa3oBaHHeM pa3nH4H~x ~AePH~x ~parMeHTOB 1 xopowo onH
c~aa~Tc~ KaK ~YHK~HH OAHOH nepeMeHHOH b 11 a o6nacTH 
0 ~ ~1 :5 a c pe3KHM MaKCHMYMOM npH bn = 0. BenH4HHa a= 

= 2£ lmr -m1l xapaKTepH3yeT WHPHHY y3Koro pacnpeAeneHH~ no 
mimi 

yrnaM H 3HeprH~M ~parMeHT08 1. 3Aecb m1 H m 1 - Mace~ 4ac
TH~, a E - 3HeprH~ C8~3H ~parMeHTa 1 8 ~Ape I, 

06~HH xapaKTep 3THX 8~80A08 noKa3~8aeT, 4TO HMeHHO 8e- · 
nH4HH~ bil: /1 I, ~8n~IOIIIHec~ K8aApaTaMH pa3HOCTH 4-MepH~x 
CKOPOCTeH, onpeAen~~T 8enH4HHY aMnnHTYA H TeM CaM~M CHny 
83aHMOAeHCT8H~. 

C CaMoro Ha4ana HCCneAOBaHHH ~AePH~X peaK~HH 8 pe ~TH-
8HCTCKOH o6naCTH 6~no ~CHO, 4TO npH CTOnKH08eHHH ~Ae KaK 
COCTa8H~X 06oeKT08 8enH4HHa nepeAa4H HMnynbCa - 3Hepr HH 
He MO~eT Cny~HTb KpHTepHeM An~ nepeXOAa OT K8a3H4aCT H ~

HyKnOH08 K K8a3H4aCTH~aM-KaapKaM.nepeAa4a HMnynbca pa cnpe
AeneHa Me~AY MHOrHMH 4aCTH~aMH, BXOA~~HMH 8 COCTa8 HOH 
o6oeKT. He cny4ai1Ho ny4KH ~AeP Mbl xapaKTepH3yew 3Hepr HeH, 
npHXOA~~eHC~ Ha OAHH HyKnOH, TaK KaK 3HeprH~ H HMnyn bc 
HaAO AenHTb Ha 4HCnO 4aCTH~ 8HYTPH COCTa8HO~O 06oeKTa ,. 
ecnH CTOnKH08eHHe paCCMaTpH8aeTC~ Ha YP08He KOHCTHTye HT08, 
BMecTe c TeM 8 pen~TH8HCTCKOH K8aHT080H MexaHHKe 4Hcn o 
4aCTH~ He ~8n~eTC~ HH8apHaHTH~M nOH~THeM, 0HO 3a8HCHT OT 
CHCTeM~ KOOPAHHaT H, KPOMe TOrO, C y4eTOM K8apK-aHTH K8ap
K080rO MOp~ 4Hcno 4aCTH~ 8HYTPH aAPOHa 6ecKOHe4HO. EAHH
CT8eHHOR pen~TH8HCTCKH-HH8apHaHTHOH MepoR 4HCna KOHC THTy
eHT08 8HYTPH COCTa8HOrO 06oeKTa ~8n~eTC~ ero Macca. B C8~-
3H C 3THM HCnOnb3yeM 3HeprHH H HMnynbC~ aAPOH08, OTHe CeH
H~e K eAHHH~e MaCCbl, HnH 4eT~peXMepHble CKOpOCTH 

pi 
Uia--, 

mi 
/3/ 

T04Hee )080p~, K8aApaT~ paCCTO~HHH 8 npocTpaHCT8e 4eT~pex
MepH~X CKOpOCTeH bill: =-(Ui -Uk) 

2
.Hawe OCH08HOe ycn08He 

b ik » 1 ' /4/ 

KaK Mepa noKanbHOCTH 83aHMOAeHCT8H~ aAPOHa i C aAPOHOMk, 
HMeeT npOCTOH ~H3H4eCKHH CM~cn: npH AOCTaT04HO 6onbWHX oT
HOCHTenbH~X CKOPOCT~X 83aHMOAeHCT8He Me~AY K8apKaMH, 8Xo
A~~HMH 8 OOoeKT i , H K8apKaMH, 8XOA~~HMH 8 06oeKT k , OC
na6e8aeT HaCTOnbKO, 4TO ero MO~HO paCCMaTpH8aTb no TeOpHH 
803My~eHHH Ha KOHCTHTyeHTHOM YP08He /3AeCb i,k = I, II, 
1,2, ••• /. Ycno8He /4/ cornacyeTc~ c co8peMeHH~M noH HMa
HHeM aCHMnTOTH4eCKOH C8060A~• 6er~y~ KOHCTaHTY C8~ 3H 8 
K8aHT080H XpOMOAHHaMHKe MO~HO npeACTa8HTb cneAY~~HM o6-
pa30M: 
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1,4 
as.,--

ln-Q_2' 
A2 

1,4 
/5/ 

k k' 2 
ln[- (-- -) ] 

A A 

Ecn~ e 3TO~ $OpMyne noH~MaTb no,q A xapaKTepHy~ Macey, a 
no,Q k ~ k'- ~MnynbC~ KOHCT~TyeHTa a,qpoHa COOTBeTCTBeHHO 
,QO ~ nocne CTOnKHOBeH~~, TO $OpMyny /5/ MO~HO npe,QCTaB~Tb 
B B ~,Qe 

a = __k1 
s ln bik 

/6/ 

~ paccMaTp~BaTb bik KaK KBa,QpaT pa3HOCT~ CKOpOCT~ ~CXO,QHO-
p. R k' 

ro a,qpoHa -
1 

, : Ak ~ CKOpOCT~ B~6~Toro KBapKa _!_ .. _A' B 3TOM 
mi mk 

cny4ae ManocTb as xapaKTep~3yeT cna6ocTb B3a~Mo,qe~cTB~~ 
B~6~Toro napTOHa C a,QpOHOM-pO,Q~TeneM, ~n~ Toro 4T06~ 3TO 
B3a~MO,Qe~CTBHe MO~HO 6~n0 6~ paCCMaTpHBaTb no TeOpH~ 803-
MYIIIe HH~, Heo6xo,QHMO, 4T06bl b1k» 1. 113 $opMynbl /6/ cne,qyeT 
xapa KTep ocna6neHH~ B3aHMOAe~cTBH~ a,qpoHoe c yeen~4eHHeM 
HX OTHOCHTenbHO~ CKOPOCTH, 

Cn e,qyeT oTMeTHTb, 4TO ,qnHHa $OPMHpoeaHH~ a,qpoHa, To 
eCTb paCCTO~HHe, Ha KOTOPOM npOHCXO,QHT a,QpOH~3a~H~ HnH 
o6ec uee4HBaHHe,To~e riponop~HoHanbHa bik'B CHCTeMe noKo~ 

p. Ek 
4acT H ~bl - pO,QHTen~ ~MeeM - 1 =11 ,0,0,0/ H b 1k = 2[--l]: Hm1 

~ mk 

,qn~ ,qnHHbl <!>OPM~poeaHH~ nony4aeM: 

E k 
f f - -2 

mk 
.. _1_ bik 

2mk 

EcnH pa3Mep a,qpoHa R paeeH-; j TO ycnoeHe /4/ ,qaeT 
k 

ff » R. 

171 

/8/ 

11Ha4e roeop~, a,qpoHH3a~H~ KeapKa npoHCXOAHT 3a npe,qenaM~ 
a,qpoHa -po,QHTen~.TaKHM o6pa3oM, ycnoeHe /4/ xapaKTep~3yeT 
npo~eCCbl CTOnKHOBeHH~ a,QpOHOB, ConpOBO~,Qa~HeC~ ,QeKOH$a~H

MeHTOM KBapKOB H rn~OHOB, 
Ka K oTMe4aeTc~ e pa6oTe I ll / , acHMnTOTH4eCKHe pe~HM~ 

/,QeKOH$a~HMeHT/ Ha4HHa~TC~ npH bik ::: 5, TO eCTb npH 3Hep
rH~X, ,QOCTHrHyTbiX Ha ,qy6HeHCKOM CHHxpo$a3oTpOHe. H3no~eH

Hble BbJWe coo6pa~eHH~ no3eon~JOT · npe,qno~HTb cne,qy~ee onH
caHHe npo~eccoe MHO~ecTeeHHoro po~,qeHH~ 4aCTH~ npH cTonK
HoeeH HH a,qpOHOB H ~,qep. 

Pac cMOTPHM HHBapHaHTHOe ce4eHHe o6pa3oBaHH~ n -4aCTH~ 
KaK $yHK~H~ pacnpe,qeneHH~ B npoCTpaHCTBe OTHOC~TenbH~X 

cKopoCTei1 b1k: F(b1u , bn, br 2 , ... , bm• bu2 ..... b 12 , .... ) • An~ 
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COXpaHeHH~ npeeMCTBeHHOCTH C o6~4H~M OnHCaHHeM 3anHWeM 

~a30B~~ 06oeM B BHAe 

n 
n 

i= 1 

-+ 
dPt __ , 

Et 

n m~ j bf. n - b1. + - 1
- db 1. dO • 

i= 1 2 1 4 1 /9/ 

HHOrAa no11e3HO OAHY H3 yrilOBbiX nepeMeHHbiX TO>Ke 3aMe HHT I;> 

Ha biii 

/10/ 

OcHOBHa~ 1..1e11b nepexoAa K nepeMeHH~M bik eMecTo o6bi4 H~x 
nepeMeHH~X-HMnyJlbCbl , 3Hepr11H - COCTOHT B TOM, 4TO F MO
HOTOHHO H AOCTaT04HO 6biCTPO y6biBaeT npH b lk-+ oo . 3TO CBO~
CTBO F MOlKHO npeACTaBHTb KaK npHHI..IHn OCJla6JleHI1~ KOppeJl~-

1..111~, npeAilO>KeHH~~ H.H.6oroJ1J06oebiM / 12/ e cTaTI1CTI14ecKo~ 
~H311Ke. 

Pa306beM COBO~nHOCTb apryMeHTOB bik Ha P~A rpyn n 
{ ••• b~ ••• I , { ... bik ••• I H paccMOTPI1M acHMn1oTI14eCK11~ tJly-
4a~, KOrAa paCCTO~H11~ b ik Me>KAY T04KaMI1 .i H k 113 pa311114-
H~X rpynn cTpeM~Tc~ K 6ecKoHe4HOCTH. Ha ~3b1Ke noJle BbiX ne
peMeHH~x np11H1..111n OCJla6JleHH~ KOppeJl~'-111~ ~OPMYJ111pyeT C~ KaK 

KOMMyTaqH~ noJleB~X ~YHKI..IH~ C apryMeHTaMI1 113 pa3J1114 H~X 

rpynn. Aony~eHI1e o6 aci1MnTOTI14eCKO~ KOMMyTa1..111H ~Bil~eTc~ 

YHI1BepcaJlbHO~ 3aKOHOMepHOCTbiO 11 npi1BOA11T K ~aKTOPI13 a1..111H 

F Ha MHOlKHTeJlH, OTHOC~~HeC~ K onpeAeJleHHbiM rpynnaM . KaK 
OTMe4aJlOCb B / 11~ 3TO CBO~CTBO .F AOCTaT04HO ~PKO npo~BJl~eT
C~ y>Ke np11 bik > 5 H XOPOWO COrilacyeTC~ C paAI1YCOM KOPOTKO
Ae~CTBY~11X KOppeil~'-111~ B npOCTpaHCTBe 6biCTpOT tl.y "' 1 .;. 2 11 

C orpaHH4eHHOCTbiO nonepe4HbiX HMnyJlbCOB < p .l. > "'0, 4 r 38/C 
npH MHO>KeCTBeHHOM o6pa30BaHI111 4aCTHI..I. 3TO CBO~CTBO n03BO

Jl~eT AaTb HOBOe peJl~THBHCTCKH-11HBapHaHTHOe onpeAeJle HI1e 
nOH~TI1~ CTpyH. 

TpaAHI..IHOHH~~ aHaJ1H3 CTPY~Horo noeeAeHI1~ BTOPI14H~x 4ac-
TI11..1 c noMO~biO nepeMeHHbiX "c~epHCHTH 11 , 11 TpacT'' 11 AP . o6bi4-
HO npOBOAI1TC~ B C.1..1.11. B3aHMOAe~CTBYI0~11X o6oeKTOB, nOCKOJlb
KY B 3TO~ CI1CTeMe HeT KHHeMaTH4eCK11X orpaHH4eHH~ Ha yrJlbl 
pa3JleTa BTOPH4H~x 4aCTI1q. PaccMaTpl1eaeM~e npH 3TOM nepe
MeHH~e He ~BJl~IOTC~ JlOpeH1..1-11HBapl1aHTH~MH H 11X 3Ha4e H I1~ 

CI1Jlb HO 3aBI1C~T OT CI1CTeM~ OTC4eTa. 8b1Ae11eHI1e >Ke B KalKA OM 
11HA11BI1AYaJlbHOM CJ1y4ae CHCTeM~ l..leHTpa 11HeP1..111H B aApOH

~AepHbiX 11 ~APO-~AePHbiX COYAapeHH~X 3aTPYAHHTeJlbHO. no3TOMY 
npeAilaraeMbl~ MeTOA !1HBapl1aHTHoro on11caH11~ cTpy~ o6JlaAaeT 

Heocnopi1M~MH npeHMy~eCTBaMH npH HCCJ1eAOBaHI1H CBO~CTB CTpy~ 
B ~AepH~X B3aHMOAe~CTBH~X. 
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Ocb~ CTPYH M~ npeAnaraeM Ha3saTb eAHHH4H~~ 4eT~pexMep
H~~ SeKTOp: 

V = :i u. /}(:i u. ) 2 • 
i 1 I 1 

/11/ 

CyMMHPOSaHHe 3AeCb SeAeTCR no seeM 4aCTH~aM, OTHOCR~HMCR 
K S~AeneHHO~ rpynne 4aCTH~. 

Pacn peAeneHHe 4aCTH~ s cTpye npeAnaraeTcR pacnonomHTb 
no nepeMeHHO~ 

2 
bk = - (V - ~) • /12/ 

HeTPYA HO noKa3aTb, 4TO Hawe onpeAeneHHe OCH CTPYH /11/ 
COOTSeTCTSyeT MHHHMYMY senH4HH~ k~,PacnpeAeneHHe CTpy~ 

k 
no OTHOWeHH~ K OCH peaK~HH /2/ eCTeCTSeHHO pacnonomHTb 
no nepeMeHH~M (V- u 1 )2 H (V - u 11 ) 2 • 

Hcnonb3osasweecR HaMH paHee onpeAeneHHe KYMYnRTHSH~x 
CTpy~ / 1 3/ COOTSeTCTSyeT HOSOMY onpeAeneHH~ CTpy~. M~ on
peAenReM AnR CTPYH KYMYnRTHSHOe 4HCno KaK 

{3J = ~ 
1 

Ei-IJii 
/13/ 

mo 

3Ty sen~4HHY MOmHO npeACTaSHTb S SHAe 

{3J :: 
~ mi (ul u i ) 
1 /14/ 
mo(ul un ) 

EcnH ~TPYR COCTOHT H3 OAHHX nHOHOS, TO Macey MOmHO SbiHec
TH 3a 3HaK CYMMHposaHHR. KpoMe Taro, Macca KnacTepa nHo
HOS, SXOAR~ero S CTpy~, pasHa 

m = J ( :i P . ) 2 "'m J(:iu . ) 2 , 
C 11 TT 11 /15/ 

' 
H3 <!>OPMY~ /1f/ H /14/ HaXOAHM 

m" J(T ui )2 :i (ui u I ) 
{JJ = • ---

llb J(~u} (ulull) 
1 

me (u 1 V) 
/16/ 

mo (ulu II ) 

0TC~Aa RCHO, 4TO S npeAnaraeMO~ MeTOAHKe KnaCTe p, SXOAR
~H~ S C T py~, Mbl paccMaTpHsaeM KaK o6~4H~~ aAPOH. 

B na pTOHHO~ MOAenH aAPOH~ paccMaTpHsa~TCR KaK KnacTepbl 
KSapKos - napTOHOS, OTHOCHTenbH~MH CKOPOCTRMH KOTOP~X npe
He6pera~T. npHH~Hn ocna6neHHR Koppenn~H~ no3sonReT HaM 
onpeAenHTb aAPOH~ KaK KnaCTep~ napTOHOS C Man~MH OTHOCH
TenbH~MH CKOPOCTRMH bik' a AeKOH$a~HMeHT onpeAenHTb KaK 
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npOI.IeCC, B pe3y11b TaTe KOTOporo n·OfiBilfiiOTCfl 4aCTIItL\bl C 
bn, »5. PacnpeAeneHHe no bu, AaeT HaM npeACTaeneHHe o 
$epMH-ABHmeHHI-1 KBapKOB 1-1 riliOOHOB BHYTPI-1 aAPOHOB 1-1 fiAe p, 

Heo6xoAHMo, OAHaKo, nOA4epKHYTb, 4TO oco6oro pace oT
peHHfl Tpe6yiOT KOppeilfll.ll-11-1 B npOCTpaHCTBe OTHOCHTeilbHbiX 
CKOPOCTe.:i, 06YCI10BileHHble 3aKOHaMH COXpaHeHHfl 3HeprHH- HM
ny11bCa, HMeeTCfl B BHAY He CTOilbKO KHHeMaTH4ecKafl rpa HHI.Ia, 
CKOilbKO o6naCTb MailbiX Mace napTOHOB, rAe Macca aApOHa He 
MOmeT cnymHTb xopowe.:i XapaKTepHCTHKOH 41-!Cila KOHCTHTye HTOB, 
3Ty o6nacTb cneAyeT HCKI1104HTb 1-1 paccMoTpeTb oco6o. Onpe
Ae11HM 3TY o6nacTb penfi.THBHCTCK~-HHeapHaHTHbiM o6pa3oM 4e
pe3 eeeAeHHble Bblwe nepeMeHHble, 3aKOHbl coxpaHeHHfl e nap
TOHHbiX nepeMeHHbiX HMeiOT BHA x1P1 · + x2 Pn = ~ Pi , YMHomafl Ha 

. I 

P1 ,HMeeM x1~ + x
2

(P1 Pn)c(Pr l:Pi~HI1H , x1nfi + m1 mu x2 (u1un )= 
= m1 ~ mi (ui- u1J: .Mbl paccMaTpHeae~ cny4al7! npeAeilbHo.:i $pa rMeH-

I 

Tai.IHH, T,e. (u 1un) » 1. 0TKYAa 

l: m. (u . u 1) 
i I I -----< 0,2 
mu<urun) 

/17/ 

/18/ 

,(lanee Mbl npeACTaenfleM 3KcnepHMeHTa11bHbl.:i aHa11H3 MHomecT
eeHHoro PO*AeHHfl 4aCTHLI B npocTpaHCTBe OTHOCHTeilbHbiX CKO
pocTe.:i e peaKLIHH 

TT- c .... 1T ± + X /19/ 

npH HMnyilbCe HaileTa~ero nHOHa 40 f38/c, np~-1 3TOH 3HeprHH 
eenH4HHa br n pasHa 570. 

,(laHHble no11y4eHbl . nyTeM o6pa60TKH CHHMKOB C 2-MeTpOBO.:i 
nponaHoeo.:i KaMepbl~ CTaTHCTHKa co6biTH171 cocTaenReT 879 1 
rr-0-e3aHMOAel7iCTBHe 6e3 B3aHMOAeHCTBH.:i TT -Me30HOB C KBa-
3HCB060AHbiMH HyKnoHaMH RAep yrnepoAa. MeTOAHKa 3KcnepHMeH
Ta 1-1 OC06eHHOCTH o6pa60TKI-1 AaHHbiX onHcaHbl B pa6oTaX / l 4/, 
npoTOHbl B HaWeM 3KCnepHMeHTe HAeHTH$1-11.11-lPYIOTCfl B HHTe peane 
HMnynbcoe 200..$ PJia6.:S 800 M3B/c. 

1. Ha pHc.1 noKa3aHo pacnpeAeileHHe nap 3apR~eHHbiX nHo
HOB B peaKI.II-11-1 /19/ no KBaApaTy I-IX OTHOCHTeilbHO.:i CKOpOCTI-1 
bik•H3 PHCYHKa BHAHO, 4TO KOppeilfii.IHOHHafl $YHK1.11-1fl ABYX nHo
HOB MOHOTOHHO y6bleaeT C POCTOM OTHOCHTeilbHbiX CKOPOCTe.:i 
bik -+ oo, 4TO HaXOAHTCfl B COOTBeTCTBI-11-1 C npHHI.IHnOM OCI1a6ne
HI-1fl Koppellfii.IHH, CpeAHee 3Ha4eHHe bik paBHO 60+1. npeACTae-

11 
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PHc.l . PacnpeAeneHHe 
nap sapR~eHHhlX nHo-
HOB no KBaApaTy HX 11i ' 
OTHOCHTenbHOH CKOpoc-
TH b1k a "-c -esaHMo- ~ ~~..;10./"·. 
AeHCTBHRX npH HMnynb- · ~ 
ce 40 fsB/c. .-.lz 

-· 10 

-· 10 

·. ·. · .. .. 
······ .. ······. ........... .... 

~ 

10u_ ____ WL---~~~--~l00~--~~L---~500----_j800 

ui' 

l ..>j 

?; :§~01c"4.,•.,.... • 
I •· t _,,z • • •t • I • I • ! ! 

• t 
10 

t 1 
~u_----~--~-----L----J_--~ 

50 100 l50 200 "" 
bil< 

bik 

PHc.2. PacnpeAeneHHe nap 
sapR~eHHhlX nHOHOB C BenH
'llHHOH X~ 0,2 no KBMPaTy 
HX OTHOCHTenbHOH CKOpOCTH 
bik :(e)-a o6nacTH cllparMeH
TaQHH RAPa yrnepoAa, col -
B o6nacTH cllparMeHTa~HH 
HaneTaromero "- -MesoHa. 

n~eT HHTepec paccMoTpeTb pacnpeAeneHHe nap nHoHoe no ee
nH4HHe b1k OTAenbHO An~ o6nacTH ~parMeHTa~HH ~APa H o6-
nacTH ~parMeHTa~HH HaneTa~ero nHoHa. 

Ha pHc.2 noKasaH~ pacnpeAeneHH~ d~k An~ nap sap~meH-
• 1 

H~x nHOHOB c eenH4HHO~ x 1 ~0,2, o6pasy~HXC~ a 3THX ABYX 
o6nacT~x. KaK BHAHO H3 PHCYHKa, npeACTaeneHH~e Koppen~

~HOHH~e ~YHK~HH HMe~T 8 npeAenax OWH60K 3KCnepHMeHTa OAH
HaKOBy~ 3aBHCH~OCTb OT eenH4HH~ bik KaK An~ o6naCTH ~par
MeHTa~H H ~Apa, TaK H An~ o6naCTH $parMeHTa~HH HaneTa~~ero 
IT- -Me30Ha. 3TH pacnpeAeneHH~ MOmHO annpOKCHMHPOBaTb 
~YHK~He~ 

F(b ik ) • A 1 exp (-b ik I< b ik > 1 ) + A 2 exp (-b ik I< b ik > 2 ) • 1201 

CpeAHHe 3Ha4eHH~ napaMeTpoe <b 1k> paBH~: <bik > I -1 ,6,:t0,2, 
< buc >2 - 43±2 - An~ ~parMeHTa~HH "--Me3oHa H <b1k>l =0,64+ 

,:t0,04, <; b1k>2 ""46+1 - An~ ~parMeHTa~HH ~APa yrnepoAa. -
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PHc.3. 3aBHCHMOCTb HHBa-

pHaHTHOro ceqeHHH Ed
3
uoT 

dP3 

nepeMeHHOH bn 1 WIH sapn
JKeHHbiX nHOHOB B lT-C -
CTOnKHOBeHHHX npH p = 
=40 rsB/c. 

100 

·• 
'"~--~2~.--~4~.----7-so~--~,~.--~,oo 

bu 1 

PHc.4. 3aBHCHMOCTb HHBa

pHaHTHOPo ceqeHHH E d 
3
u OT n~

dP3 
+ 

peMeHHOH bii I p;nn IT -._Meso-

HOB C BenHqHHOII X ~ 0, 2, o6-

pa3YIDmHXCH B o6nacTH ~par
MeHTa~HH MHmeHH. Cn nomHan 
nHHHH - pesynbTaT a nnpoKcH
Ma~HH SKCnepHMeHTan bHbiX p;aH
Hb~ aHanHTHqeCKOll 3 aBHCH

MOCTbiD /20/, 

2. Ha p11c.3 noKaaaHa 3aBI1CI1MOCTb 11HBapl1aHTHOrO ce4eHI1fl 

d 3u E-
dP3 

/16/ 

Aa/ 

OT nepeMeHHOH bu 1 Ailfl ni10HOB, o6pa3YIOII\11XCfl B peaK'-11111 

/11HAeKC 1 
+ 

OTHOCI1TCfl K IT- -Me30HaM, II - K fiA PY yr11epo--

_...;;d;..:u __ d!l . 

dbll1 d!l /21 I 

3TO pacnpeAeJleHI1e TaK>Ke MOHOTOHHO y6biBaeT C pOCTOM 3Ha4e

H11H hxr I ... oo. CpeAHee 3Ha4eHHe hxr I Ail.R scero aHcaM6 Ilfl n11oHOB 
B peaK'-11111 /19/ paBHO <i>xri >= 8,76_:t0,03, 

Ha pl1c.4 11 5 npeACTaBJleH~ aHailori14H~e aas11CI1MOCTI1 Ailfl 
~ ± -Me30HOB ~ npOTOHOB, o6pa3y~~~XCR B o6naCT~ ¢ parMeHTa-
LI1111 MI1WeHI1 , C BeJ111411HOH X > 0, 2, B11AHO, 4 TO n 110Hbl 11MeiOT 
60JlbWI1e 3Ha4eHI1fl nepeMeHHOH- b II I » 5, T. e. PO>KAa iOTCfl B n po

l.leCcax, KOrAa fiAPO MO>KHO paccMaTpi1BaTb KaK CJla6o CBH3aH-
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PHc.5, 3aBHCHMOCTb HHBa

pHaHTHOro ce'l!eHHH Ed 
3~ ,OT 

dP 

nepeMeHHoit bn 1 WIH npoTo
HoB • 

Hy~ KBapKOBy~ CHCTeMy, 
CpeAHee 3Ha4eHHe bn 1 AI1R 
HHX COCTaBJlReT 4,32+0,01, 

Bemt4HHa b 111 AI1R-npoTo
Hoe npH HaWHX 3HeprHRX AOC
THraeT B OCHOBHOM npoMe*y
T04HOi1 o611aCTH 0,1 < by1 1 ~1 • 
CpeAHee 3Ha4eHHe b 111 AI1R 
HHX paBHO 0,0933+0,0003. 
HHeapHaHTHoe ce4eHHe /21/ 
AilR rr ± -Me30HOB, PO»<AeHHbiX 
e o611aCTH ~parMeHTa~HH RAPa, 
MO*HO annpOKCHMHPOBaTb 
~YHK~Hei1 

bn 1 byil ~11 
F(bn 1) = A1exp(- --) + A 2exp(---) + A 3exp(- --). /22/ 

< cl > < c2 > < c3 > 

3Ha4eHHR napaMeTpOB <c1>/i"' 1,2,3/ paBHbl <Cl>"" 0,94+0,05, 
<c2> .o.4 , 5+0,1, <cg > = 14+1 • .£l11R OTPH~aTeJlbHbiX nHOHOB-3TH 
BeJ1H4HHbl cocTaBJlR~T <c 1>-= 1,55+0,08, <c2> .. 4,8+0,3, 
<c 3 > = 20.:!,4. - -

3. Mbl nonbiTaJlHCb TaK*e npoaHaJ1H3HpoeaTb ceoi1cTea nHoH
HbiX CTpy i1, o6pa3YIOUIHXCR B ,-c -eaaHMOAei1CTBHRX /l4/, B npo
CTpaHCTBe OTHOCHTeJlbHbiX CKOpOCTei1. 

6b1J1H BbiAeJleHbl CTpyH, o6pa3YIOUIHeCR KaK B 06JlaCTH ~par
MeHTa~HH RApa, TaK H B OOJlaCTH ~parMeHTa~HH HaJleTa~~ero 
,- -Me30 Ha: K CTpye OTHOCHJlHCb nHOHbl C BeJ1H4HHOi:1 X ~ 0, 2. 
AHaJ1H3HPOBaJ1HCb CTPYH C MHO*eCTBeHHOCTb~ 3apR*eHHbiX 4ac
TH~ n+ ~ 2, 

Ha-pHc .6 npHBOAHTCR pacnpeAeJleHHe OTPH~aTeJlbHbiX nHoHoe 
B o6eHX CTPYRX no BeJ1H4HHe ~/12/. KaK BHAHO H3 PHCYHKa, 
3TH pacn p eAeJleHHR coenaAa~T e npeAeJlax 3KcnepHMeHTaJ1bHbiX 
owH6oK. CpeAHHe 3Ha4eHHR nepeMeHHoi1 bk AI1R ecero aHcaM6J1R 
OTpH~aTeJl bHbiX nHOHOB COCTaBnR~T 5,32+0,09 B. <;TpyRX, o6pa-
3YIOUIHXCR B 06JlaCTH ~parMeHTa~~H MHWeHH,H 5,05.:!,0,10-
B CTPYRX , JleTR~HX no HanpaBJleHH~ ABH*eHHR HaJleTa~~ero 
nHOHa. B o611acTH 3Ha4eHHi1 ~ ~ 4 pacnpeAeJleHHR ,- -Meao- · 
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10 • 

PHc.6. PacnpeAeneHHe " -
MeSOHOB no BenHqHHe b k: 
(e) - B CTPYHX, o6pa
syro~CH B o6nacTH ~par
MeHTa~HH MHIOeHH; ( 0 ) -

-· 10 

B cTpyxx, neTx~x no Ha
npaeneHHJO ABIDKeHHH nepeHq
Horo "- -Meso.Ha. llpxMaH 
nHHHH - pesynbTaT annpoKcH
Ma~H AaHHb~ 3KCnOHeH~anb

HOA saBHCHMOCTbiD. 

0 10 20 
c. 

HOB ~B o6e~X 
d~ 

<I>YHKI.I~e~ 

cTpy~x on~c~ea~Tc~ 3KCAOHeHLI~a bHO~ 

/23/ 

CO cpeAH~M 3Ha4eH~eM <b~t>, paBH~M '"4, 
TaK~M o6pa3oM, ceo~cTea o6e~x n~oHH~x cTpyH, e~pameH

H~e C nOMOIIIb~ pen~T~B~CTCK~X ~HBap~aHTH~X nepeMeHHbiX, OKa-
3an~Cb noAo6H~M~. 3ToT pe3ynbTaT cornacyeTc~ c AaHH~M~, 
nony4eHH~M~ paHee /IS/ . 

B 3aKn~4eH~e aeTop~ 6naroAaP~T CoTPYAH~4eCTBO no o6pa-
6oTKe CH~MKOB C nponaHOBO~ KaMep~ 3a npeAOCTaeneH~e 3KC
nep~MeHTanbHOrO MaTep~ana. 
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Kpam~ue coo6~eHUR OHRH N3-84 

Y.IU< 530.145 

QUARK-MASS EFFECTS IN SCHEME-INVARIANT 
PERTURBATION THEORY 

D.I.Kazakov, D.V.Shirkov 
We report the results of massive generalizat i on 

of the scheme-invariant perturbation theory that 
represents physical observables in terms of re
normalization-scheme invariant quantities. For 
the functions depending on one invariant argu
ment expressions which explicitly incorporate 
threshold effects are given. Analogous general i 
zations of equations relating scale parameters 
for different processes are obtained. 

The investigation has been performed at the 
Laboratory of Theoretical Physics, JINR. 

MaccoBbie 3cix!JeKTbi B cxeMHO-HHBapHaHTHOH 
TeOpHH B03M~eHHH 
~.H.Ka3aKOB, ~.B.lliHpKOB 

Ilpep;CTaBJieHbi pe3yJibTaTbl MaCCHBHOI'O o6o6m;eHHJI 
CXeMHO-HHBapHaHTHOH TeOpHH B03M~eHHH, KOTOpaH 
BblpaJKaeT <l>H3H'l:eCKHe Ha6mop;aeMbie B TepMHHaX HH
BapHaHTOB cxeMbl nepeHOpMHpOBKH. ~.II <l>YHKQHH, 
3aBHC.IIm;HX OT O,D;HOI'O HHBapHaHTHOI'O aprYMeHTa, 
nOJIY'l:eHbi Bb~aJKeHHR,HBHbM o6pa30M BKJDO'l:aiDm;He nopo
I'OBble 3<l><l>eKTbl. IlpHBep;eHbi aHaJIOI'H'l:Hbie 06o6m;eHHJI 
ypaBHeHHH, CB.II3biBaiDIIl;HX mKaJlbi pa3JIH'l:Hb!X npoQeCCOB. 

Pa6oTa BbinOJIHeHa B Jla6opaTopHH TeopeTHt~ecKo:H: 

<l>H3HKH OlUJH. 

I. Introduction 

The results of renormalized perturbation theory as they 
are as well as improved by the renormalization group method 
(RGM) 11 •2/ contain explicit dependence on the renormali
zation scheme employed. The problem of scheme dependence 
(SD) becomes important in QCD due to a rather large value 
of the effective coupling constant in the physical region 
of interest. 

Recently this SD problem was attacked from a new stand
point/3•4/ which is equivalent to the introduction of 
a numbar of coupling constants each of which is a t tached 
to a single physical process (or situation). Each quantum-
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field function or matrix element can then be expressed 
in a scheme-independent (SI) way in terms of its "own" 
coupl i ng constant or scale parameter. The unity of the 
theory is provided by the set of SI relation between scale 
parameters of different processes. 

All this formalism was develop~d 1 4•51 in the massless 
case for single-argument objects within the RG technique. 
We shall call it the scheme-invariant perturbation theory 
(SIPT). The present paper contains the results of massive 
generalization of this SIPT. 

The account of mass dependences can be made on the ba
sis of RGM technique in the massive case developed by one 
of the authors several years ago/61. The foundations of 
such massive RGM were formulated in 50-ies / 1•21. For 
example , the one-loop mass-dependent contributions to the 
invariant (effective) coupling constant, in a full analo
gy with massless case, are summed into a geometric prog
ression . Technically this is achieved by solving the dif
ferent i al RG equations (first obtained in/11) containing 
a fixed renormalized pole mass. The above-mentioned geo
metric progression is an exact solution/7/ of this diffe
rential equation. 

A t uo-loop solution of the mas,;,?ependent equation for 
the coupling has been obtained in 6 and has the form 

_(2) a 
a 

RG A 
1- aA1 +a/ ln(1-aA1) 

1 

(I) 

h . A (Q'2 2 2) • • I 1 . b . w ere f = Af , m , /L 1.s a genu1.ne - oo~ contr1. ut1.fn 
to the PT expression: aPT= a + a 2A1 + a3(A 1 + Aoi + O(a ) . 

Note that this result, on the one hand, contains only 
(mass-dependent) coefficients Af of perturbation series 
and at the

2
same time in the pure logarithmic regions(when 

Af;; f3e lnQ !/') coincides with the well-known ultravio
let 2-loop expression for a (see, e.g., Eq.(34) in/2/ or 
Eq. (43.12) in78/). 

Analogous expressions were obtained/6/ for other single
argument functions possessing anomalous dimensions, e.g., 
for the moments of structure functions, of effective mas
ses. In the one-loop approximation ( f'PT = 1 + aS 1(Q ~ m 2, /!2) + 
+ O(a2 ) ) 

f' -( a RG S1/A 1 
RG- ----a-) 

2 

= [1- aA
1
(Q2 2 2)]-n(Q) 

• m • /L 

2 s (Q 2 2 2 
n(Q ) = 1 • m , /L ) 

A1(Q2, m2, /!2) 

(2) 
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Eqs.(I) and (2) are a generalization of the 2 co~responding 
massless eqs. Only for m ... O.when S -+YilnQ /p.. the ex
ponent n becomes Q2-independent. 

Eqs. (I) and (2) were obtained in the MOH-scheme. They 
can be reformulated in any other scheme, but will st i ll 
be SD. Our aim is to avo}d this SD. With this purpose we 
use the approach of ref. 3• 4• 5(Below we give a short r e
view of this approach. 

2. Scheme-Invariant Perturbation Theory 

Consider a single··argument function R possessing zero 
anomalous dimension with the perturbative expansion 

2 i 2 2 i 2 
Rp,fQ , ... , a) = a1 11 + a

1 
r

1 
(Q , ... ) + a

1 
r

2
(Q , ••• ) .•• }, (3) 

where the expansion parameter a. = a. 1 rr as well as coeffi·
cients rJ are SD, i being the iAdex 'of the scheme. Diffe
rentiating eq.(3) with respect to lnQ 2 and on the other 
hand, so 1 ving eq. (3) for a1 , i.e. , expressing a1 in terms 
of a series over R, we come to the differential equat~on 
for R: 

fmax 
~ Rf+ 1 f (R, = 0 2 dR ) 

e;:: 1 e • dQ 2 
R' = F(R) = (4) 

which is explicitly SI. That means that all fe = SI . Note 
that in the massless case all fe are constant. 

Solution of eq.(4) can be given in the form 

1 {32 {31 
R- ~ln(1 + {3

2
R) + I(R), (5) 

11- }r 102-38r 
where {3 1 = 

4 
and f3 2 = 

16 
3 are one- and two- loop 

{3-function coefficients respectively, and I(R) = 0 i n the 
two-loop approximation. Here A R is an integration cons
tant which is directly connected with a given quant i ty 
i.e., with a given physical process. The relation between 
Asc of any renormalization scheme and AR is: 

AR 2 SC 
{3ln(--) =r

1
• (6) 

I Asc 

At the same time the scales of different processes , say A 
and B are connected by the SI relation 
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AA 2 
f3 ln(--) =riA -rIB I A

8 

valid i n any order of PT. 
To i llustrate the application of ,SIPT, consider two 

exampl es of a perturbative calculation in QCD: 

(7) 

I) Y-~~fay. The physical observable here is the ratio 
of wid t hs : 

R = ~ .!J.Y ... ggE = a(My) [1 + (7.85- 0.61f)a(My)], 
Y 5 77 r(Y ... ygg) 

. 1' . /9/ 2) Jl ljl hyperfme sp Ht~ng 

2 
R = ~ ~E(I/J) = a(m )[1 + (6.66 ' - 0.18f)a(m) l. 

"' 2 17 n.p ... p.+l-n c c 

where f is the flavour number. Experimental values are 
equal /IO/ to (4a / 57T) x 38.7 and 0.21, respectively, with 
uncerta inties which we put equal to +10% on methodical 
grounds. 

We use the following theoretical approaches: 
(a) The second (next~to-leading) order RG perturbati

n theory RRc=a(1+ar 1 ), where a is defined as 
a solution of the Eq. 

M 
2 

1 1 {32 
{3 1 ln -:2 =-- pln(1 + -) ; p =-. 

/\ a . ap {3 1 

(8) 

(b) The scheme-invariant perturbation theory in 2-
l oop order combining Eqs.(S) and (6) yields R as 
a solution of 

2 
M 1 1 f3 ln - - r = - - p ln (1 + - ) . 

I A 2 I R pR 
(9) 

With the help of Eqs.(8) and (9) we obtain numerical 
values of AMs presented in Fig.!, where error bars cor
respond to 10% data uncertainties. 

We have also used for these two examples: 
(c) The Stevenson optimization procedure l ll/.To a given 

order of PT it corresponds to the introduction 
of one additional parameter ( in the RG solution 

Q2 Q2 
RR0::2• a )= R{(, a (7.:2, a)) 

p. c,p. 

in such a manner that r1 (() = r1(1) + {3 1ln (. 
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The Stevenson"Procedure of Minimal Sensitivity" (PHS) 
determines the ~ = ~0 values from the condition /\' (~0) = 0. 
The "physical" value is then equal to A ( ~0 ) . 

In Fig.2 the combination of results obtained by (a), 
(b) and {c) procedures are given (for f = 4). Curves re
present A(/;) dependences. Marks "2nd PT" correspond to 
(a) procedure, "SI" - to (b) and "PMS" to (c). 

It follows from this picture that SIPT gives r esults 
very close to the Stevenson PMS recipe but in contrast 
to it provides a simple analytical algorithm. 
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Note also that according to Fig.1 final results depend 

~
he flavour number r. So, e.g. , the mean values of 

8 = 230 MeV and 200 MeV for r • 3 and r = 4 respecti
ve y. Thus, it is evident that at the moment the theore
tical "flavour number uncertainty" is of the same order 
as the experimental one. 

Our next step is to consider this problem in the frame
work of SIPT. 

3. The Account of Hass Dependence 

Firs t of all we have to fix the way of mass renormali
zation. We choose the pole mass most suitable for our prog
ramme. In other words we fix the subtraction procedure so 
that t he fermion self-energy operator is subject to the 
condit i on I (p = m) = 0. It turns out that this is the only 
subtrac tion we really need in the course of calcul<,ltions. 

The result of the usual quantum field perturbation 
theory for the R-function now has the structure 

2 2 l 2 2 R P -r<Q , ••• ) = a 1 - a 1 U 1 (Q , m ) + 

3 12 l 2 2 4 
+ a

1 
[( U

1
) - U

2
(Q , m )] + O(a

1
). 

Note t hat out notation (according to 1121
) includes the 

case of "no-charge renormalization", where a = aBA{tE and 
ufA~E contain~ the singular dependence of regularLzation 
paramet er. 2 

Diff erentiating with respect to mQ and reexpressing 
a1 as a function of R and U~ we obtain quite similarly 
to the massless case eq. (4) with SI coefficients re de
pending on Q2 /m2 • After integrating this Eq. in 1-loop 
approxi l1l&tion (fmax = 1) we obtain 

1 • R(l) (Q2 • .•• ) = u1(Q2, ... ) (10) 

i i i 
where u 1 differs from any of U1 by a constant u1 = U1 + C1 
so that u 1 is an SI quantity depending on one free para
meter, which can be chosen as a scale A R or "R-process 
coupling constant". In the typical case 

i 2 Q2 Q2 i 
Ue(Q • ... ) = t3e<a>m2- IIe<2> + ve. (11) 

where 
If (0) 
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Ie (x) 
= o, 

p. h m 
n 

are heavy-quark contributions with properties 
Ie(x) -+ celnx +de. as X -+ oo, and vJ is a con-



stant (possibly singular) depending on the renormali
zation scheme. 

At the same time u1 instead of SD constant v; contains 
SI constant and can be represented in the form 

2 2 Q2 Q2 
u1(Q, m) = ~1 (3)ln-2-. -I. 11(2 ). 

AR3 h mh 

(I 2) 

Here A Ra plays the role of "a scale parameter of R- pro
cess in the 3-flavour region". It is suitable for t he dis
cussion of confinement physics. On the other hand, one 
can choose as well · 

2 2 Q2 - Q 2 
u 1(Q, m) = ~ 1 (6}ln-2 - .I. 11(2 ). 

AR6 b mh 

2 where I1(x) = Il(x)- 3 1nx- d1-+ 0 as x-+ oo.The latter 
choice is more convenient for extrapolation of it i to 
a very high energy region, say, into the domain of UT. 
The simple and convenient choice of integration cons tant 
is provided by the relation u1 (Q

2, m2) = 0 f~r Q 2 = A2: 

2 2 Q2 Q2 A2 
u1(Q, m) = ~ 1 (3)ln-- I-111(-)- !1(-)1. (13) 

A2 h m2 m2 
b h 

The mass-dependent result (10) is a generalization 
of the massless one-loop formula. In the 2-loop case the 
corresponding expression can also be obtained. We get 161 

instead of (10): 

(2) 2 2 2 2 u (Q 2' m1 2 2 -1 
R (Q ·, m ) = [ u1 ( Q , m ) + 2 

2 
ln u 1 (Q m ) ] (14) 

ul (Q • m2) 

where u2 corresponds to a pure 2-loop contribution U~ 
in the same way as u 1 to U1. The relation between parame
ters for different processes has the form analogous to 
the massless case: 

(IS) 

while the corresponding relation between SI paramet er AR 
and SD parameter A1 for a given process R looks l ike: 

I 2 A2 
~1 (3)ln(AA ) =-I. ! 1 (~) + v:. 

R h ~ 
(16) 
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Eqs. (15), (16) correspond to the choice of u 1 
eq. (13). 

For the functions with anomalous dimensions 
2 2 2 2 212 2 

rPT(Q , m, ... )=1+a
1
S

1
(Q ,m )+a

1
S

2
(Q, m )+ ... 

as in 

in the 1-loop case we obtain the resulting expression 

r<l) (Q2 2.. = r [ r(Q2 2 A!)]n(Q 1 _ si ,mJ 0 ui ,m, 1v ,n--r, 
u I 

(17) 

where si is the SI function corresponding to the 1-loop 
contri bution S\ and 

r -I R 
(ul) =· r "' a, 

2 (S~ )' 
+& 1--

1 (S' ) , 
I 

_ s~ l 

is the dimensionless amplitude of R-type (an analog of 
the ef fective coupling) specific to the considered r
ampli t ude. (All this construction is analogous to the 
massl ess case described in detail in paper /12/). 

Her e the only SD quantity is the constant factor r 0 
It is possible to write down the corresponding 2-loop ex
press i on parallel to the 2-loop generalization of Eq.(l). 
(See, e.g., Eq.(20) inref./61). 

4. Conclusion 

Our results consist of the set of Eqs. (14)- (17). They 
represent a massive generalization of the SIPT-formalism 
and contain threshold dependence via explicit functions 
If. Sf which can be calculated in perturbation theory. 
These final expressions,quite analogous to massive SD re
sults of paperi'61,do not contain famous renormgroup f3 andy 
functions, but just perturbative coefficients Uf and Sf. 

The equations obt~ined can be used in QCD for the SI 
description of the Q behaviour in the regions close to 
heavy quark creation threshold. They provide a conti
nuous analytic interpolation between massless (logarith
mic) expressions with different values of the flavour 
number. 

It is interesting to note that the attractive idea of 
getting rid of SD from the renormalized quantum field 
theory can be considered without appeal to the renorm
group. This idea applied to usual perturbation expansions 
can be realized for elements of S -matrix and higher 
vertices which do not allow the renormgroup treatment. 
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It is rather evident that every such function r can be 
expressed in the SI way in terms of its own value r 0 · ta
ken at some fixed values of kinematical arguments. This 
can be done even out of the perturbation framework . How
ever, the equation relating "coupling constants of diffe
rent processes" seems to be simple only in perturbation 
theory. 
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HpamKU B coo6~BHU~ OHRH NJ-84 
YAK 530. 1+535.371 

fEHEPAU~R CBEPX~3nY4EH~R 

B C~CTEME C TPEMR PA3PEWEHH~M~ nEPEXO~M~ 

* * H.H.6orono6oe /Mn./, E.K.6aWKHPOB, ~aM ne KHeH, 
A.C.WyMOBCKHH 

HccneAOBaH npoqecc cBepXHsnyqeHHH B TpexypoB
HeBoA CHCTeMe. 0nHCaHO HBneHHe KOHKypeHqHH HMnynh
COB B CHCTeMe C 06~ BepXHHM ypOBHeM, a Tax•e 
HBneHHe SaMeAneHHH CBepXHsnyqeHHH B CHCTeMe C o6-
~ H~HM ypoBHeM. B o6~eM cnyqae HaAAeHo BpeMeH
Hoe noBe~eHHe HHTeHCHBHOCTH. 

PaooTa B~OnHeHa B ilaoopaTOPHH TeopeTHQeCKOA 
~HSHKH OKHH. 

Generation of Superradiance 
in t he System with Three Allowed Transitions 
N.N .Bogolubov, jr. et al. 

The superradiation process in a thr~e-level 
syst em is examined. The competition of pulses in 
the system with a common upper level and the limi
ted superradiance in the case of the common lower 
level are described. The temporal behaviour of 
the intensity is obtained in the general case. 

The investigation has been performed at the 
Laboratory of Theoretical Physics, JINR. 

B PRAe HeAaBHHX 3KcnepHMeHTOB YAanocb Ha6noAaTb RBne
HHe CBepXH3ny4eHHR B TpexypoeHeBOH CHCTeMe/l, 2/ /KpHCTann 
KCl c npHMeCbO o;/. KaK OKa3anocb, TaKOH npo~ecc HMeeT 
PRA npHH~HnHanbH~x oTnH4HH oT cny4aR ceepxHany4eHHR e AByx
ypoeHeeoH CHCTeMe. npe*Ae BCero CneAyeT OTMeTHTb HanH4He 
KOHKypeH~HH HMnynbCOB pa3nH4HOH 4aCTOT~ H 3Ha4HTenbH~e 
KOne6aHHR BpeMeHH 3aAeP*KH HMnynbCOB. non~TKH TeopeTH4e
CKOrO o6DRCHeHHR 3TOro RBneHHR CBR3aH~ C HCnOnb30BaHHeM 
nony~eHOMeHonorH4eCKOrO nOAXOAa, OCHOBaHHOrO Ha ~3r4eHHH 
npH6nH*eHH~x peweHHH MapKoecKoro Master Equation 3 . 

* MocxoBCKHA rocy~apcTBeHHhli% YHHBepcHTeT 
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8MeCTe C TeM MeTOA HCKn~4eHHR 6o30HHWX nepeMeHHWX/~ o6o6-
~eHHWH Ha cny4aH C8epXH3ny4aTenbHWX CHCTeM 8 pa6oTe/5/, 
n0380nReT OnHCW8aTb AHHaMHKY CHCTeM C npOH380nbHWM 4 HCnOM 
YP08HeH Ha OCH08e T04HOH HepapXHH KHHeTH4eCKHX ypa8He HHH/6/. 
8 HaCTOR~eH pa6oTe MW 80CnOnb3YeMCR YKa3aHHYM nOAXOAOM AnR 
HCCneA08aHHR TpexypOBHe80H CHCTeMW C TpeMR pa3peweHHWMH 
nepeXOAaMH /CM. PHC.l/. TaK~ CHCTeMy MO*HO xapaKTepH30-
8aTb raMHnbTOHHaHOM 

/1/ 
-1/2 k .... .... {f) 

HM F = nN l: l: . ga~ I exp(ikxf )R/3a ak + 
- f,k l~<B~ 

.... .... {f) + 
+ exp(-ikxf) Ra~ ak I. 

+ 
rAe ak~k) - onepaTop PO*AeHHR /yHH4TO*eHHR/ ~OTOH08 MOAW 
(it, p) c 4aCTOTOH "\ H nonRPH3a~HeH e ; R~ - onepa TOP 
HaceneHHOCTH ypo8HR c 3HeprHeH (a 8 f-aToMe; R~~ - one
paTop nepexoAa AnR f-ro aToMa c ypo8HR ~ Ha ypo8eH b a, 
YA08neT80PR~HH KOMMyTa~HOHHWM CQOTHOWeHHRM 

/2/ 

.... 
Xf - paAHYC-8eKTOP r -ro aTOMa. napaMeTp A1-1nOnb-~OTO HOH 
C8R3H 

rAe P - nnoTHOCTb l-13ny4aTeneH, ia~ - onepaTop nnoTHOCTI-1 
ToKa nepexoAa a - ~. 

OrpaHI-141-1MCR l-1ccneAo8aHHeM A HaMI-1-
Kl-1 cnoHTaHHoro KonneKTH8Horo l-1 3ny4e
HI-1R, T.e. 6yAeM C4HTaTb, 4TO 8 Ha-
4anbHWH MOMeHT 8peMeHio1 l-13ny4eH e 
OTCYTCT8yeT. TorAa 8 COOT8eTCT8 1-11-1 

PHc.l. CxeMa 3HepreTH~ecKHX ypoBHeH. 
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C MeTOAOM HCKn~4eHH~ 6030HH~X nepeMeHH~X/~/ An~ npOH3-
BOnb HOrO onepaTopa 0 M -nOACHCTeM~ HMeeM T04HY~ Hepap
XH~ KHHeTH4eCKHX ypaeHeHH.i1 BHAa 

d -1 . t -iwk(t-r) 
- < 0 > + ( i h) < [ HM , 01 ]> = :£ f d r e 
d t 

1 
• t k,v,v' -oo 

{Fk (v, v') x 

x :£ :£ kk [ a<f3 a'<f3'gaf3ga'f3' < R{3a(v)t • 0t] Ra'f3'(v')r> + 

t iW (t-r} 
+ :£ f d re k I F k ( v , v ') x 

k,v,v' -oo 

x:£ :£k k a<f3 a '<f3'gaf3ga'f3' <R{3a(v)r[0t; Ra'{3'(v'\l > . 

3AeCb Raf3(v) - KonneKTHBH~e onepaTop~/ S/ 

(f') I;; ;f 
Raf3(v) = :£ Raf3 e (a ~ {3), 

f 

R ( 11 ) = :£ R(f) e -i ~ ;t 
af3 f a{3 

(a < {3), 

/3/ 

/4/ 

H BeKTOp J COOTBeTCTByeT N MOAaM B 06"beM·e V pe30HaTopa; 
c 

11. = 27Tn./L. , i = x, y, z; n. = 1, 2, ••• ; V = TIL .• CilyHK-
' "' 1 1 I -+ .... 9:+ . .... I 

LIH~ Fk (.) HMeeT BHA Fk (v, v') = rr cf>(k- 11) cf>*tk - 1 11}, rAe 
cf>('K) = ~It eiit;t. 

~3 /2/ H /4/ KOMMyTaL.IHOHH~e COOTHOWeHH~ An~ KOnneKTHB
H~X onepaTOPOB HMe~T BHA 

[ Ra{3 ( v ) , Ra' {3' ( 11 ')] = R a{3'( AS (a, {3')) 8 a, {3 -

- Ra'f3 (AS(a', {3)) 8af3' , 

rAe S ( p, q) = { 
1 

-1 

p 2: q 

p < q 
H A = 11S(a, {3) + 11'S(a', {3'). 

/51 

Hcf
5
neAyeM peweHH~ ypaeHeHH~ /3/ e 11HyneeoM nplo16nHlKe

Hio11o1'' i/ : 

Raf3(v) r .. Ra{f-v)t elwa{3(t-r) e-{t-r)/ 2 T (a < {3), 

Raf3(v) = R {3(11) e-iwaf3(t-r) -(t-r)/2T 
r a t e (a > {3). 

rAe w 8 - 4aCTOTa nepexoAa a- {3,a T - napaMeTp nopeHL.IeB
CKoroaHeOAHOPOAHoro yw1o1peH1o1~. Tenepb ypaBHeHio1e /3/ npe-
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o6pasyeTcR K BHAY 

d ,(\ -1 - < v > = (i h) < [(9 ; HM ] > + 
d t t t t 

!6! 
+ .l .l r {3( II)<[ Rf3a( II); (9] R {3( II)>+ .l .l ra ,.,(II)<[RQ_(II), ()]R ,.,(11)>. 

11 a<f3 a a 11 a<f3 P' tJU ap' 

3Aecb 

npH BbiBOAe /6/ Mbl npeHe6per11H 411eHaMH c II , I II, a , I a , 
{3'1 {3 B CHilY HX MallOCTH. 6yAeM paCCMaTp~BaTb TpeXMOAOBOe 
npH611H*eHHe. B 3TOM c11y4ae ypaeHeHHe /3/ npHHHMae T BHA 

~ <t9 > = (i'b)-1 <W ; HM ]> + 
dt t t . t 

raf3 raf3 171 
+ .l -- < [ Rf3a ; (9 ] R af3"' + .l -

2
- < Rf3a{ (.9, R a rJ > • 

a <f3 2 a <f3 F1 

,(\ (f) 
nonaraR 3AeCb v = Raa<Raa = .l Raa> Ia = 1 ,2,3/, nony4aeM 
ypaeHeHHe AllR cpeAHHX HacenJHHOCTeH aTOMHbiX ypoe eH 

.l Yaf3 <Raf3R {3 cf • /8/ 
{3<{3 <a) 

AnR KoppellRTopoe <Rf3aRaf3> HaXOAHM c noMO~b~ 

d dt < Rf3aRa~ = yaf3<Rf3a ( Rf3{3- R aa)R af3 > • 

171 

Hcnollb3YR A11R TPOHHbiX KoppellRTopoe e /9a/ pac~enneHHe 

<Rf3a (Rf3{3- Raa) Raf3 > = <Rf3aRaf3(Rf3{3- Raa - 2) > ::: 

::: <Rf3aRaf3" < (Rf3{3- Raa - 2)>, 

/9a/ 

noJlY4aeM 
d 
dt <R f3a Raf3 > = yaf3 < R f3a Raf3 > <(R {3{3 - R aa - 2) > . /96/ 
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Beo,q.R o6osHa4eHH.R Xa = <Raa > w. Y a(3 . "' .< Rf3a Ra{3 >(a <{3), ne
penHweM CHCTeMy ypaeHeHHM /8/, /96/ B BH,qe 

X I = y I 3 YI3 + YI2 YI2 • 

x2 = Y23 Y23 - YI2 YI2' 

x3 =-rl3 YI3 - Y23 y 23' 

YI3 = Y13 (X3- XI - 2 )Yl3 • /10/ 

y 23 = Y23 ( X3 - X 2 - 2 ) y 23 • 

YI2 = Y12 (X 2 - X I - 2) y I2 · 

KpoMe Ta ro, HMeeT MecTo ecTeCTBeHHoe ,qononHHTenbHoe ycno
BHe paee HCTBa CYMMapHOM HaceneHHOCTI-1 YPOBHeM nonHOMY 4Hcny 
Hsny4aTeneH: X I + X 2 + X 3 = N. IlerKo saMeTHTb, 4TO HHTeH
CHBHOCTH KOnileKTHBHOrO I-13Ily4eHH.R Ha nepexo,qaX 1-3, 1-2 
1-1 2-3 HMe iOT BHA 

d + 
II =bwl 3 - ~ <ak ak >=hwi3yl3YI3• 

dt ki3 13 I3 

d + 
12 = hwi 2 -- ~ <ak ak > = h wi2Yl2 YI2• 

dtkl2 12 I2 
/11/ 

. d . + 
13 =nw 23 dt k~ <ak23 ak23 > =nw23Y23Y23' ka{3=wa{31c. 

23 

AHanHTH4eCKOe peWeHHe CHCTeM~ /10/ HeH3BeCTHO. no3TOMY 
HHme M~ paCCMOTPHM pesynbTaT~ 41-lCileHHOrO peweHHR ypaeHe
HHM /10/ 1-1 HX no,qcTaHOBKI-1 B COOTHOWeHHR /11/ ,qnR CHCTeM~ 
C N = 200 npH pa3nH4H~X Ha4anbH~X COCTORHHRX aTOMHOM 
nO,CICHCTeM~. 

1 . B Ha4anbH~M MOMeHT epeMeHH BCe H3ny4aTeilH HaXO,CIRTC.R 
Ha eepxHeM ypoeHe 1-1 non.RpH3ai,4HR pasHa HYniO, T.e. XI(O) = 
= X 2(0) = 0, X3 (0) = N, Y13 (0) = YI 2 (0) = Y23 (0) = 0. 

B 3aBHCHMOCTH OT COOTHOWeHHR eepORTHOCTeM cnOHTaHHOrO 
pacna,qa B CHCTeMe B03MOmH~ O,CIHH, ,qea 1-1 TPI-1 KonneKTHBH~X 
HMnynbCa . B cny4ae yi 3 = 0 B CHCTeMe npoHCXO,C\HT KaCKa,qHoe 
Hsny4eHHe /3-2-1/. ~aHH~M npo1,4ecc 6~n Hccne,qoeaH Ha ocHo
ee o6o6111e HHoro ypaeHeHH.R ,qn.R cHcTeM~ 11aToM+none'' e pa6o
Te /S/. ~R yi = 0 TpexypOBHeBa.R CHCTeMa HMeeT 001111-lH eepx
HHH ypoee Hb ~- Ha p1-1c.2 noKasaH~ saeHCHMOCTb II(0/hwi3 
1-1 I2 (t)/n w 23 ,qnR CHCTeM~ C yi:l/y

23 
=1,1. npl-1 yeenH4eHHH 

oTHoweHHR y 13 I y23 KonneKTHBH~H I-1Mnynbc Ha nepexo,qe 1-3 
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'J 

PHc.2. 3aBHCHMOCTH 6e3-
pa3Mep~ HHT8HCHBHOCT8H 
J 1 = 11 l'tuu 13 /I<pHBaH 1 I, 
J 2 = I 3 1bcu 23 IKPHBax 21 
OT 6e3pasMepHoro apeMeHH 

T = t y2a WDl CHCT8Mhl 
c N = 200, y 13 /y 23 = 1,1 
H yl2= 0. 

t 
PHc.3.3aBHCHMOCTH 6 espas
Mep~ HHT8HCHBHOCT8H 
J .1 = 11 lbcu 13 IKpHBax 1 I, 
J 2 = I2 1bcu 12 IKpHBaJI 31 
H J 3 = I3 1bcu 23 IKPHBax 21 
oT 6espasMepHoro a p eMeHH 

T = t y 13 A-!IJI CHC T8Mhl . 
c N = 200 H y 23 : y 13 : y 12= 

= 1:1,1:1,2. 

nOAaBnReT KOnneKTH8HOe H3ny4eHHe Ha nepeXOAe 2-3, HMe~

~eM MeHbWY~ 8epoRTHOCTb cnoHTaHHoro pacnaAa. Ha pHc .3 
npeAcTa8neHbl HHTeHCH8HOCTH I 1(t)11icu 13 , I2 (t)l1icu 12 
H 13 (t)11icu23 8 aa8HCHMOCTH oT 8peMeHH; KPH8ble nony4eHbl 
npH y13 : y23 : y12 = 1 , 1 :1: 1 , 2. CooTHoweHHe aMnnHTYA Tpex 
KonneKTH8HbiX HMnynbC08 onpeAenReTCR COOTHOWeHHeM 8e pORT
HOCTeH CnOHTaHHOrO pacnaAa AnR COOT8eTCT8Y~~HX nepeXOA08. 

2. B Ha4anbHbiH MOMeHT 8peMeHH HaceneHHOCTH 8epxHHX 
ypo8HeH OAHHaK08bl H pa8Hbl N I 2 : X ~0) = x3 (0) = N I 2 . 
X1 (0) = 0, Y13 (0) = Y12 (0) = Y 23 (0) = 0. ,l\nR npocTOTbl npeA
nonOlK11M, 4TO r23 = 0. Ha pHc.4 11 5 npeAcTa8J18Hbl aa8HCI1Mo
CTH HHTeHCH8HOCTeH 11 (t)lb cu 13 , 12(t)lbcu 12 H Hacene HHO
CTeH 8epxHI1X ypo8HeH X3 (t) , X2 (t) AnR cHcTeMbl c r 23 / y13= 
= 0,8. KonneKTH8Hoe Hany4eHHe Ha nepexoAe 1-3, o6naAa~~eM 
6onbweH 8epoRTHOCTb~ cnoHTaHHoro pacnaAa, aaMeAnReT Kon
neKTH8Hoe 11any4eHHe Ha nepexoAe 1-2 /ocna6nReT ero/ .npH 
3TOM 8 peaynbTaTe KonneKTI18Horo pacnaAa cHcTeMa nepexoAHT 
8 CTa~HOHapHoe COCTORH11e, 8 KOTOPOM 4aCTb H3ny4aTeneH oc
TaeTCR Ha 2 YP08He. aaHHOe CTa~HOHapHoe COCTORHHe paapy
waeTCR, o4e811AHO, npo~eccaMH HeKonneKTH8Horo pacnaAa . 

TaKHM o6pa30M, HCCneA08aHI1e T04HOH HepapXHH KH HeTH4e
CKHX ypa8HeH11H /3/ n0380nReT Oni1CaTb Cl1nbHY~ KOHKypeH~H~ 
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r:JI "" 

PHc.4 . 3aBHCHMOCTb 6espas
MepHb~ HHTeHCHBHOCTeH J 1 
= I1/h13 H J 2 = !2/bw 12 
OT 6es pasMepHoro BpeMeHH 
T = t y 13 AJUI CHCTeMbl 
c N = 200, y13 /y 12 = 1,2 

"Y23=o. 

'><I ,---1 
I 

I 
0,5~ I 

I 
I 

2 

~ 

1: 
PHc.S. 3aBHCHMOCTb Hace
neHHOCTeH ypOBHeH OT 6es
pasMepHoro BpeMeHH r = t y13 
KPHBhle 1,2,3 COOTBeTCTBy
IOT X 1 , X 2, X 3 • 

ceepx~sny4aTenbH~x ~Mnynbcoe Ha pasH~x 4acToTax e cny4ae 
c~cTeMhl c o6~~M eepxH~M ypoeHeM, 4To xopowo cornacyeTc~ 
c 3Kcnep~MeHTanbH~M~ pesynbTaTaM~. C APYrOH cTopoH~,npo
BeAeHHoe paccMoTpeH~e noseon~eT cTporo o6ocHoBaTb npeA
nonomeH~e 0 3aMeAneH~~ ~3ny4eHH~ B CHCTeMe C 06~HM HHmHHM 
YPOBHeM, B~ABHraeweec~ Ha OCHOBe Ka4eCTBeHHoro aHanH3a 
CHMMeT pHHH~X CBOHCTB npoT~meHHOH C~CTeM~ H3ny4aTeneH/7/. 

nony4eHH~e B HaCTO~~eH pa6oTe pesynbTaT~ MOryT 6~Tb 
Hcnonb aoeaH~ H An~ Kon~4eCTBeHHoro aHanHsa npo~eccoe ceepx
H3ny4eHH~ B TpexypOBHeB~X C~CTeMaX. 
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Kpam~ue coo6~eHuR OHRH »3-84 
y~ 539.12.125.5 

HE~TPOHHO-OnTH4ECKAH YCTAHOBKA 
AnH OnPEAEnEHHH CTEnEHH 3nEKTPOHE~TPAnbHOCTH HE~TPOHA 
nPH nOMOmH YnbTPAXOnOAH~X HE~TPOHOB 

C.A.Kan4ee, H.T.KawyKeee, A.n.Cepe6poe! n.C.HHA~~e e 

OnHChlBaeTcR 3KcnepHMeHTanbHaR ycTaHOBKa AnR us
MepeHHR CTeneHH 3neKTpOHeHTpanbHOCTH HeHTPOHa. 
Qenb AaHHoro H3MepeHHR - noshlWeHHe ToqHoCTH npH 
nOMOJJUi HOBOH MeTOAHKH. Pa6oTa ycTaHOBKH OCHOBaHa 
Ha ~OKYCHPOBKe nyqKa ynbTpaxonOAHhlX HeHTpOHOB npH 
noMOJJUi sepTHKanbHoro ~nHHAPHqecKoro sepKana. 
ITpHH~HnoM H3MepeHHR RBnReTcR OTKnoHeHHe 3Toro 
nyqKa B 3neKTpHqecKOM none. llonyqeHO HeHTpOHHo
onTHqecKoe H306pa~eHHe BXOAHb~ ~eneH H H3MepeH 
cneKTp HeHTpOHOB, npOXOARJJUiX qepe3 YCTaHOBKy, 
CneKTP H3MepRncR no speMeHH nponeTa. PesynbTaTOM 
pa60T~ RBnReTCR O~eHKa qyBCTBHTenbHOCT~ ycTaHOBKH, 
KOTOpaR nonyqaeTCR Ha UOPRAOK Bb~e, qeM B npeAb~y

JJUiX H3MepeHHRX - 7, 2 ·I 0 - 21 qe, rAe q e- sapRA 
3neKTpOHa. 

Pa6oTa BbmonHeHa s ITa6opaTopHH HeHTPOHHOH ~H3HKH 
mum. 

Neutron-Optical Device for Determining 
Neutron Electrical Neutrality by Heans 
of Ultracold Neutrons 

Kalchev S.D. et al. 

An experimental device designed for measuring 
the degree of electrical neutrality of neutron is 
described. The purpose of this experiment is t o 
improve the accuracy using new techniques. The 
experimental device operates basing on the foe -
sing of the ultracold neutron beam by means of 
a vertical cylindrical mirror. The deflection of 
neutron beam in the electric field must be mea
sured. The image of entrance slits is obtained 
and velocity spectrum of neutrons passing thro gh 
the device is measured. The spectrum was measur ed 
by the time-of-flight method. As a result, the 
device sensitivity is measured which is by an rder 

*ITeHHHrpaACKHH HHCTHTYT RAepHOH ~H9HKH, raTqHHa 
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of magnitude higher than in previous measurements -
7. 2 ·J0-2lqe, where qe is the electron charge. 

The investigation has been performed at the La
bor atory of Neutron Physics, JINR. 

1 . Bee AeHHe 

no COBpeMeHHWM npeACTaeneHHRM He~TpOH 3neKTpOHe~Tpa
neH. B CHCTeMaTHKe 3neMeHTapHWX 4aCTH~ H B COBpeMeHHWX 
Teop~RX OH RBnReTCR 4aCTH~e~ C HyneBWM 3aPRAOM. 0AHaKO 
Hyneeoe 3Ha4eHHe 3aPRAa He~TpoHa He BWTeKaeT H3 TeopHH. 
no3TOMY BOnpoc 0 CTeneHH 3neKTpOHe~TpanbHOCTH He~TPOHa 
pewaeTCR 3KCnepHMeHTanbHWM nyTeM. 

6onbwaR 4aCTb 3KcnepHMeHTanbHWX AaHHwx o eepxHe~ rpa
HH~e 3a PRAa He~TPOHa nony4eHa B peaynbTaTe KOCBeHHWX H3-
MepeHH~ / l-4/ , B KOTOpbiX H3MepReTCR CTeneHb 3neKTPOHe~T
panbHOCTH aTOMOB, MOneKyn HnH MaKpOCKOnH4eCKHX Ten. B HTO
re 3THX H3MepeHH~ nony4eHO, 4TO 3aPRA He~TpOHa MeHbWe 
2·10-22 eenH4HHW 3aPRAa 3neKTpoHa lqe 1. B HeAaBHHX noHc
Kax AP06Horo 3aPRAa MaTepHH /S~ / 4YBCTBHTenbHOCTb H3Mepe
HH~ AnR CYMMW 3aPRAOB 3neKTPOHa, npoTOHa H He~TpOHa AOBe-

-23 
AeHa AO 10 qe• 0AHaKO AaHHwe, nony4eHHWe Ha OCHOBe 
KOCBeHHWX H3MepeHH~, OTHOCRTCR K CBR3aHHOMY He~TpoHy. 
B/ 9/ o6pa~aeTCR BHHMaHHe Ha TO, 4TO 3apRAW CBR3aHHWX 
H CB060AHWX He~TpOHOB MoryT OKa3aTbCR HeOAHHaKOBWMH. no3-
TOMY 6onbwo~ HHTepec npeACTaenR~T npRMwe cnoco6w H3Mepe~ 
HHR 3a PRAa He~TpOHa. K HHM OTHOCRTCR CaMwe nepewe 3KCnepH
MeHTW AHH / lO/ no onpeAeneHH~ aaPRAa He~TpoHa. Ha ocHoeaHHH 
HOHH3a~ HH pa3nH4HWX ra30B nOA Ae~CTBHeM He~TPOHOB OH npH
wen K BWBOAYo 4TO eenH4HHa 3aPRAa He~rpoHa MeHbWe 1/ 700 1'\+• 

n~a~e WanHpo"H 3cTynHH / ll / , H3MepRR OTKnoHeHHe Y3Koro 
ny4Ka Te nnOBWX He~TPOHOB nOA Ae~CTBHeM 3neKTpH4eCKOro no
nR, nony 4HnH, 4To aapRA He~TpoHa q

0
<8·10-121qel· 

B 1967 r. Wann H AP· 191 npoeenH npe~H3HOHHwe H3MepeHHR 
3aPRAa He~TPOHa npH noMO~H ABO~HOrO KPHCTannH4eCKOrO cneKT
poMeTpa H CHCTeMW 3neKTpOCTaTH4eCKOrO OTKnoHeHHR ny4Ka 
He~TPOHOB />.. =f 2,4 'AJ H nony4HnH 3Ha4eHHe Q 0 = 
= I -1 , 9+ 3, 7 I. 1 o -Ia I q e 1. 

B. 19B2 r. renep, Kanyc H MaMne 112/ ycTaHOBHnH HOBY~' 
6onee HH 3KY~ rpaHH~Y 3aPRAa He~TpOHa. Hx HCcneAOBaHHR 
npoBOAHn HCb Ha BWCOKOnOT04HOM peaKTOpe HHCTHTyTa nay3-
naHmeeeHa B fpeHo6ne /~paH~HR/. Hay4anocb OTKnoHeHHe ya
Koro ny4Ka xonoAHWX He~TPOHOB I >.. = 20 /1.; noA Ae~cTBHeM 
3neKTPOCTaTH4eCKOrO nonR Ha 6a3e 10 M. npH 3TOM HCnOnb-
30BanHC b MeTOAW He~TPOHHO~ onTHKH AnR MOHOXpOMaTH3a~HH 
H ~OKYC HPOBKH He~TpOHHOrO ny4Ka. AnR 3aPRAa He~TPOHa 6wna 
nony4eHa eenH4HHa Q0 = /-1,5~2,2/. 1o-20 lqel· 3To caMoe 
T04HOe 3 KCnepHMeHTanbHOe 3Ha4eHHe eepXHe~ rpaHH~W 3aPRAa 
ceo6oAHo ro He~TpoHa, nony4eHHoe AD cHx nap. 
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2. YcTpoHcTso ~ AeHCTB~e ycTaHOBK~ KM 
AnR onpeAeneH~R CTeneH~ 3neKTpOHeHTpanbHOCT~ 
HeHTPOHa np~ nOMO~~ ynbTpaxonOAH~X HeHTpOHOB 

OTKnoHeH~e aapR~eHHOH 4acT~~~ noA AeHCTB~eM 3neKTP~4e
cKoro nonR aas~c~T oT KBaApaTa speMeH~ ee nponeTa s 3neKT
P~4ecKoM none; 4eM MeHbWe CKOPOCTb 4aCT~~, TeM T04Hee on
peAenReTCR ~X 3aPRA· no3TOMY AnR onpeAeneH~R 3aPRAa HeHT
poHa 3T~M cnoco6oM s/ 1 3/npeAno~eHo ~cnonbaosaTb ynbTpa
xonoAH~e HeHTPOH~ /YXH/. AnR ysen~4eH~R speMeH~ ~X npo
neTa s 3neKTP~4eCKOM none Heo6xoA~Mo 113acTaB~Tb 11 ~x Ae
naTb MHOrOKpaTH~e np~~K~ B rpaB~Ta~~OHHOM none 3eMn~ , OT
pa~aRCb OT rnaAKOH rop~30HTanbHOH nosepXHOCT~. C ~enb~ 
noB~WeH~R 4YBCTB~TenbHOCT~ s/14/ npeAnO~eHo BMeCTO KOnn~
Ma~~~ ny4Ka np~MeH~Tb onT~4eCKY~ ~oKyc~posKy YXH/IS/ np~ 
noMo~~ sepT~KanbHoro ~~n~HAP~4ecKoro aepKana. AnR yMeHb
weH~R ra6ap~TOB ycTaHOBK~ BMeCTO OAHOrO rop~30HTanb HOrO 

aepKana ~cnonbaosaH~ ABa nnocKonapannenbH~x rop~aoHTanb
H~x aepKana. B peaynbTaTe 6~na coaAaHa KoMnaKTHaR ycTa
HOBKa KM AnR onpeAeneH~R CTeneH~ HeHTpanbHOCT~ HeHT POHa 
np~ noMa~~ YXH. 

Pnc.I. CxeMaT~ecKoe nso-

6pa~eHne HeHTPOHHo-onTn
qecKOH KaMepbJ yCTaHOBKH 

KM. I - BXOAHOH HeHTpo
HOBoA; 2 - ropH30HTarrb
HbJe nJiocKonaparrJie.rJbHbie 

sepKarra; 3 - ::meKTPOAbi 
BbiCOKOBOJibTHOrO KOHAeHca
TOpa; 4 - BepTHKaJibHOe 
~HJIHHAPHtiecKoe sepKarro; 
5 - BXOAHaH-Bb~OAHaH 

pemeTKaj 6,7- CBeTOBOAhl 
CHCTeMbJ OllTH'leCKOrO KOHT

pOJIH j 8 - BbiXOAHOH HeHT

pOHOBOA,9 - AeTeKTOP YXH. 

CaMOH cy~ecTseHHOH 4aCTb~ ycTaHOBK~ KM RBnReTCR ee 
HeHTPOHHo-onT~4eCKaR KaMepa, cxeMaT~4ecKoe ~ao6pa~eH~e 

KOTopoH noKaaaHo Ha p~c.1. KaMepa cocTo~T ~3 ABYX nnocKo
napannenbH~x aepKan /2/ An~HOH 1050 MM, w~p~HOH 100 MM; 
sepT~KanbHoro ~~n~HAP~4ecKoro aepKana /4/ c paA~yco Kp~
B~3H~ 1000 MM; B~COKOBOnbTHOrO nnOCKOrO KOHAeHCaTopa /3/; 
peweTK~ c sepT~KanbHhlM~ ~enRM~ /5/, pacnono~eHHOH ne peA 
BXOAHbiM /1 I ~ B~XOAHbiM /8/ HeHTPOHOBOAaM~, ~ onT~4eCKOH 
c~cTeM~ KOHTponR /6 ~ 7/. HcT04H~KOM YXH cny~~T KaHan 
YXH peaKTopa BBP-M nH~~ /raT4~Ha/ c nnoTHOCTb~ noToKa 
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10 3 H/ cM 2 ·c. ropH30HTanbH~e aepKana acraaneH~ a cne4Hanb
H~e n pOAOnbH~e naa~, B~peaaHH~e B o6KnaAKaX B~COKOBOnbTHO
ro KOHAeHcaTopa, H YCTaHoaneH~ napannenbHO OAHO HaA APY
rHM Ha paccro~HHH 50 MM. Hx napannenbHOCTb o6ecne4HBanacb 
npH nOMO~H OnTH4eCKHX 3TanOHOB C T04HOCTb~ 1 MKM Ha 1QQ MM. 
ropHaoHranbHOCTb aepKan KOHTponHpoaanacb npH noM~H 4ya
CTBHTenbHoro ypoaH~ c T04HOCTb~ AO 3 AYroa~x ceKYHA. Bep
THKanbHa~ OpHeHTa4H~ ~eneH peweTKH H OCH 4HnHHAPH4eCKOrO 
aepKana 04eHHBanHcb BHayanbHO cpaaHeHHeM aaaHMHoro pacno
nomeHH~ onTH4eCKHX Hao6pameHHH ~eneH, nony4a~~Hxc~ npH 
MHoroKpaTHOM orpameHHH caera or rop~30HTanbH~x aepKan. 
nnocKonapannenbH~e aepKana CAenaH~ H3 4exocnoaa4Koro creK
na ro~HHOH 12 MM, KOTopoe HaroroaneHo paanHBoM Ha noaepx
HOCTH mHAKoro onoaa. Ko~H4HeHT aepKanbHoro orpameHH~ 
YXH An~ 3Toro creKna- 98,6%1 16~UHnHHAPH4ecKoe aepKano 
CAenaHO H3 onTH4eCKOrO CTeKna nyTeM MeXaHH4eCKOH o6pa6oT
KH no 14-My Knaccy 4HCTOT~. 0Ho pacnonaranocb Ha OAHOM 
H3 KOH40B ropH30HTanbH~X aepK~n npOTHB peWeTKH TaKHM o6-
pa30M, 4To6~ ero ocb nemana s nnocKocTH peweTKH H coana
Aana c HanpaaneHHeM ee ~eneH. 3epKano yKpenneHo Ha ocH 
H noaopa4Haaerc~ nocpeACTBOM MexaHH4ecKoro peAYKTopa 
c KO~H4HeHTOM peAYK4HH 37900. HeHTPOHHa~ KaMepa a 4e
noM pacnonomeHa BHYTPH aaKyyMHoro Komyxa H3 Hepmaae~~eH 
cranH. KaMepa yKpenneHa Ha MeTannH4eCKOH nnar~opMe npH 
noM~H rpex AepmareneH H3 re~noHa. nnar~opMa onHpaerc~ 
Ha TPH BHHTa, npH nOMO~H KOTOp~X KaMepy MOmHO ycTaHaBnH
BaTb a ropH30HTanbHOM nonomeHHH HnH HaKnoH~Tb. Ynpaane
HHe noaopOTOM 4HnHHAPH4eCKOrO aepKana H HaKnOH nnaT~OpM~ 
oc~ecran~erc~ ·cHapymH aaKYYMHoro Komyxa npH noM~H BHnb
coHoacKHX ynnoTHeHHH. 3neKTPOA~ KOHAeHcaTopa B~COKOro 
Hanp~meHH.A CAenaHbl H3 Hepmaae~~eH cranH. Ha aHyTpeHHHx 
noaepXHOCT.AX 3neKTPOAOB yKpenneH~ BKnaA~WH H3 THTaHa Ton
~HHOH 10 MM. B HHX CAenaH~ npoAonbH~e napannenbH~e naa~ 
rny6HHOH 5 MM, B KOTOp~e BXOA~T nnocKonapannenbH~e ropH-
30HTanb H~e aepKana. Bee Kpa.A 3neKTPOAOB aaKpyrneH~ c pa
AHYCOM KPHBH3H~ 2 CM. HeHTPOHOBOA~ /1/ H /8/ C nonepe4H~M 
ce4.eHHeM 40x50 MM 2 CAenaH~ H3 nonHpoeaHHOH Hepm~ee~~eH 
CTanH, Han~eH~ cnnaBOM 58 Ni-Mo Ton~HHOH 2000 A H caa
peH~ 3neKTPOHHbiM ny40M. B~XOAHOH HeHTPOHOBOA nnaeHo H3rH-
6aerc.A BHH3 I R = 2"50 MM/ H HMeer aepTHKanbH~H y4acroK 
AnHHOH 750 MM An.A ycKopeHH.A HeHTpOHOB B rpaBHTa4HOHHOM 
none 3eMnH C 4enb~ yeenH4eHH.A 3~~eKTHBHOCTH perHCTPa4HH 
H6HTPOHOB AeTeKTOPOM, HMe~~HM BXOAHOe an~MHHHeBOe 
OKHO C rpaHH4HOH CKOPOCTb~ 3,2 M/C. 8 Ka4eCTBe AeTeKTOpa 
YXH Hcnonbaoeanc~ nponOP4HOHanbH~H C4eT4HK Ha ocHoee 
3He, onHcaHH~H e pa6ore1 171. 3a~HTa H3 6opHpoeaHHoro nonH-
3THneHa CHHmana ~OHOB~H C4eT AO YPOBH.A 1 HMn./c. An~ one
paTHBHOH HaCTPOHKH ycTaHOBKH, a TaKme An.A KOHTpon.A ee 
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PHc ~2o llpH~HnHaJibHaR cxe
Ma ~e~cTBHR ycTaHOBKH KM: 
a -BepTHKaJib~ paspes, 
6 - B~ CBepxy o I - ropH-
30HTaJibHble nnocx.onapan
neJibHble sepxana, 2 - Bep
THKaJibHoe ~HJIH~pHqecxoe 
sepxano, 3 ~ sJieKTPO~hl 
BhlCOKOBOJlbTHOrO KO~eHca
TOpa, 4 - THTaHOBhle BKJia
~biiiiHo 

250 
a 

a 

PHc o 3 o 3aBHCHMoc Tb N(x) : a - no ~eTexTopy YXH, 
6 -no OnT~eCKOMY ~aTqHKYo 

JJ X[HM) 

pa6oT~ npH nposeAeHHH H3MepeHHR, 6~n ycTaHosneH o nTH4e
CKHH AaT4HKo BBOA H BWBOA cseTa ocy~ecTsnRncR 4epe a ABa 
CBeTOBOAa H3 oprcTeKnao AflR HCT04HHKa CBeTa HCnon b30Ba
naCb o6~4HaR naMna HaKanHsaHHR, a AnR npHeMHHKa - $oTo
AHOAo BXOAHOH H B~XOAHOH cseTOBOA~ oxsaT~BailH - TOil b KO 3 
~enH peWeTKH B cepeAHHe Me*AY BXOAR~HM H B~XOAR~HM HeHT
POHOBOAaMHo 

npHH4Hn AeHCTBHR ycTaHOBKH KM noKa3aH Ha PHCo2 o HeHT
poH~, eneTeswHe 4epea KaKyo-HH6YAb Ha BXOAH~x ~eneH A 
peweTKH BHYTPH KaMep~, MHOrOKpaTHO OTpamaOTCR OT r opH-
30HTanbH~X aepKail H npH nOM~H 4HnHHAPH4eCKOrO aepKaila 
$OKYCHPYOTCR Ha B~XOAHOH peweTKe e T04Ke A' o B pea ynbTa
Te nony4aeTCR Hao6pameHHe cHcTeM~ BXOAH~x ~eneH s nnoc
KOCTH B~XOAHOH peweTKHo npH COBnaAeHHH H306pameHHH ~eneH 
BXOAHOH peweTKH CO ~enRMH B~XOAHOH peWeTKH nony4ae TCR 
MaKCHMailbH~H C4eT AeTeKTOpa, H Hao6opoT - MHHHMailb H~H 
C4eT nony4aeTCR npH HX nonHOM HecosnaAeHHHo TaKHM o6pa-
30M, nosopoToM aepKana ocy~ecTsnReTCR MOAYnR4HR HHTeHcHs-

37 



HoCT I-1 C4eTa N(x) /eM. p!-1c.3/. He14TpoHbl, He nonasw1-1e Ha 
~l-1ni-1 HAPI-14eCKOe 3epKano, norn~a~TCR T!-1TaHOBbiMI-1 BKnaAbiWa
MI-1, 4T06bl He C03AaBaTb ~OHa. 

0 Hanl-141-11-1 3neKTPI-14eCKoro 3aPRAa qn MOmHO CYAI-1Tb no 
CMe~e H I-1~ HeHTPOHHo-onTI-14eCKOro l-13o6pameHI-1R ~X nOA AeHCT
BI-1eM 3neKTPI-14ecKoro nonR, KOTopoe Bbl3bleaeT I-13MeHeH!-1e cKo
pocTI-1 C4eTa AeTeKropa ~N. B caMoM Aene, HCXOAR 1-13 o4eBI-1A
HOH 3a BI-1CI-1MOCTI-1 ~N ,. ~x(dN/dx) • rAe dN/dx - rpaA!-1eHT c4eTa 
Ha cKnoHe ~eHTpanbHoro n1-1Ka KPHBOH N(x) p1-1c. 3, I-1MeR e e!-1-
AY, 4TO ~X= (qDE/ 2m) cr. rAe E - HanpRmeHHOCTb 3net<Tpi-!-
4eCKOr o nonR, m - Macca HeHTpoHa 1-1 t2 - cpeAH~ KBaApa
TI-14HOe epeMR nponera, nony4aeM ~N =(quE I 2m)·t2 • (dN/dx) • 
PeWI-18 3TO paeeHCTBO OTHOCI-1TenbHO qn• I-1MeeM 

2m 
q D = ~N. /1/ 

E t2 (dN/dx) 

Ecn~-1 ~N onpeAenReTcR craTI-1CTI-14ecKOH OWH6KOH ~ rAe 
r - BpeMR HaKonneHI-1R CTaTI-ICTHKI-1, TO 1-13 paBeHCTBa /1/ cne
AYeT BblpameH!-1e AnR 4YBCTB!-1TenbHOCTI-1 ycraHoBKI-1: 

2m 
8qn =-=-

Et2 (dN/ dx) 

j2N . 
r 

3. 3KcnepHMeHTanbHble AaHHble 
1-1 O~eHKa 4YBCTBHTenbHOCTI-1 

/2/ 

~T06bl Bbl41-1vni-1Tb 4YBCTBI-1TenbHOCTb YCTaHOBKI-1 no ~OpMyne 
/2/, Heo6XOAI-1MO I-13Mep1-1Tb dN/dx 1-1 onpeAeni-1Tb cneKTP HeHT
POHOB . 

3. 1 • l-1aMeHeH!-1e C4eTa N(x) nony4anocb np~-1 spa~eHHI-1 ~H
ni-1HAP I-1 4ecKoro aepKana OKano sepT!-1KanbHOH oc~-1. 0A1-1H war 
noeopora aepKana I-1Men eeni-141-1HY 0,32 MM nepeMe~eHHR onrl-1-
4ecKor o I-1306pameHI-1R B rOPI-130HTanbHOH nnOCKOCTI-1. AnR Ha
naAKI-1 ycTaHOBKI-1 6e3 BKn~4eHHR BbiCOKOrO HanpRmeHHR 3epKana 
Han~>~nRni-1Cb cnnaeoM 58Ni-Mo ron~I-1HOH 1500 K c rpaHI-14HOH 
cKopocTb~ 8 M/c. KoHrponb aa I-13MeHeH!-1eM nonomeHHR aepKa
na OT HOCI-1TenbHO peWeTKH OCy~eCTBnRnCR C nOM~b~ OnTI-14e
CKOrO AaT4HKa /p1-1c.l/. Ha p~~tc.3 npeACTasneHa 3aBHCHMOCTb 
N(x). nony4eHHaR npH noeopore ~Hni-1HAPH4ecKoro aepKana. 

4HCnO nHKOB COOTBeTCTByeT KOnH4eCTBy ~eneH peweTKH. fpa
AHeHT C4eTa dN/dX Bbi4HCnRnCR ycpeAHeHHeM MaKCHManbHbiX 
HaKnoHoe ~eHTpanbHbiX nHKOB. PewerKa CAenaHa H3 Hepmaee~
~eH cranH. nepHOA peweTKH 2 MM, WHPHHa eepnu<anbHoro or
eepcT HR 0,9 MM. TaK KaK HCT04HHK ceera AnR onTH4ecKoro 
AaT4HKa oxeaTbiBan ronbKO 3 eepTHKanbHbiX oreepcTHR, npHeM
HHK BblAa Ban HH~OpMaLIH~ TOnbKO B LleHTpe KapTHHbl. fny6HHa 
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npoeana Me>KAY nt-tKaMH, B OCHOBHOM, CBR3aHa C .YWHP.eHHeM 
H3o6pa*eHHR. OTeeTcTeeHH~MH 3a 3TO ywHpeHHe RBJ1RJ1Hc b To4-
HOCTb H3rOTOBJ1eHHR 3epKana, MHKpowepOXOBaTOCTH Ha noeepx
HOCTH CTeKna H BH6pa41-11-1 YCTaHOBKH. PaAHYC 4HJ1H~APH4eCKOro 
3epKaJ1a B~ep*aH C T04HOCTb~ 0,001. AJ1R H3MepeHHR MHKpo
wepOXOBaTOCTe~ 6~nH CAenaH~ 3J1eKTpoHHO-MHKpocKonH4e CKHe 
~OTorpa~HH, KOTOp~e noKa3aJ1H, 4TO C OAHO~ CTOpOH~ CTeKJ1a 
MHKpowepoxoBaTOCTH HMeQT pa3Mep OKOJ10 1000 ~' a C APYrO~ -
150 ~- BH6Pa4HH ycTaHoBKH He H3MepRJ1HCb. 

3.2. To4Hoe onpeAeneHHe cneKTpa HeHTpoHoe RBnReTCR OA
HO~ H3 TPYAH~X 3aAa4 e 3KcnepHMeHTax c YXH. AnR ycTaHoe-
I<H KM cneKTP onpeAeJ1RJ1CR no epeMeHH nponeT(!. BpeMRn poneT
H~e 6a3~ npH H3Mep.eHHH cneKTpa Ha BXOAe H Ha B~XOAe YCTa
HOBKH HMeJ1H AJ1HHY COOTBeTCTBeHHO 1,58 H 4,76 M. CK Ba*
HOCTb npep~BaTeJ1R COCTaBJ1RJ1a 4 C, a epeMeHHOe OKHO - 15 MC. 
npH o6pa60TKe cneKTPOB B~4H.TaJ1CR ~OH H Y4HT~Banacb Heo
AHHaKoBaR ~eKTHBHOCTb AeTeKTOpa AJ1R He~TpOHOB pa 3H~X 
3HeprH~. Ko~H4HeHT nponycKaHHR k ycTaHoBKH 6e3 pe weT-
KH OKa3aJ1CR paBH~M 4,5% AJ1R He~TPOHOB CO CKOPOCTRMH HH*e 
7,8 M/C, 4TO COBnaAaeT C reoMeTpH4eCKHM KO~H4HeHTOM 
nponycKaHHR. ~3MepeHH~e cneKTP~ H KO~H4H~HT npony cKaHHR 
noKa3aH~ Ha pHc.4-6. 

.•. -.... ... · ..... 
.·· . 

·'· · .. 

3.3. HCXOAR 1-13 cneKTpa 
YXH /pHc.5/, HMeR e BHAY, 
4To 6a3a nponeTa YXH 
B 3J1eKTPH4eCKOM none 
1,8 M, AJ1R cpeAHeKBaApa-

··..... TH4Horo B~MeHH n poneTa 
.. nony4aeM t2 · = 0,1 744 c2, 

' a Ha PHC .3 AJ1R rpa AHeH-
~ Ta C4eTa nony4aeTCR 

dN/dx = 1255 CM - 1 • noA
O IJ[di} <;TaBJ1RR 3TH 3Ha4eHHR 

PHc. 4. CneKTP yn:&TpaxonoA- B ~OPMYJ1Y /2/, npH E = 
HhlX HeHTpOHOB Ha BXOAe YCTa~ 
HOBKH KM. 

= +10 4 B/cM, N = 2 10 c-1 

r ~ 2·10 6 c AJ1R 4YBCT
BHTeJ1bHOCTH YCTaHOBK~l 
KM HMeeMSqu =7,2· 11f lqel· 

B pe3ynbTaTe npoeeAeHH~x 3KcnepHMeHTOB noKa3aHa npHH-
4HnHaJ1bHaR B03MO*HOCTb nony46HHR yKa3aHHO~ B~We 4YBCTBH
TeJ1bHOCTH. CneAY~~HH 3Tan nQAroToBKH ycTaHoBKH K H3Mepe
HHRM CBR3aH C o6ecne46HHeM YCJ10BH~ noJ1y4eHHR HanpRmeHHo
CTH 3J1eKTPH46CKoro nonR 10 4 B/cM. npeAnonaraeTCR Hc nonb-
30BaTb H30J1HPY~~ee noKp~THe 3epKan Be 3N 2 c rpaHH4Ho~ 
CKOPOCTb~ 7,8 M/C . 

nyTH AaJ1bHe~wero yeeJ1~4eHHR 4YBCTBHT6J1bHOCTH Mo r yT 
6~Tb CBR3aH~ C YJ1Y4WeHHeM Ka46CTBa OnTH4eCKHX 3J1eMe HTOB 
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YCTa HOBK~ ~ yMeHbWeH~eM 

pa3Mepa ~en~ peweTK~, 
N [on,.eaJ 

a Ta K>Ke yeen~4eH~eM ~HTeH
c~eHocT~ noToKa YXH. 
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BTOpbl Bblpa>KaiOT 
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(}[~] 
~~KOBY 3a nOAAeP>KKY ~ no
CTORHHoe BH~MaH~e K pa6oTe, 
A.B.CTpenKoey 3a npeAo
cTaeneH~e AeTeKTopoe . YXH, 
C.H.HeaHoey, 1-i.C.AnbTape
ey, ~.B.6op~coey,A.6.6paH
A~HY ~ P.P.TanbAaeey 3a 

PHc.5. CneKTp ynbTpaxonoA
HbiX HeHTpOHOB Ha BbiXOAe 
ycTaHOBKH KM. 

Kf%l 

none3Hble A~CKycc~~ ~ no- f Hr 1ft f 
M~b np~ npoeeAeH~~ 3Kcne- 4 1 t tfr ttf HHf 
p~MeHToe, a TaK>Ke eceMy T t 
KonneKT~ey ceKTopa cna6blx f t+ 
B3a ~MOAe.:1CTB~.:1 fll-iSI<Il 3a no- 2 
M~b np~ HanaAKe annapaTy- · 
pbl . Mbl 6naroAaP~M TaK>Ke 
H. <1> .4~Koea ~ X.H.Aroea 3a 2 4 6 

•• . ······· 
10 

noM~b Ha ~a4anbHOM 3Tane ' PHc.6. Ko3~H~HeHT npo-
V~J 

pa 3pa60TK~ ycTaHOBK~. nycKaHHR YXH ycTaHOBKH KM. 
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Hpam~ue coo6~eHu~ OHRH N3-84 

YnK 539.126 

THE OBSERVATION OF A POSSIBLE STABLE DIBARYON 

B.A.Shahbazian, A.O.Kechechyan 
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A search for Stable Dibaryon (SD) of I = O, 
Y = 0, JP = o+ via its weak decay mode 
SD ... I-+Pwas undertaken in proton-propane inter
actions at II.O GeV/c, using 2m propane bubble 
chamber. A V0 -particle, pointing to a two-prong 
interaction and satisfying the kinematics of the 
above two-body decay mode with a high confidence 
level, was found. The possibility of imitation 
of the observed event by background processes 
was investigated for a series of chains of 
strong reactions and for weak decays. We succeed
ed to show the significance of the SO-produc
tion hypothesis on a deuteron-mass fluctuon via 
pd ... K+pK0 SD reactioil. The mass of the event 
treated as SD ... I-+ P appeared to be 
(2I70.0+I.3) MeV/c2, its life-time being 
0.676· Io-10 sec. Both are in agreement with the 
pr edictions of the MIT Bag Model for the so
called H-dihyperon. The upper limit for the 
pr oduction cross section of the SD in proton
pr opane interactions at II GeV/c is estimated to 
be 83 nb. Perhaps this event can be consi
dered as a first evidence for a six-quark bound 
s t ate - H-dihyperon. 

The investigation has been performed at the 
Laborat-ory of 'High Energies, JINR. 

Ha6nroAeHHe BOSMO~Horo cTa6HnbHoro AH6apHOHa 
lliax6asHH B.A., KeqeqHH A.O. 

llpeAnPHHHT nOHCK CTa6HnbHOrO AH6apHOHa 
c KBaHTOBMMH qHcnaMH I = o, y = 0, JP = o+ no 
AByxqacT~Ho:H: MOAe cna6oro pacnaAa SD ... I-+ P 
BO BSaHMOAeHCTBHHX npOTOH-nponaH npH II rsB/c. 
06Hap~eHa V 0-qacTH~a, HCn~eHHaH H3 AByxnyqeBo
r o B3aHMOAeHCTBHH, C Bb!COKOH SHaqHMOCTbiO, YAOBneT
BOpHIO~aH YKasaHHo:H: MOAe pacnaAa. HccneAOBaHbi 
B0 3MO~HOCTH HMHTa~HH 3TOrO C06hlTHH ~OHOBblMH npo~ec
CaMH ~enoqeK peaK~HH, Bbl3BaHHblX CHnbHblMH BSaHMo
AeHCTBHHMH, a TaK~e cna6biMH pacnaAaMH. lloKasaHa 
sHaqHMoCTb rHnoTeSbi po~eHHH SD Ha HAePHOM ~nYK
TOHe Ae:H:TpoHHo:H: Maccbi B peaK~HH pd ... K+pK 0 SD. 



Macca ~aCTH~ AnH rHnoTeShl SD oKasanach paBHoA 
· /2170,0+1,3/ MsB/c2 • BpeMH ~sHH oQeHHsaeTCH AnH 

STOI'O C06hlTHH B 0,676•10-lOC. 06a 9TH napaMeTpa 
cornacywTCH c npeAcKasaHHHMH MOAenH MemKoB Macca
~yceTcKoro TeXHonor~ecKoro HHCTHTYTa AnH TaK 
HasbJBaeMoro H-AHrHnepoHa. BepxHHA npeAM o6paso
BaHHH SD so BSaHMOAeHCTBHHX npoToH-nponaH npH 
II rsB/c OQeHHBaeTCH B 83 H6. BosMo~o, 
STO C06hlTHe cn~yeT paCCMaTpHBSTh KaK nepsoe 
YKaSaHHe Ha CBHSaHHOe meCTHKBapKOBOe COCTOHHHe 
H-AHI'HnepoH. 

Pa6oTa BbJnOnHeHa B Jla6opaTOpHH BhlCOKHX SHeprHH 
OIDlli. 

Making up our mind to elucidate the role of baryon 
number, strangeness and hypercharge in strong interac
tions, we have investigated the invariant mass spectra 
of forty nine hadronic systems, varying the mentioned 
quantum numbers in the limits: 0 < B < 6, -2 < S < I, 
0 ~ Y ~ 6. It turned out that resonance peaks-had -revea
led the invariant mass spectra of Y $. I systems only. 
In the exotic sector candidates in threes for Q6 - Ap 
and Q4 Ql -Arm as well as in ones for Q6 - Aprr, AA, 
and Q9 -AAp were found /l/. 

So far as invariant masses refer to free systems, 
a hypercharge selection rule was suggested: "The hyper
charge of free hadrons (the multiquark ones including) 
cannot exceed unity Y. < I". Here Y = B + s + c + b. Be
cause the exotic resonances as a rule are narrow and sa
tisfy this rule, one can probably expect that the stabi
lity of a system should increase with the decrease of its 
hypercharge up to the formation of bound multiquar k states. 
Experimentally this effect can be achieved if one expands 
the flavour assortment n f by including S ( Y = - 2/3)-, 
C (Y = -2/3)-, b ( Y = -2/3)-quarks (remind that Yu = 

= Yd = +1/3) as well as by enriching the contents of 
a system with quarks of a particular sort of Y = - 2/3, 
e.g.,with s- quarks. The latter method is especially app
ropriate at energies up to 10 GeV. 

Thus, it is reasonable to look for stable mult i quark 
hadrons even in systems of mixed u- , d- , s -quar k con
tents. 

Recently theoretical ideas have been siggested of the 
existence of I = 0, Y = 0, S = -2, J = 0 +, fla our
and color-singlet dibaryon-H-dihyperon, which sho ld be 
stable against strong decays (M = 2150 MeV/c2 < 2MA / 21, 
M = 2164 MeV/c 2 < 2MA / S/ ). If the number of flavo rs is 
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nf = 4, twenty-six stable dibaryons are possible/4/, pro
viding as mentioned by the authors, the bag model is ap
plicable in the charmed sector of multiquark states.These 
suggestions come from the following theoretical considera
tions /S,6/: The more flavour antisymmetric the N quark 
wave function the stronger the color magnetic attraction. 
Perhaps, this is another formulation of the empirical 
hypercharge selection rule. 

The conjectured properties of the SD 121 suggest appro
priate detection technique. The SD is permitted to ~ decay 
weakly into a hyperon and a nucleon. If indeed its life
time is only somewhat longer than the hyperonic one 121 , 
the de tection of its decay mode SD -+ l:- + p is feasible 
by means of the bubble chamber technique. 

Nothing is known about the .H-production mechanism. One 
of pos sible causes of the failure of its detection in pp 
interactions/7/ could be the low energy, near the SD pro
duction threshold, at which the experiment was performed. 
This c ircumstance can be got over by (i) increasing in
cident proton momentum and (ii) using nuclear targets. 
Both measures inspire hopes to increase chances to pro
duce SD (i) in direct interactions of all sorts of nega
tive s trangeness secondaries with bound nucleons, di- and 
multibaryon fluctuons. The yields of these secondaries 
are i ncreased with the use both of nuclear targets and 
higher momenta incident protons (ii) in interactions of 
incident protons with nuclear fluctuons. 

Jhese problems were hoped to be solved, at least part
ly, by exposing the JINR 2m propane bubble chamber to 
a pro t on beam of a maximal momentum of II GeV/c at the 
Dubna Synchrophasotron. 330K photographs were taken up 
to now. They were scanned for V0 -decays associated with 
the i nteractions of either incident protons or charged 
and neutral secondaries with hydrogen, .carbon and tanta
lum nuclei (a target made of one to three, depending on 
the exposure run, metallic 189 Ta plates was placed in the 
initia l part of the chamber). 

Al l tracks of a star, the associated V0 -particle and 
e+e-'-pairs of the converted y -quanta, if any, were mea
sured . The methods of identification of V0 - ·and charged 
particles were given elsewhere/8/.Here it should be men-

a -tioned that each vo -decay was tested for K -, A-, A-, 
SD-h)l£otheses. A preliminary upper limit for good K- , 
A- , A- , SD-hypotheses was set up at X (lim) .a20.0. 

· 1 x2 d. ·b · The summary expen.menta - ~.str~ ut~on for good A-
and K -hypotheses (fig.l, solid-line histogram) was trea
ted i n the following way. First the scaling factor was 
fixed at a = I, and the theoretical distribution was 
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assumed to be X t i.e., the number of degrees of f r eedom 
was fixed at n0 = 3. The best fit histogram shown by 
crosses in fig.Ileads to xr2 = 7.I98. Then another fit, 
with a and no as free parameters, was performed. The 
best fit parameters a = I • 0 I 09.:!:.0. 0960 and n0 = 2. 9648,:: 
,::0.2345 were obtained in this case at x: = 6.838. The 
corresponding histogram is shown in fig.I by circles. 
Thus, in this experiment, when estimating the probabili
ties of two-body decays, one can use the theoretica l X~ -
distribution without inserting any correction. 

The average values of the measured good K0
- and A -

particle masses are Mk = (498.34+5.47) MeV/c 2 and MA = 
= (III5.4+I.8) MeV/c2 with standard deviations Sk = 2I.86 
and SA= 8.28 MeV/c 2, respectively, in fair agreement 
with the tabular values. 

Because the strict mass of the H-dihyperon presently 
is not ' yet known, we had to investigate the whole mass 
interval l(MI- + Mp), 2M AL For this purpose the H-hypot
hesis was tried, and the fit was performed at seven mass 
values distant from each other by I6 MeV/c 2, starting 
w_!.th (MI-+Mp) and terminating at¥MA. If the K0-,A-, 
A-hypothesis failed and one had X3 (SD, M5o) <20.0 at a par-=-
ticular Mso. the VO -event was once more thoroughly in
vestigated, remeasured, etc. 
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Fig.2 

The systematic identification of V0 -events was star
ted in May 1983. Since then possible candidates for SD 
were selected and processed. One of them, picked over 
40K photographs in September 1983, is presented here. The 
pho·togr aphs of two stereoviews of the event are shown in 
fig.2. At a point, situated at about 3/4 of the bubble 
chamber length, an incident proton produces a VO-par
ticle pointing to a two-prong star. Both prongs of the 
star ar e due to positively charged particles, the heavily 
ionizing one being a proton. 

Already the first measurement and processing of_ this 
event clearly have shown the failure of K0

-, A-, A -hy
potheses and the success of the SO-hypothesis. In order 
to exclude possible accidental mistakes, the event was 
first measured by three operators using three different 
measuring devices,once measuring the corresponding end-
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Tab l e 1 
.... .... ... .... .1. 

Angles ~ (L, ~v0), ¢J (L, S) , transversal momenta Pl:-
and P~ (MeVjc), opening angle t/1, the distance L (em) 
between the vo production and decay vertices, averagec 
over fifteen measurements. a- is the error of t he mean 
S - is the standard deviation 

<~> . (<p) (P:-) (Pi) <<P> < L> 
04'50'' 04'49'' 114.0 113.0 03°27'44'' 7.281 

a 06'55'' 06 '46" 3.0 1 .o 49" 0.009 

s 26 149" 26'13" 13.0 5.0 03'08 11 0.0 34 

points of tracks and for the second time the tracks were 
measured on each projection on their full lengths. Then 
the same three operators performed measurements using one 
and the same device in the same way. Thus, the eve t was 
measured fifteen times altogether. Several parameters 
averaged over fifteen measurements are shown in Tabl~ I. 
Important conclusions follow from these results. Le t us 
define the unit vector L along the direction connec ting 
the interaction and decay vertices and the unit vec tor S 
along the projection of the summary momentum Pvo := P_+ P+ 
on the V0 -decay plane. Signs (+) and (-) correspond to 
the respective charge signs. From Table I it follollS that 
both ~ ,. (L, Pvo ) and ¢J"' (L, S) angles are consis t ent 
with zero. The difference of the transverse momenta ~ = 
= P;- P_/ in eight measurements occured to be posi t ive 
and in seven ones - negative. Note also the proximi ty of 
< P..L> and < P.L> and smallness of the standard deviat ions 
S(P:;:-) and S(P .t ) • 

All these factors suggest that the observed V0 - par
ticle either suffers twobody decay or, in the case of 
three-or more-body decays, the summary momentum vec tor 
of all neutral decay particles has to be either co l linear . -+ . 
w~th Pyo vector or has to be zero ~n the rest frame of 
the V0 , within the limits of the experimental error s. 

The possibility of imitation of the observed event by 
background processes was checked for a series of chains 
of strong reactions and for weak decays. 

Strong Reactions 

First of all, chains of trivial reactions PP-+PIT+n(miT0
), 

m = 0, I, followed by nn-+ PIT-n or n 12c -+Ptt- 12c (cohe-
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rently) were tried. The momentum vector of the neutron 
was assumed to be equal to the summary measured momentum 
of yo : Pn = Pvo • One-constraint kinematical fits to the 
reactions of the first link-failed with x2

1 .. 142 and 
. X 21 = 54 f or m = 0 and m = I, respectively._ A fit to 
·the react ion PPF ... p~r+n. with th~ Fermi-moving target pro
ton is al so insignificant with X1 .. 8.56, C~L. • 3.7.)0-3. 
Neverthel ess, we have estimated the expected summary yield 
of such events in a number of reaction chains with one 
and the same first-link reaction ppF..O p~r+n and the sub
sequent possible links nn ... prr-n , np ... pprr -, where one of 
the final state protons is slow and thereby unseen in the 
chamber and the coherent production of a PIT--pair. For 
this purpose the data from papers/8-13/ were used. An in
dependent estimate was made in the frame of the OPEM/14/ 
for the ~roton and neutron targets in both links. In the 
papers/8• S/ it was shown that at certain conditions the 
OPEM corr ectly describes the data at energies up to 10 GeV. 
As a final result of all these estimates, the summary 
yield of events with parameters, similar to the ones of 
the observed event, via the mentioned chains is less than 
4 · 10 -s on 40K photographs. 

The fi t to the next reaction chains with the first 
link pp ... K+prr0 A1 ( xf = 3.38, C.L ... 6.9%) followed by 
A1n ... ptr- A2 (Xi .. 0.37, C.L. = 94.5%) with the final state 
A 2 decayi ng via only the neutral mode ~ 2 ... n11°, or A1

12c ... 
... !.-rr+ 1:1(; (Xf· = 0.035, C.L. = 86.0%) w1th a very slow re
coil 12c nucleus, which is unable to form a seen track, 
was more successfull, though the expected yield is esti
mated to be less than 10-6 on 40 K photographs. 

A second-link reaction A 1 n ... I-p is excluded by the 
energy-momentum conservation law. 

Five ot her first-link reactions with the known strange 
particles in final states failed to fit the event (Xi» 10). 

Finally the hypothesis of SO-production on a deuteron
mass fluc t uon, which is at rest inside a carbon nucleus, 
via the r eaction pd ... SDK+K 0 p was tried and proved to be 
successful (X~ = I. 71, C.L. = 20.4%), with the final 
state K 0 decaying either via K: ... rr0 11° or via one of 
the KL decay modes. Unfortunately, the yield of the SO is 
unknown but it is expected to be certainly very small. 

It should be noted that both the SO-production and 
the excita tion of background processes are also possible 
on heavier targets: tribaryon, tetrabaryon, etc.,fluc
tuons. But , unfortunately, the kinematical fit t .o these 
hypitheses is impossible. Therefore we limit ourselves 
only by pointing out this supplementary source of both 
th~ effec t and the background. 
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Weak Decays of Neutral Particles 

Hypotheses of all known and possible two-body weak de
cay modes of all known neutral particles were tr i ed and 
turned out to be insignificant (Table 2). The hypotheses 
of K0

8
-+ e+e- and J.I+J.I- decay modes were not even t ried 

because of inequalities M + _ < M + _ < M + _ < MKo and the 
unsuccessful fit to the KS _: ,+,_v. ~ypotte:is. 

8 

TabZ.e 2 

Invariant masses of V0 -partiaZ.es and X~ fol~ 
various two-body decay modes, averaged over ifteen 
measurements. u - is the error of the mean, S ..:. is 
the standard deviation 

)68.2 11.2 14).) 1557.0 49.1 .312.6 51.51225.2 20.) 62.8 2.3.7 

. 
(1 1.6 0.2 6.9 5.8 o.7 21.6 o.9 2.2 0.3 1 .1 0.5 

s 6.2 o.8 26.6 22.4 2.1 8.3.5 2.9 8.6 1.0 4 .3 1.8 

Next the three-body decay hnio.theses. had to b e tried. 
This test is a meaningful one if the two-body effective 
mass is lower than the mass of known particle. Thus,_the 
Q)rpotheses of all semileptonic decays of A, go , A , 
go, assuminJL Pv =0 in the respective rest frames, led 
to Bl- or Bl -effective masses which were significantly 
higher than the masses of the particles tried and had to 
be rejected. (For example, Mpe- = 1546.:_48, Mpe+ = 1202.:. 
.:.18, MI-e+ = 1965.:.50, MI+e-= (1943.:.45) MeV/c 2 , etc.). 

From Table 2 it follows that only for the V0
-+ "+"

hypothesis one has M yo< M Ko. Thus, one has to t ry the 
hypothesis K0

8 
... rr + 11 -Y assurliing that the momentum vee tor 

of the y-quantum is collinear with the Pyo vect or. 
The radiative decay process K0

8
-+ ,+"-Y was t horoughly 

studied in a number of experiments, particularly in /15• 16~ 
It· was shown that the measured spectrum agrees well with 
the internal bremsstrahlung spectrum. 

Inserting the measured quantities and their e rrors in
to the formula for the differential branching r a tio of 
the kaon radiative decay with the y -quantum, emitted at 
solid angle around the PKo -vector, defined by uncertain-
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ties of thi s experiment, one obtains 

df'(K: -+IT+IT-y )l -8 
... 1.7. 10 • 

r(K~ ... IT+IT-)i\ I WKo 

The yield of K ~ ... "+"- y events on 40 l< photographs is less 
than w-5 • 

The kinematical fit to this radiative decay hypothesis 
turned out t o be successful (X~ = 9.3, C.L ... I%), 

Let us f i nally turn to the hypothesis of two-body 
so ... I-+P· decay.The measured and fitted momenta for this 
hypothesis, averaged over fifteen independent measure
ments, are given in Table 3. The decay I- ... n"- is not 
seen on the photograph (fig.I). However, the probability 
of 4.95 GeV/ c I- to survive on a 40.92 em track length 
is 10.1%. 

Table 3 

Measured and fitted momenta (MeV/a) for the hypothesis 
SD ... I-+ p, averaged over fifteen independent 
measurements. u - is the error of the mean, S - is 
the standard deviation 

Measured Pitted Measured Pitted Measured Pitted 

(Px-) ~t~ (PI~ (•PJ:} ~~ ~P~ (P~ ~p~ (Ps~(lPS~~S~ (t.PSD) . . 

(p) 4921 41) 4950 218 2900 196 2860 153 7818 459 7794 266 

C1 56 8 5 ) 17 2 18 2 59 8 60 ) 

s 216 )0 188 11 65 8 10 7 227 )0 2)1 11 

The average best-fit ma~s Mso = (2170.0.:!:.1 .3) MeV/c 2 
at an average minimum of X2 = 1.1+0.3, C.L. = 0.58, which 
is in agreement with a measured mass of (2167.9+15.3)MeV/c 2 

as well as t hose predicted for the H-dihyperon ones: 
2150/2/ and 2164 MeV/c2/3/. The life-time of the event 
is 0.676·10-10 sec, i.e., of the order of the hyperonic 
ones. This a l so does not contradict the conjectured life
time of the 

1 
hypothetical H-dihyperon 12/. 

If one identifies the observed event with the H-dihype
ron, adoptiny thereby the branching ratio for the H ... I-+ p 
decay mode/2 as well as taking into account the scanning, 
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Thus, a definite conclusion of the existence of the 
Stable Dibaryon-H-dihyperon can be drawn on a more rich 
statis t ics of events even if of the same informative
ness but with one and the same mass. 

The authors express their deep gratitude to A.M.Bal
din fo r his continuous interest and support, M.I.Solovi
ev for placing at .our disposal photographs of the 2m pro
pane bubble chamber, to S.G.Arakelian, A.S.Martinov, 
A.M.Ro zhdestvensky, A.I.Rodionov, A.M.Tarasov, and A.A.Ti
monina for their help. 
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