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OBIII.AR XAPAKTEPHCTHKA PABOTbl 

AKTyaJibHOCTb pa6oTbI. 3KcnepHMeHTaJibHhre H reoperw-recKHe HCCJie­

.LI.OBaHHH TIJIOTHOH H ropw-reii H.LI.epHOH Marepirn OTHOCHTCH K '-IHCJIY HaH60Jiee 

aKryaJibHb!X HanpaBJieHHH B COBpeMeHHOH epH3HKe. 

c TO'-IKH speHHH 3KCnepHMeHra TIOHCK KBapK - rJIIOOHHOH TIJia3Mbl (KfTI) 

Ha RHIC (EpyKxe:i1BeH) H UEPH (SPS) )J,aJI nepBbie yKasamrn Ha ro, '-ITO 

noJiyLieHHb!e JJ.aHHb!e He MOryT 6bITb o6bHCHeHbl B paMKax HaHBHOH Kap­

THHbl rasa KBapKOB H rnIOOHOB. PesyJihrarhI, noJiyLieHHhre B 3KcrrepHMeH­

re NA49 npe,n:noJiaraIOr, qro nepexo,n: H3 a.rr.poHHOH MarepHH B KBapKo­

BYIO CJieJJ.yer OLf<H.LI.aTb npH 6oJiee HH3KHX 3HeprHHX CTOJIKHOBeHHH TH:tKe­

Jlb!X HOHOB. TaKHM o6pasoM, HOBbie 3KcnepHMeHTaJihHhie nporpaMMbI RHIC, 

NA61 (SHINE), CBM@FAIR B ,UapMllITa,n:Te H NICA - MPD B ,Uy6He Ha­

npaBJieHhI Ha HCCJie.LI.OBaHHH COCTOHHHH H.LI.epHOH MarepHH npH HH3KHX reM­

neparypax H Bb!COKOH 6apHOHHOH fIJIOTHOCTH. 

TeoperHLieCKHe HCCJie.LI.OBaHHH ocHoBaHbI Ha KBaHTOBOH xpoMOtJ:HHaMHKe 

(KX,U). KBaHTOBaH xpoMO.LI.HHaMHKa HBJIHeTCH epyH,n:aMeHTaJihHOH reopHeii 

CHJibHb!X B3aHMO,LI.eHCTBHH. Ee OCHOBHbie cocraBJIHIOI.IJ;He, KBapKH H rJIIOOHbl, 

B KOHcpaHMHpoBaHHOM COCTOHHHH 06pasy10r a,n:poHHYIO MaTepH!O. HaH6oJiee 

Ba:tKHbIMH oco6eHHocrnMH KX,U HBJIHIOTCH KOHcpafrHMeHr H HapyllieHHe KH­

paJibHOH CHMMeTpHH. 

CLIHraercH, qro npH BbICOKOH reMnepaType H/HJIH TIJIOTHOCTH a,LI.poHHOH 

MarepHH cymecTByer c}la30Bb!H nepeXOJJ. a)J,pOHHOH MarepHH B HOBOe COCTO­

HHHe BemecrBa - B KBapK-rJIIOOHHYIO TIJia3MY (KfTI). OcHOBHOH sa,n:aqefr 

TeopeTHLieCKHX HCCJie.LI.oBaHHH, ocHOBaHHbIX Ha nepBbIX npHHUHnax KX,U, 

HBJIHeTCH Hsyqem1e ypaBHeHHH COCTOHHHH BemecTBa, KpHTHLieCKHX TOLieK H 

xapaKTepoB cpasoBbIX nepexo.u.oB OT a,n:poHHOH MaTepHH K KfTI. 

,Umr OTIHCaHirn CBOHCTB a.u.poHHOH MaTepmr HCTIOJ!b3YIOTCH .9cpcpeKTHBHbie 

KXJJ. no.uo6Hbie MO,LI.eJIH. 3To, HanpHMep, MO.LI.eJIH c cenapa6eJibHbIM B3a­

HMO,ll.eticTBHeM ( THTia HaM6y - Ho Ha - Jla3HHHO (HI1JI))' KOTOpb!e xopOllIO 

BOCTipOH3BO,ll.HT KaK 3KCrrepHMeHTaJibHbie ,LI.aHHbie TaK H CBOHCTBa .rr.eKOHcpati­

HMeHTa. B paMKax .9THX MO,ll.eJieti 6bIJI .u.ocTHrHYT sHaLIHTeJibHbIH rrporpecc B 

TIOHHMaHHH CBOHCTB Ber.u;eCTBa B .9KCTpeMaJibHblX ycJIOBHHX, r.u.e, HarrpHMep, 

.LI.OJI:tKHO npOH30HTH BOCCTaHOBJieHHe KHpaJibHOH CHMMeTpHH. 3TH 3KCTpe­

MaJibHbie ycJIOBHH Moryr 6bITh ,ll.OCTHrHYTbI B YJibTpapeJIHTHBHCTCKHX CTOJIK­

HOBeHHHX TH:H<eJibIX HOHOB HJIH B HetirpOHHbIX 3Bes.n.ax. 

B .9TOH CBH3H Bee 60Jiblliee BHHMaHHe y.u.eJIHeTCH H3yLieHHIO H3MeHeHHH 

CBOHCTB LiaCTHU, pacrrpocrpaHHIOll.(HXCH B ropHLiefr HJIH nJIOTHOH cpe.rr.e. Bos-



MOJKHoe Bbl)KHBaHHe CB5:13aHHbIX cocT05:IHHH B cpa3e .n:eKottcpaHHMeHTa KX)J, 

TaK>Ke OTKpbrnaeT HHTepeCHbie Cl..l,eHapHH tl,Jl5:1 H,ll.eHTHcpHKal..l,HH COOTBeTcTBy­

IOlll,HX CTerreHeH CB060,ll.bl B OKpeCTHOCTH cpa30Boro nepexo.n:a. 

B ITOCJie,l\Hee BpeM5:1 3TH H .n:pyrne BH,ll.bl MO,ll.eJieH, Hap5:1.l\Y c HHTeHCHBHOH 

3KCnepHMeHTaJibHOH ,ll.e5:1TeJibHOCTblO, HCITOJ!b3YIOTC5:1 ,ll.Jl5:1 I13ytieHH5l cpa30BOH 

.n:11arpaMMbI KX)J,. cDaKr111-i:ecK11, .:icpcpeKTHBHbie Mo.n:eJIH KX.U on11cbrna10r 

B3aHMOJJ,eHCTBH5:1 MeM.n:y KBapKaMH, BOCITpOH3BO,ll.5:1 rrpaBHJ!bHbie KHpaJibHbie 

CBOHCTBa aJJ,pOHOB. 3TH MO,ll.eJIH rrpHBOJJ,HT K npOCTbIM H npaKTHlieCKHM HJI­

JllOCTpaI.1,HHM OCHOBHbIX MexaHH3MOB, KOTOpbre ynpaBJIHIOT CITOHTaHHb!M Ha­

pyweHHeM KHpaJibHOH CHMMeTpHH rrpH HH3KOH reMneparype H ITJIOTHOCTH. 

0JJ,HOH 113 BaJKHbIX oco6eHHocrei1 cpasoBoli .n:11arpaMMbI KX.U 5:IBJI5:Ierc5:1 

cy111,eCTBOBaHHe rpaHHUbl B (T, µs) - ITJIOCKOCTH, KOTOpaH OT,ll.eJJHeT KHpaJib­

HO - HapyweHHYIO a.n:poHHYfO cpa3y OT KHpaJJbHO - CHMMerpHtIHOH cpa3bl KfIT. 

ApryMeHTbI, ocHoBaHHbie Ha ::>cpcpeKTHBHbIX Mo.n:eJibHbIX pacqerax rroKa-

3bIBaIOr, liTO Ha cpa30BOH ,ll.HarpaMMe MOLKeT cy111,ecTBOBaTb HJIH rpHKpHTH­

qeCKaH rotIKa (TCP) - JIHHH5:1 cpa3oBoro nepexo.n:a rrepBoro poJJ,a nepeXOJJ:HT 

B TOliKY rrepexo.n:a BTOporo poJJ,a, HJIH Kp11rnqecKa5:! KOHetIHaH TOtIKa (CEP) -
JJHHHH cpasoBoro nepexo.n:a nepBoro poti,a nepexo.n:11r B roqKy aHaJIHTHtieCKo­

ro KpOCCOBepa. 

06cy2KJJ,€HHe 0 cy111,eCTBOBaHHH H MeCTOHaX02K,ll.€HHH TaKHX KpHTHtieCKHX 

roLieK KX.U 5:IBJIHercH oqeHb BaLKHOH sati,aqeit 

B Hacro51111,ei1 .n:11cceprau:1111 npe,ncraBJieH UHKJI pa6or no reMaTHKe .:iroi1 

3a,ll.aLIH sa IIOCJie,ll.HHe 20 JieT BITJJOTb )J,O HaCT051111,ero BpeMeHH. 

I.I.em. ,ll.HCcepTaU.HOHHOH pa60TLI COCTOHT B C03.D;aHHH H pa3BHTHH HO­

Bb!X MeTO)J,OB H HX npHJI02KeHHH ,ll.JIH OIIHCaHHH a.n:poHOB B ropHqefI H ITJIOTHOH 

Marep11H. 

)J,JIH peaJrnsau1111 nocrasJieHHOH 1.1,eJI11 peweHbI cJie,nyID111,11e 3a,naq11: 

• paspa6oraHa HOBa5:1 3cpcpeKTHBHaH MOJ.1:€Jlb ,ll.JIH €.D;HHOro on11caHH5:! KaK 

JierKHX raK H TH2KeJiblX Me30HOB; 

• npoBe,ll.eHO 0606111,eHHe 3TOH MO,lJ.eJIH Ha cJiyqaJ1 KOHeqHbIX reMneparyp 

H ITJIOTHOCTeH HJJ,epHOH MarepHH; 

• HCCJieJJ,OBaHO BJIHHHHe pesoHaHCHoro CKaJI5:IpHoro B3aHMO)J,eHCTBHH Ha 

pmK,ll.eHH€ )J,HJieITTOHHblX nap; 

• npoBeJJ,eHO HCCJieJJ,OBaHHe Me30HHblX KoppeJIHUHH B roqKe KHpaJibHOro 

cpasoBoro nepexoJJ,a; 
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• HCCJie,D,OBaHbl CBOHCTBa Hapywemrn CI1MMeTp11H B TIJIOTHOH 11 ropHLieH 

H,n,epHOH MaTepHH; 

• HCCJie,n,oBaHbI cpa30Bbie rrepexo,n,br B SU(3) Teop11H. 

HayquaH HOBH3Ha pe3yJibTaTOB ,ll.I1CCepTaIJ,HI1 COCTOHT B CJie,n,yIO!ll,eM: 

• BrrepBbie rrpe,LI.JIO.lKeHo e,LI.HHoe on11caHHe CBOHCTB JierKHX H rn.lKeJibIX 

Me30HOB B paMKax HOBOH rrpe,LI.JIOllieHHOH 3cpcpeKTHBHOH MO,LI.eJI11 c ce­

rrapa6eJihHbIM H,LI.pOM B3aHMO,LI.eHCTBHrl, npOBe.n.eHO cpaBHeHHe c 3KCrre­

pI1MeHTaJibHblMl1 .n.aHHb!MH; 

• BrrepBHe rrpose.n.eHo o6o6meHHe rrpe,n,JiollieHHOH Mo,LI.emr Ha cJiy'-Iai1 KO­

He'-IHbIX TeMrrepaTyp H ITJIOTHOCTeil; 

• BrrepBb!e TIOKa3aHO, '-ITO pe30HaHCHOe CKaJIHpHoe B3aHMO,D,eHCTBHe HB­

JIHeTCH cymecrneHHblM rrpH polli,LI.eHHH .LJ.HJieITTOHHb!X nap 113 KBapKOBOH 

I1Jia3Mbl; 

• BrrepBb!e rrpH paCCMOTpeHHH Me30HHb!X KoppeJI5:1ll,I1H ,LI.JI5I ,n,ByxcpoTOH­

Hb!X cneKTpOB ITOKa3aHO, '-ITO ycHJieHHe pO.lK,ll,eHH5:1 .LJ.ByxcpoTOHHb!X nap 

5IBJI5:1eTC5l Ha6mo.n.aeMblM .3cpcpeKTOM; 

• rrpH HCCJie,ll,OBaHHH npHpO.D;bl cpa30Bb!X nepeXO,ll.OB B KBapKOBOH MaTepHH 

IlOJiyt:IeHbl KpHTH'-!eCKHe .3KCilOHeHTbl ,l1,Jl5:1 6apHOHHOH BocnpHHM'-IHBO­

CTH H y,n:eJibHOH TennoeMKOCTH. BnepBbie noKa3aHo, '-ITO: 

KHpaJibHbIH cpa30BbIH nepexo,LI. npH mi = 0 - 3TO nepexo.n: BToporo 

po.n:a ,Il,JIH N1 = 2 H rrepBoro po.LI.a ,LI.JIH N1 2: 3; 

B cny'-!ae, KOr,ll,a mu= md = 0 H ms > m~rit (m~it = 18.3 MeV), 

TO nepexo,!l, BToporo po.D.a 3aKaH'-IHBaeTc5:1 Ha JIHHHH nepBoro pc.n.a 

B TOY:Ke TCP; 

.ll:JIH mu = md =/= 0 cymecTByer KpoccoBep npH Bcex 3Ha'-IeHHHX 

ms, H "mrnHH11 TCP CTaHOBHTC51 11JIHHHei1" CEP. 

IlpaKTH"'leCKaH H uayquaH u.eHHOCTb ,n:HccepTall,HH COCTOHT B HCilOJib-

30BaHHH C03,l(aHHbIX H pa3pa6oTaHHbIX MeTO.ll:OB .LJ.JIH TeopeTHt.J:eCKOrO aHaJIH-

3a H npe,n:cKa3aHHH 3KCnepHMeHTaJibHblX )J.aHHbIX, nonyq:aeMbIX Ha ycKOpH­

TeJIHX T5:1)KeJibIX HOHOB no TIOHCKY KBapK - rJIIOOHHOH ITJia3MbI. 
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Pe3yJihTaThI H rroJio.JKeHH.si:, BhIHOCHMhie Ha 3aW,HTy. 

1. ITocrpoeHa HOBaH 3cpcpeKTHBHa5I MO)l.eJib c cenapa6eJibHblM H)l.pOM B3a­

HMO)l.eikTBH5I e)l.HHOrO OTIHCaHHH CBOHCTB KaK JierKHX TaK H T5DKeJib!X 

Me30HOB. B paMKax npe,n:Jiom:eHHoti: Mo,n:eJIH: 

1.1 Bb!llHCJieHbl MaCCbl H KOHCTaHTbl pacna)l.OB Me30HOB, KOTOpbre Ha­

XO)l.HTCH B cornacmr c 3KCnepHMeHTaJibHblMH )l.aHHbIMH; 

1.2 ,n:oKa3aHa cnpaBe)l.JIHBOCTb scex HH3K03HeprerHqecKHX reopeM 

KBaHTOBOH xpoMO,LI:HHaMHKH; 

1.3 Hati:,n:eHO e,n:HHOe onHCaHHe JieITTOHHb!X H noJiyJienrOHHblX pacna­

,l(OB rnm:eJib!X Me30HOB; cpopMcpaKTOpOB nepeXO)l.OB: rnm:eJib!H - TH­

)KeJib!H, rnm:eJibIH - JierKHH (B-+ D*,D,p,7r, D-+ K*,K,7r); pa­

,n:11au:110HHbIX H CHJibHbIX pacna,n:oB (B(s) -+ B( 8(Y, D(s) -+ D(8 (Y, 

D(s) -+ D7r); pe,n:Koro pacna,n:a B -+ K*1; a 1 - H b1 - pacrra,n:oB. 

CToKa3aHo, qro raKoe e,n:HHoe on11caHHe cornacyercH c HMeIOW:H­

MHCH .3KCnepHMeHTaJihHb!MH ,n:aHHb!MH. 

2. Pa3BHTO o6o6meHHe MO)l.eJIH Ha CJiyqafI KOHeqHbIX TeMneparyp H nJIOT­

HOCTefl H,n:epHOH MarepHH. Ha ee OCHOBe BnepBbie 113yqeH Bonpoc 0 

BJIHHHHH pe30HaHCHoro po:tK,n:emrn ,n:HJienroHHbIX nap Ha cso:H:crBa Ma­

repHH B roqKe KHpaJibHoro cpa3oBoro nepexo,n:a. 

3. BnepBbre paccMorpeHa poJib Me30HHbIX KoppeJIHU:HH ,n:.nH ,!I.ByxcpoTOH­

Hbrx crreKrpoB. CToKa3aHo, qTQ B TOlIKe KHpaJibHoro cpa3oBoro nepexo,n:a 

ycnJieHHe pom:.n:eHHH )l.ByxcpoTOHHb!X nap HBJIHeTCH Ha6.nIO,n:aeMb!M 3cp­

cpeKTOM. 

4. BnepBbie npoBe)l.eHO noJIHOe HCCJie,n:oBaHHe CBOHCTB Hapy!lleHHH CHM­

MerpHH B HJIOTHOH H rop51qel1 H,n:epHOH MaTepHH, HCCJie,LI.OB3Hbl cpa30-

Bb!e nepexo,LI.bI B SU(3) reopHH, BhilIHCJieHbI KpHTHlleCKHe .3KcnoHeHTbI. 

CToKasaHo, lITO KpHTHlleCKHe .3KcnoHeHTbI JJ.JIH 6apHOHHo:ti: BocnpHHMlIH­

BOCTH H renJioeMKOCTH CHCTeMbI cornacyIOTCH c pe3yJibT3T3MH BbllIHC­

.neHHH B npH6JIH)KeHHH cpe,n:Hero IlOJIH. 

5. DoKasatto, qro npH HHSKHX reMneparypax cymecTByer KHpaJihHhIH cpa­

SOBbI:ti: nepexo,LI. nepBoro po,LI.a, H qro cymecTByer KPHTHllecKaH TOlIKa, 

B KOTOpOH KHpaJibHb!H cpa30Bb!H nepexo,LI. npH paBeHCTBe Hymo TOKOBbIX 
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Mace KBapKoB - 3TO rrepexo.n: Broporo po.n:a ,n:Jrn reop11ti: c JJ:BYMH KBap­
KOBbIMH apoMaraMH I1 nepBoro po.n:a J(J15I q11cJia apoMaTOB KBapKOB He 
MeHbille rpex. DoKa3aHo, qro JJ:JI5I orJI11qH1rx or HYJIH TOKOBbIX Mace 
u,d - KBapKOB cylll.eCTByer KpOCCOBep npH Bcex 3HaqeHH5IX TOKOBOH 
MaCCbl crpaHHOfO KBapKa, I1 B 3TOM cJiyqae 11 JIHHI15I 11 rpHKpHrHqecKOH 
roqKH craHOBHTC5I "JIHHHeti:" KpHrHqeCKOH roqKH. 

Anpo6au.1u1 pa6oThI. Marep11aJI11 .n:11ccepraQHH ,n:oKJia)J.bIBaJIHCb Ha ce­
MHHapax Jia6oparop11H: OI1SII1, yHHBepcHTerax BeHbI (ABcrpHH), 011311 (I1ra­
JIH5I), PocroKa, feH:.n:eJib6epra, L(oH:reHa, TI06HHreHa (fepMaHH5I), JlbeLKa 
(BeJibrnH), Ko11M6p11 (DopryraJI115I), AproHCKOH Hau,110HaJI1HOH JTa6oparo­
pHH (CIUA), Ha pa3JIHqHb!X MeLK,n:yHapo,n:Hb!X KOHcpepeHJJ,H5IX I1 COBelll.aHH5IX. 

Ily6JUIKaII,HH. Do MarepHaJiaM J(HCCepraQHH ony6JIHKOBaHO 30 pa60T, 
B TOM q11cJie 30 pa6or H3 nepeqH5J: H3,ll,aHHH, peKoMeH,n:OBaHHbIX BAK ,ll,JI5I 
,ll,OKTOpCKHX ,n:HccepraQI1H. 

Jluqub1M: BKJia)J. aBTopa. 113 Bcex pa6or, BbinOJIHeHHbrx B coaBropcrne, 
B J(HCCeprau,HIO BKJIIOqeHbl DOJIOLKeHH5I H pe3yJibT3Tbl, rroJiyqeHHb!e JIH6o 
JIHqHo coHcKareJieM, JIH6o np11 ero onpe,n:eJIHIOrn:eM yqacrHH B nocraHOBKe 
3a,n:aq H pa3pa6orKe aHaJIHTH"4€CKHX H q11cJieHHb!X MeTO,ll,OB HX pell1€HH5I. 

CTpyKTypa H o6'&eM )J.HCcepTaII,ml. )J,Hcceprawrn COCTOHT H3 BBe,LI.e­
HH5I, qerbrpex rnaB 11 3aKJIIOt.IeHH5I H CTIHCKa QHTHpyeMOH mneparypbl, CO,LI.ep­
.>Kalll.ero 143 Ha11MeH0BaHH5I. 06rn:11B: o6beM .rr.11cceprau,11H - 181 crpamrua. 
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CO)(EP)KAHHE PABOThl 

Bo Bse,lJ,emrn: o6ocHOBbIBaeTcH aKTyaJibHOCTb TeMbI .n:11cceprn11:iu1, cpop­
MYJIHpyroTCH ocHOBHaH ueJib 11 sa,n:a<rn, B03HHKaroru;11e np11 ee perneHHH, 06-
cyLK,n:aeTcH HayLJHa51 HOBH3Ha npe,n:CTaBJieHHb!X HCCJie.n:osaHHH. Tipe,n:CTaBJI51-
eTC51 o63op JIHTepaTypbl B .n:aHHOH o6JiaCTH HCCJie,n:oBaHHH. 

B nepsoH: rJiaBe .n:11cceprau1111 H3JiaraeTcH acpcpeKTHBHaH Mo,n:eJib e.n:H­
Horo OTIHCaHHH CBOHCTB KaK JierKHX TaK H T51)KeJib!X Me30HOB. Tio.n:po6HO 
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o6cyLK)J,aeTC5I BbI6op 5!)1.pa B3aHMO,lJ,eikTBH5! KBapKOB. TioKa3bIBaeTCR, L!TO HC­

ITOJib30BaHHe 5!)1.pa B cenapa6eJibHOH cpopMe IT03BOJIReT OITHCaTb CBOHCTBa 

Me30HOB B cornaCHH c HMeIOlll,HMHC5! .3KCrrep11MeHTaJibHbIMH )1,aHHbIMH. 

B pasoeAe 1.1 Ha OCHOBe MeTO,lJ,a a)J,pOHH3aUHH KBaHTOBOH xpoMO)J.HHa­

MHKH (KX,IO paccMoTpeH BbIBOA ypasHeHHH Wmrnrepa - )J,attcotta 11 13eTe -

CaJineTepa, rrp11BeJJ.eHbI ocHOBHbie csoHcTsa 3THX ypasHeHHH. 

3cpcpeKTHBHOe )1,eHCTBHe, COOTBeTcTBy10ru,ee .UBYXLTaCTHL!HOMY B3aHMO)J,eH­

CTBH!O KBapKOBbIX ITOJieH rrpe)J.CTaBJIReTCR KaK 

S[q, q] = j d4x { q(x) [S01(x)] q(x) - ~ j d4yj~(x) [lD;~(x -y)] ji(Y)} 

(1) 
c cpyHKIJ,HeH fpHHa CB060,lJ,Hb!X KBapKOB 

S-1 ( ) - ':/) - A 0 
0 x - ip m, (2) 

fJ = 3µ/µ, mo - MaCCOBaR MaTpHIJ,a, mo = diag (m~, mg, ... ' mC)yf)' NJ -
L!HCJIO apoMaTOB KBapKOB. 

KBapKOBbie TOKH HMeIOT BH.U 

ji = q(x) ( 2a) /µq(x), (3) 

>..a - MaTpHQbI feJIJI - MaHHa QBeTOBOH rpynrrhI SUc(3). 
I311JI0KaJihHoe H.n.po B3a11Mo.n.eHcTBH5! B (1) 6yJJ.eM paccMaTp11saTb cpeHo­

MeHoJiornqecK11 KaK =icpcpeKTHBHbIH rJIIOOHHbIH nponaratop: 

(4) 

TaKOH BbI6op 5!,n:pa B3aI-:IM0,11.el'kTBH5! ( 4) coxpaHHeT KHpaJibHYIO HHBap11aHT­

HOCTb ,n;eikTBH5!. 

)J,JI5! om:icaHH5! CBJ13aHHbIX COCT05IHHH nepenmueM tiaCTb B3aHMO)J,eHCTBH.fl 

B (1) KaK 

C HJJ,pOM 

8 )...a )...a 92 

KAB,CD(x -y) = {tµ)ru (/µ)ts L ~0 ;{3 Oil0kj2D(x - y). (6) 
a=l 
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3,necb A = {r, a:, i}, ... , D = { u, c5, l} - coKpameHHbre o6o3HaLJemrn ,[l11pa­

KOBCKHX, ll,BeTOBb!X H apoMaTHblX HH,UeKCOB KBapKOB COOTBeTCTBeHHO. 

,[LJUI orrncaHHH Me30HHb!X CBH33HHblX COCTOHHHH (qq - nap) paCCMOTpHM 

rrpeo6pa3oBaHHH cDHpll,a A.ITH rpynrr SUe(3) H SU(N1). CoxpaHHH TO.ITbKO 

6eCll,BeTHb!e qq - napbl, ,UeHCTBHe (1) MO)KHO 3anHC3Tb KaK 

S[q,q] = j d4x j d4y{ q(y)q(x) [-S01(x)] c5(x -y) 

+ 2~ [q(y)q(x)K(x -y)q(x)q(y)J} (7) 
e 

C H,UpOM B33HMO,UeHCTBHH 

(8) 

Bo BBe,UeHHOH 6H.ITHHeHHOH KOM6HH3ll,HH (q(x)q(y)) no,n,pa3yMesaeTCH cyM­

MHposaHHe no 1rnc.ny ll,BeToB Ne = 3. 
,[LJUI rrpose.n:eHHH npoll,e,n,ypbl a,npoHH33UHH CHMBO.ITHLJeCKH 3anmIIeM ,n,ef!­

CTBHe (7) B BH,Ue 

(9) 

c noMOll.Lb!O BBe,n:eHHH BCnOMoraTe.ITbHb!X 611.noKa.ITbHb!X no.nett M ( x' y) ,...., 

q(x)q(y) cpyHKUHOHa.nbHb!H HHTerpa.n J DqDq exp {iS[q, q]} MO)KHO npOHH­

TerpHpOB3Tb no KBapKOBbIM no.nHM. B pe3y.nbTaTe no.nyLJHM Bbrpa.IB:eHHe A.ITH 

:>cpcjleKTHBHOro .n:ef!CTBHH 

Se11[M] =-Ne{~ (M,K- 1M) +iTrln [-501 + M]}. (10) 

B :>TOM ypaBHeHHH Tr osHaLJaeT KaK HHTerpHposaHHe no HenpepbIBHbIM ne­

peMeHHbIM, TaK H cyMMHpOBaHHe no ,UHCKpeTHb!M nepeMeHHblM. 

BaKyyM 3cjlcpeKTHBHOH TeopHH c ,n:eHCTBHeM (1) onpe,n,e.nHeTCH KaK MHHH­

MYM ,LI,eH:crn1rn (1 O) 

8Sen[MJ =0---7K-1M+i 1 =0. (11) 
aM . -801 +M 

BaKyyMHOe pernemre ( 11) HB.ITHeTCH TpaHC.ITHUHOHHO HHBapHaHTHbIM. 06o-

3H3LJHB ero KaK E - m0 , no.nyLJHM ypastteHHe lllBHHrepa - ,[laH:cotta 

L:(x - y) = m0c5(x - y) + iK(x - y)S(x - y), (12) 
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r,IJ,e cpyHKU,1151 fpHHa KBapKa rerrepb HMeeT BH,IJ, 

s-1(x - y) = ifJ6(x - y) - L:(x - y). (13) 

Me30Hbl om:1cbrna10TCH KaK cp.IIyKryaU:HH rroJrn M ( x, y) ornocHreJihHO Ba­
KYYMHoro peweHHH. PacKJia,n:bIBaH ,n:e:HcrBHe (10) B oKpecrnocrn MHHHMyMa 
c M =(I: - mo)+ M', IIOJIYl.fHM 

SeJJ[M'] = Se1J[L:] +Ne{-~ (M',K-1M') -

-~Tr (SM')2 - if ~Tr (-SM't} (14) 
n=l 

PaBeHCTBO HyJIIo BropoI1 rrpoH3BOJJ:HOH (14) rro M' rrpHBOJJ:HT K ypaBHeHHIO 
Eere - CaJirrerepa Ha BepWHHHYIO cpyHKll,HIO r(x, y) 

3ro ypaBHeHHe coorBercTByer o,n:Hopo,n:HoMy ypaBHeHHIO Eere - CaJirrerepa 
B 11JieCTHHl.fHOM11 IIpH6JIH:IBeHHH. 

B pasoe!le 1.2 o6cy):K,n:aerc5I Bbr6op 5!,n:pa B3aHMo,n:eI1crBHH JJ:JI5I l.fHCJieH­
ttoro peweHHH ypaBHeHHH liIBHHrepa - ,UaH:coHa H Bere - CaJmerepa, a 
TaK)Ke CBOHCTBa cerrapa6eJibHOrO B3aHMO,n:eHCTBH5I. TipHBe,n:eH Ha6op rrapa­
MerpoB MO,n:e.JIH, II03BOJI5I!OII.l;:E1H OIIHCaTb CBOHCTBa Me30HOB. 

B HMITYJibCHOM rrpocrpattcrBe ypaBHeHHe lllmrnrepa - ,Ua:HcoHa ( 13) rrpH­
HHMaer BH,n: 

a ypaBHeHHe Bere - CaJirrerepa: 

r,n:e q± = q±P/2, P - rroJIHbIH HMIIYJibC cs.srnaHHoro cocT05IHH5I, DZ{f(p-q) -
"::>cj:JcpeKTHBHbrif' rJIIOOHHbIH rrporrararop. 3ror rrporrararop BbI6HpaeM B BH,n:e: 
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B o6meM BH,Ll.e perneHHe ypaBHemrn: ( 16) npe.rr.cTaBJIHeTCH KaK 

r,LJ.e 

0-~(x) - 2m1F(2(x + mJ)) + F(b1x)F(b3x) (b& + b£F(cx)), 

2(x + m}) - 1 + e-2<x+m}) 

2(x + m})2 

Bse.u.eHHhre cpyHKU.HH onpe.u.eJIHIOTCH cJie,n;y10mHM o6pasoM: 

F(x) = (1 - e-x)/x, x = p2 />..2 , m1 = mtf >.., 
0-~(x) =.A a~(p2 ), o-((x) = >..2 O"((p2 ), 

)... - pasMepHb!H MHO:>KHTeJib. 
TionycreHHoe perneHHe co.u.ep)KHT cJieJJ.y10mHe napaMeTpbr: 

u 0.00897 0.131 2.90 0.603 0.185 
0.224 0.105 2.90 0.740 0.185 

3TH rrapaMeTpbl q:rnKCHPYIOTC.H c TIOMOil.l;hlO cpH3HqecKHX BeJIHqHH, raKHX KaK 
MaCChl Me30HOB H CJia6hre KOHCTaHThl JieIITOHHh!X pacrra)I,OB Me30HOB. 

YpasHeHH.H lIIBHHrepa - ,ll.aikoHa H Bere - CaJirrerepa B cerrapa6eJihHOH 
cpopMe caMocorJiacosaHHO pe!llaIOTC.H c n0Momh10 Bhr6opa .H,u:pa saaHMo.rr.eif­
CTBH.H: 

D(p2, q2 ,p · q) =Do fo(p2 )fo(q2) +Di fi(p2)(p · q)f1(q2) . 

D0 , D1 - napaMerphr, fi(p2) - cpopMcpaKrophr. 
TipH raKOM Bh!6ope nponararop KBapKa npHHHMaer cj:>opMy 

S(p) = [ipA(p2 ) + B(p2) + mot1, 

a JI.JI.H cpyHKUHH A(p2 ) H B(p2 ) noJiyqaerc.H cHcreMa ypaBHeHHH 

B(p2) _ 16 J d4q D(p2 2 . ) B(q2) + m0 ( ) 
- 3 (27r)4 'q ,p q q2 A2(q2) + [B(q2) + mo]2' 17 

[A( 2) - 1] 2 = ~ f d4q D(p2 2 . ) (p . q)A( q2) 
P P 3 (27r)4 ,q ,p q q2A2(q2)+[B(q2)+mof 
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Bb16HpaH A(p2), B(p2 ) B BHJJ.e 

B(p2 ) = b fo(p2) , A(p2) = 1 +a Ji (p2) , 

ITOJIYY:HM CHCTeMy ypaBHeHHH Ha a, b. I1o,.UCTaBJIHH 3TH peweHHH B ypaB­
Hem1e EeTe - CaJineTepa, MO)KHO HaHTH qm3w1ecKHe BeJIHY:HHbI, TaKHe KaK 
Maccb1 Me30HOB H KOHcTaHTbI pacrra,LI.oB. Pe3yJibTaTbI pac"leToB rrpe,LI.cTaBJieHbI 

B Ta6JIHI.I.e 1: 

3KcrrepHMeHT pam - 1 pam - 2 
- (qq)o (0.236 GeV)3 0.248 0.203 
mo 5 - 10 MeV 6.6 5.3 
m(p2 = 0) rv0.350 GeV 0.685 0.405 

7r 0.1385 GeV 0.140 0.139 

!'Ir 0.093 GeV 0.104 0.093 
N1r/ j1r 1.0 0.987 0.740 

p/w 0.770/0.783 GeV 0.783 0.784 
gp 5.04 5.04 6.38 
r pO---te+e- 6.77 keV 6.76 4.22 
gp7r1r 6.05 5.71 7.22 

r p-+7r7r 151 MeV 137 221 
TiapaMeTpbI 

DoA6 128.0 260.0 
Ao 0.687 GeV 0.638 GeV 

DiAf 0 130.0 
Ai/Ao 1.21 

Ta6JIHI.I.a 1: PeweHH5I ypaBHeHHH Ha CB5I3aHHbie COCTOHHHH rrpH pa3JIH"!Hb!X 

THnax cenapa6eJibHOro B3aMMOJJ.eflcTBH5I (fi(P2) = exp(-p2 /A;}) H cpasHe­
HHe c 3KcnepHMeHTOM. Mo,.UeJib paHra -1 :. D0 ::f. 0, D1 = 0. Mo,ll.eJib paHra 

-2: Do i= 0, Di =J 0. 

B pasaeJle 1. 3 paCCMOTpeHO ITO,ll.p06Hoe OITHCaHHe OCHOBHbIX CBOHCTB 
Me30HOB, KOHCTaHT pacna,.UoB, noKa3aHa cnpaBe,ll,JIHBOCTb TO)K,.UecrB Yop,ll.a. 

B pasaeJLe 1. 3.1 onHcaHbI pacna,ll.bI 7r13 11 K 13. 
B pasaeJle 1.3.2 pacCMOTpeHbl TH)KeJibie Me30HbI H HX CBOHCTBa: cneKTP 

Mace, KOHCTaHTbI pacna..uos, cpyHKUHH I1crypa - Ba:Hse. BhIY:HCJieHbI cpopM­
cpaKTOpbI nepeXOJ1.0B B --+ D*, D, p, 1f', D --+ K*, K, 7r), pa,.UHaUHOHHhre H 
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CHJlbHbie pacna,IJ.bl B(s) --+ B(s)'Y, D(s) --+ D(s)'Y, D1r, pe,Il.KHH pacna,IJ. B --+ 
K*1, 

B pasoeAe 1.3.3 rrpirne,IJ.eHo on11caHHe cBoHcTB a1 - 11 b1 - pacrra,IJ.oB. 
Bo BTOpoM: r.rrase ,IJ.HccepTaum1 pa3BHTO 0606meH11e pa3pa6oTaHHOH MO­

,IJ.e.n11 Ha c.nyc.raH KOHeqHb!X TeMnepaTyp H IlJlOTHOCTeH H,Il.epHOH MaTepm!. 
B pasoeAe 2.1 paccMoTpeHo o6o6meHHe ypaBHemrn illBHHrepa - ,ILal1co­

Ha Ha c.nyqaJ1 KOHeqHb!X TeMrrepaTyp H IIJlOTHOCTeH 5I,l1,epHOH MaTepm!. 
06o6meHHe Ha c.nyqa:H KOHeqHQH TeMrrepaTypbl rrpoBe,IJ.eHO c IIOMO!llb!O 

MeTo,IJ.a MaTcy6apbL Pacnrnpemie Ha c.nyqati T =J 0 ocymecTBmi:eTCH c rroMo­
IllhIO 3aMeHhI: q--+ qn = (wn, q), r,IJ.e Wn = (2n+ l}rrT - qacTOTbI MaTcy6apb!. 

YpaBHeHHe illBHHrepa - ,ILa:HcoHa c cerrapa6e.nbHOM B3aHMO.LJ.ei1cTBHeM 

rrpH KOHeqHblX T H µ rrpHHHMaeT BH.Ll. CHCTeMbl Tpex ypaBHeHHH: 

r,IJ.e d(p';, T) = jl2 A2 (p~, T) + w; C2(p;, T) +[mo+ B(p'?i, T)]2 . 
B pasoeAe 2.2 npe,IJ.cTaB.neHbl CBOHCTBa Me30HOB npH KOHeqHOH TeMrrepa­

Type H IlJlOTHOCTH. 
B pasoeAe 2.2.1 paccMoTpeH crreKTp Mace Me3oHOB B 3aBHCHMOCTH OT 

TeMrrepaTyp~ H Il.JIOTHOCTH. 
B pasoeAe 2.2.2 Il0,l1,p06HO o6cy)K.rr.aeTC5I BOrrpoc 0 BOCCTaHOB.neHHH CHM­

MeTpHH paccMaTpHBaeMOH MO,l1,e.JIH rrpH H3MeHeHHH CBOHCTB 5I,l1,epHOH MaTe­
pHH. 

B pasoeAe 2.2.3 B KaqecTBe npHMepa paccMoTpeHhI aHoMa.JibHhre pacrra­

.rr.11 7ro H 'T/, o6cy)K.rr.aeTrn Borrpoc 0 BOCCTaHOBJieHHH u A (l) - CHMMeTpHH. 
Pe3y.JihTaThI pacqeToB npe.rr.cTaBJieHhI Ha Pttc. 1. 
TpeTbH r.rrasa ,l1,HccepTaU.HH rrocBHIUeHa rrpHJIO)KeHHIO MO,IJ.e.JIH K HCCJie­

.rr.oBaHHIO cpH3HqecKHX rrpou.eccoB, B qacTHOCTH, H3yqeHHIO ,l1,Byx¢oTOHHhIX 
crreKTpOB. 
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PHc. 1: 3aBHCHMOCTb OT TeMnepaTyphI pa3JIW!HhIX ¢-:H3HqecKHX xapaKTe­
pHCTHK npH BbI6ope cerrapa6e.nbHOrO 5!,E!,pa B3aHMO.rr,efkTBH5l rrp.H perueHHH 
ypaBHeHHH Illrurnrepa - ,Ualicoirn H Eere - Ca.nneTepa 

B pas8eAe 3.1 paccMoTpeHbI cKaJrnpHbte KoppeJrnu;HH H JJ.HJieITTOHHhIH 
cneKTp B ITJIOTHOH H rop.HqefI 5!,LI,epHOH MaTepHH. 

Ceqem1e aHHHrH.IT5IU.HH q(p1)q(p2 ) -7 1(M, P}-+ l+l- 3arrHchrnaeTC5l KaK: 

[ _ . . + _] _ a L(M)H(M,P} 
O" q(p1)q(p2}-t 1(M, P} -r l l - 3M4 V , 

1-4m2/M2 

mz . m1 .2 . 2 
( 

2 2)~4 2 L( M) = 1 + MZ . 1 - MZ ( M - 4m1) ~ 

H = Ht - a,EI.pOHHhIH TeH36p 

Hµv = L ( q(p1)?J.(p2) IJµ(O}[O) (OI lv(O)lq(p1)q(p2)) · 
spin 
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r.n:e w = v'k2 + m 2 H E = v'P2 + M 2 - 3HeprnH KBapKoB H (j>oTOHOB, µ -
XHMRLJ:eCKHH IlOTeHu;HaJI, 

F _ M 2 ± 2Ew + 2Pk 
± - Af2 ± 2Ew - 2Pk . 

f1eTJieao:H HHTerpaJI .U.JIH pesoHattcttoro nepexo,ll.a a --+ ~ B ceqeHHH aH-

HHrHJilIIJ;HH HMeeT BH,ll. ( - onepaTOp sapH.u.a KBapKOB) 

J d4k 
Iµ,(M, P) = (27r)4 Tr [G(khµ G(k - P)] 

4 . J d4k 2kµ - Pµ 
= 3Ncem (27r)4 (k2 - m2)[(k - P}2 - m2J . 

EcJIH BBeCTH e,ll.HHHtJHbIH BeKTOp CKOpOCTH cpe.u.hI Uµ, TO 3TOT HHTerpaJI 

y .LJ;OBJieTBOplleT CBOHCTBY 

H 

- I uµ 
l=-µ-

4emP 

r.u.e 

I I µ - M2 (I µ)2 
µ - - p2 µU ' 

= 1 J d4 k 2k0 - E 
P (27r)4 (k2 - m 2)[(k - P)2 - m2] 

1 100 
= (41fP}2 m dw 8n(w) [(2w + E) ln(F+) + (2w - E) ln(F_)], 

r sinh(µ/T) 
un(w) - ------­

- cosh(w/T) + cosh(µ/T) · 

PesyJihTaTbI pactJeTOB npe,n:cTaB.nettbI Ha PHc. 2. Ha pHcyHKe noKasatto, 

tJTO BJIHHHHe CKamrpttoro pesoHaHca He HBJIHeTCH onpe,ZI,eJilIIOW.HM B ,ZI,HJien-

TOHHOM cneKTpe 

16 



x 10 

0.8 

0.6 

- 0.4 

0.2 

60 

§: 40 

20 

0.015 

:e~ 0.01 

" I o.oos 
o"' 

"' 1 
'o,,t- 0 0.1 

/ 0 

,¢ I 

'°"t- 0 0.1 
'7 0 

0.004 

= 
0.002 

l.5 

0.5 

O.l 

x 10 
-3 

§ 0.2 

.!?: 0.15 

" 0.1 

t>! 0.05 

0 

"' 
I 

rq,t-
0 0.1 

'7 0 

P11C. 2: 3aBHCHMOCTb HHTerpaJia fJJ (Bepxm1e rpaqrnKH), cKamipHoro npona­
raTopa JDJ (cpeJI.HHe rpacpHKH) 11 oTHorneHHe pesoHaHcHoro H BopHoBcKoro 
CetieHHH (HmKHHe rpaqrnn1) KaK cpyHKI..l,HH HHBapHaHTHOH MaCCbl M H HM­
nyJibCa P. J1eBbie rpacpHKH npi.rne,ll.eHbI npH T = 170 Me V 11 XHMHtieCKOM 
noTeHI..J,HaJie µ = 80 MeV; npaBbie np11 T = 240 MeV 11 XHMHtiecKOM noTeH­
UHaJie µ = 110 MeV. 

B pasoeAe 3.2 1:1ccJie.ll,yeTcH npouecc qq ~ ''l'Y· CetieHHe npouecca qq ---t 
TY sanHcbrnaeTcH KaK 
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f,L(e KBa,ll,paT MaTpHqHoro 3JieMeHTa HMeeT Bl1.Ll, 

IMl2 = 4~2 L jAft + fVfu + Ms,o- + Ms,rrl 2 . 

c s 1c 

n11arpaMMbl ,L(JI5! rrpouecca qlj --t 'YI rrpe.LI,CTaBJieHbl Ha P11c. 3. 

Pt k1,p 

Pl 
(J, 1!"() 

Pl +p2 

P2 k2,).. P2 
(a) (b) 

P11c. 3: n11arpaMMbl rrpouecca qq --t "("(: (a) - c o6MeHOM KBapKOM; (b) -
pe30HaHCHbie .LJ,HarpaMMbl. 

HJIH 

= 
(2Nc)2M2..,/M2 - 4m20"-y-y(M2 , T) 

·100 dEfp( E)logl+exp(- E_) (18) 
(21r)4m 1 +exp(- E+} 

c 3Heprneti 

E± = 2~2 [(M2 -2m2)E ± )M2(M2 -4m2)(E2 -m2)J. 

nJI5'1 cpH3H'IeCKOH HHTeprrperau;Irn B ,ll,HCCepTaUHH HCIIOJib3YeTC5! MO,ll.eJib rH,LJ,­

pO,ll,HH3MHt.IeCKOfO pacnmpeHHH DbepKeHa. nJI5! 3TOro BBO,D;HTC5! e,n;HHHtIHbIH 

BeKTOp CKOpOCTH cpe,n;bl Uµ: 

1 
Uµ = -(t, 0, 0, z), 

T 

18 
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r,LI,e T = Jt2 - z 2 . Bee TepMo,LI,1rnaMH"<JecK11e BeJIWrnHbI 3aBHCHT TOJihKO OT 

T = Jt2 - z 2. ,LXmr rrpaKTHtteCKHX BblttHCJieHHH y,LI,o6HO BBeCTH BeJIWUIHY 

1 t + z 
71 =-log--. 

2 t-z 

TiepeXO,IJ,51 B ( 18) K HOBbIM rrepeMeHHb!M T I1 rJ I1 H!-ITerpHpyH ITO rrorrepellHOMY 

rrpocTpaHCTBeHHOMY HarrpaBJieHHIO (I1HTerp11poBaHHe npHBO,IJ,HT K ¢aKTopy 

7f ~' A - pa,LI,11yc coy.uap51101UHXC5l 51,IJ,ep), flOJIYllHM, llTO 4!1CJIO ¢oTOHOB B 

ueHTpaJibHOH o6JiaCTH 6y.neT paBHO 

dN'Y'Y 2 (1r1 dNn 1r2 ( ) dNTf ) 
dMdrJ = 7f A ro dTT d4xdM + r1 dTTf T d4xdM . 

3,LI,eCb To - BpeMH cpopMHpOBamrn ITJia3Mbl ( CB060,LI,Hb!H napaMeTp)' 71 - BpeMH 

o6pa30BaHirn CMeWaHHOH cpa3bl, T2 - BpeMH H30TepMaJibHOro pacurnpeHHH, 

rroCJie KOTOporo CHCTeMa npeJI,CTaBJIHeT co6ol1 CHCTeMy a.rr.poHHOro ra3a. B 

3TOM pa3JI,eJie ,lI,HCceprauHH I10Ap06HO HCCJie,lI,OBaHbl pa3JIH4Hb!e cueHapHH 

¢a30Bb!X rrepexo,IJ,OB OT KBapKOBOH I1Jia3Mbl K a.rr.pOHHOH, H3yLieHa pO.llb pe-

30HaHCHb!X BKJia,IJ,OB, rroKa3aHa HX onpe,!1,eJIHIOIUaH poJib. Pe3yJibTaTbI npe,LI,­

cTaBJieHhI Ha P11c. 4. 

B qeTsepTOH fJiaBe ,!J,HCCeprau1rn OITHCaHa npHpo,EI.a HapyrneHHH CHMMeT­

pHH H cpa30Bb!X rrepeXO)J,OB B KBapKOBOH MaTepHH. 

,LX.JUI 3TOro HCI10Jlb30BaHa MO,n:e.Jib c TpeMH apoMaTaMH KBapKOB, BKJIIO­

llaIOIUaH B ce6H ,ll,erepM1rnaHT r'Xo¢ra. Ha.JIHLIHe .uerepMHHaHTa r'XoqJTa 

Hapyrnaer UA(l) CHMMerpmo .JiarpaH)KHaHa reop1rn 

8 

£ = q (ifJ. "( - mo) q + g; L [(q>.aq)2 + (iJ(h5)Aaq)2J 
a=O 

+ 9D [ det [iJ(l + '1'5)q) + det [iJ(l - /5)q]] . (19) 

JiarpamKHaH ( 19) co.uepiKHT KBapKOBOe ITOJie q = ( u, d, s) c rpeM5l I1B€T3MH, 

Ne= 3. 3,!1,eCh gs H 9D - KOHCTaHTbl CBH3H, mo= diag(mu, md, m 8 ) MaTpHua 

TOKOBbIX Mace KBapKOB ;.a - SU(3) MarpHilhI (a = 0, 1, ... , 8, >.0 = j'i I). 
3cpcpeKTHBHOe ,IJ,eHCTBHe HMeeT BH,ll, 

1 1 -2 ((JaS;:i;l(Jb) - 2 (ipaPafi\l) 

-iTr In [i1µ8µ - m + ( i"(5) ( l.f)aA a)] . 
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IE-05 

IE-07 

first; order _ 
l:!T = 0.1 MdV ------· 
uT= 1 M.eV ....... . 

uT= 10 MeV ····· 
t:..'~.rr = 20 MeV •• ·• 

I E-08 ....___..___., _ _,. _ __._ _ __._ _ _..._ _ _..._ _ _, 

.0.1 0.15 0.2 (J.25 0.3 
Ni (G<N) 

P11c. 4: CneKTP cpoTOHOB c pe3oHaHCHbIMH BKJiaJJ,aMH JJ..n5I cpa30BbIX nepexo­

JJ.OB nepsoro ( cn.nournaH JIHHHH) 11 BToporo poJJ,a c pa3JIHLJHbIMH 3HaLJeHHH­

MH se.nHLJHHbI 6.T = T - TM (TM - TeMnepaTypa o6pa3oBaHHH aJJ,pOHOB B 

KBapKOBOH n.na3Me) B ueHrpaJibHOH 06.naCTH coyJJ,apeHHH HJJ,ep KaK cpyHKI..Urn 

HHBap11aHTHOH MaccbI M. 

YpaBHeHHH Ha MaCCbI KBapKOB 

rrpeJJ,CT3BJIHIOT co6oi1 CBH33HHYIO CHCTeMy Tpex HHTerpaJJbHb!X ypaBHeHHH. 

KsapKOBbie KOH)J.eHcaTbI (qiqi) orrpeJJ,eJJHIOTCH KaK 

.[LJJH Bb!LJHCJieHHH cneKTpa Mace npoBe)J.eM npoueJJ.ypy aJJ,pOHH33UHH H 

pa3JJO)KHM 3cpcpeKTHBHOe )J,eHCTBHe no Me30HHbIM ITOJIHM: 
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3,n:ecb II;'b(P) - rrom1pH3aJ.JJ10HHbIH orrepaTOp: 

ITom:ipH3aUHOHHbIH orrepaTOp - 3TO OCHOBHaH BeJU14HHa, c ITOMOIUb!O KOTopoti 
OITHCb!Ba!OTCH MaCCbl Me30HOB H HX KOHCTaHTbl CBH3eH. 

)J,JIH H3yI.J:eHHH BJIHHHHH cpe,ll,bl Ha HapyweHHe CHMMeTpHH HCXO,ll,Horo 
JiarpamKHaHa HCITOJib3yeTCH Ha6op rrapaMeTpOB, ITOJiy<cieHHbIX H3 OITHCaHHH 
HMeiomHxrn 3KcrrepHMeHTaJibHbIX ,n:aHHbIX npH T = 0 H µ = 0. ITapaMeTpbr 
H Ha6JIJO,ll,aeMbie BeJIHI.J:HHbl TaKOBbI: 

- rrapaMeTpb1: A = 602.3 MeV, g8 A2 = 3.67, gDA5 

md = 5.5 MeV H ms= 140.7 MeV; 
-12.36, mu 

- tta6JIIO,ll,aeMhie: M'Tr = 135.0 MeV, MK= 497.7 MeV, f'Tr = 92.4 MeV 11 
MrJ' = 960.8 MeV; 

- KBapKOBble KOH,ll,eHCaTbI: (iJu qul = (iJd qdJ = -(241.9 MeV)3 H (ifs qs) = 
-(257.7MeV)3; 

- KOHcnnyeHTHhie MaCCbI KBapKoB: iVfu = Md = 367.7 MeV H Ms 
549.5 MeV. 

Mo,ll,eJib npH KOHeI.J:HOH TeMnepaType T H XHMHI.J:eCKOM ITOTeHUHaJie µ 
noJiy11aeTcH c noMOIUbIO cyMMHpoBaHJrn MaTcy6apbI 

fJ = l/T, T - TeMnepaTypa, qacTOTbI Marcy6apbr Wn = (2n + l)7rT, n = 
0, ±1, ±2, ... , TaK I.J:TO p0 --+ iwn + µ c XHMHI.J:eCKHM noTeHU.HaJIOM µ. 

CyMMHpoBaHHe no 11acTOTaM MaTcy6apb1 orrpe,LI.eJIHeTcH cpopMyJioti 

L [(1- J(zm)) Res[ 
RezmtfO 

+ /(zm)ResC (wn), Zm]] , 
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PS'jn/Po Psym/Po 

PHc. 5: CBoi1cTBa Me30HOB rrpH KOHeLJHoti: TeMrrepaType (JieBbre rpacpHKH) H 
IIJIOTHOCTH (npaBbie rpaqmKH). BapHaHT I: 9D - KOHCTaHTa; BapHaHT II: gn -
cpyHKUHH <PepMH; BapHaHT III: 9D - y6hrna10maH 3KcnoHeHTa; BapHaHT IV: 
9D =0 

r)J,e f (z) H f(z) - cpyHKI..U1H pacnpe,!I,eJieHHH cPepMH ,ll,JIH KBapKOB H aHTH­
KBapKOB. PesyJibTaThI pacLJeTOB Mace MesottoB np.H KOHeLJHOH TeMrrepaType H 
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TIJIOTHOCTH npHBeJJ,eHbI Ha P11c. 5 . 

.[l;JIH HCCJie)J,OBaHHH CBOHCTB KBapKOBOH MarepHH paCCMOTpHM OCHOBHble 

TepMO)J,HH3MH4eCKHe xapaKTepHCTHKH. 

Cocrmrn11e cHcreMbI onpeJJ,emieTc.H repMO,ll.HHaMH4eCKHM norem.1,HaJIOM, 

KOTOpb!H HMeeT BH)J, 

fl(p, T) = E - Ts - L /Li Ni 
i==.u,d,s 

H COJJ.epiKHT B ce6e 3Heprmo CHCTeMbl 

E = -:;v.L {jp2dpp2+E~iMi(ni-nt)} 
i=u,d,s 

-gs L ((iJ.iqi)) 2 - 2gv(uu)(dd)(ss), 
i==u,d,s 

H 3HTpOTIHIO 

s = Ne '°' J 2 - 7f2 v . L..t p dp 
i=u,d,s 

x { [n{ ln n{ + (1 - nt) ln(l - nt)] + [n{ -t ni] }· 

v - 06beM CHCTeMbl. 4HCJIO KBapKOB i - Toro copra onpe,B;eJI.HeTCH KaK 

r,lI.e cpyHKUHH <PepMH ,lI.JI51 i-TblX KBapKOB c TIOJIOiKHTeJibHOH (orpHUaTeJibHOH) 

3Heprneti: paBHbI 

1 
n?= = f·(±E-) = ----

i i i 1 + e±/3(E;'fµ;) . 

Onpe,LI.eJIHM B CHCTeMe ,LI.3BJieHHe H TIJIOTHOCTb 3HeprnH TaK, LIT06bI OHH 6bIJIH 

paBHbl 0 B BaKyyMe. nJI51 3T0f0 BBe,lI.eM BeJIHGHHbl 

1 
p(p, T) = -V [D(p, T) - 0(0, T)], 
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PHc. 6: ¢a3osa51 .n:HarpaMMa KXL(. Tot.i.Ka P - TpHKpHTHt.i.ecKa5I TOY.Ka (TCP) 
B 6e3MaCCOBOH TeopHH, TOY.Ka E - KpHTHY.eCKa5I KOHet.J.HaH TOY.Ka (CEP) B 
peaJibHOM MHpe. Tot.i.et.J.Hb!e JIHHHH COOTBeTCTBYIOT cpa30BOMY nepexo.n:y 2 
po.n:a, cn.nourna5I JIHHH5I - cpa3os1rfl rrepexo.n: 1 po.n:a. 

1 
e(p, T) = V [E(p, T) - E(O, T)]. 

cI>asosa5I .n:HarpaMMa KBaHTOBOH xpOMOJJ:HHaMHKH B ITJIOCKOCTH (T, µ, m) 
npe.n:cTaB.neHa Ha PHc. 6. 

Pesy.n1TaTbI pact.i:eTOB cpa3osoii .n:HarpaMMbr B paccMarpHsaeMOH Mo.n:eJIH 
npe.n:cTas.neHbI Ha PHc. 7: 

• KpHTHY.ecKa5I KOHet.i.Ha5I TOtIKa (CEP) onpe,n:eJI5IeTC5I TOl:IKOH c KOop.n:H­
HaTaMH: TCEP = 67.7 MeV H µ~EP = 318.4 MeV (mu = md = 5.5 
MeV, ms= 140.7 MeV); 

• KHpaJibHb!H npe,n:e.n: mu = md = ms = 0 He npHBO,lJ,HT B ,n:aHHOH MO,lJ,eJUI 
K TpHKpHTHY.eCKOH TOtIKe (TCP); 
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PHc. 7: KpHTWieCKHe KOHeLJHhie TOLJKH H THITbI cpasoBbIX rrepexo,D,OB. 

11ccJie,D,oBaHHe rnrroB cpasoBhIX rrepexo.uos B oKpecrnocTH CEP rrpe,D,cTaB­
JieHo Ha Pttc. 8. 

B CJiyYae mu = md = 0 H ms m~rit, HaXO,ll,HM m;rit = 18.3 MeV ,D,JI5! 

mu= md = 0. 
EcJIH ms 2: m~rit, rrpH µ8 = 0, cpa30Bh!H rrepexo,D, - BToporo po.n:a H c yBe­

JIHLJeHHeM µ8 JIHHHH cpa3oBoro nepexo)J,a BToporo po)J,a 6y.ueT saKaHLJHBaTbCH 
B TOYKe JIHHHH cpa3oBoro nepexo)J,a 1 po)J,a B TCP. 

DpH yseJIHLJeHHH ms 3HaLJeHHe T )J,JI5I JIHHHH TCP y6bIBaeT c B03pacTa­
HHeM µ 8 , npH6JIH:>KaHCb MaKCHMaJibHO K CEP rrpH ms= 140.7 MeV. 3aTeM 
OTXO)J,HT OT CEP. TCP )J,JIH ms = 140.7 MeV 6.JIH)Ke BCero K CEP H JIOKa­
JIH3yeTC51 npH µ~cP = 265.9 MeV H TTCP = 100.5 MeV. 

EcJIH Bb16paTh mu = md =f 0, BMecTO cpa3oBoro rrepexo.ua 2 po)J,a rroJiyYHM 
MHrKHH KpOCCOBep )J,JIH Bcex 3HaLJeHHH ms 11 "JIHHHH" TCP 6y)I.eT "JIHHHeif'' 
CEP. 
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PHc. 8: ¢a3oBa5I ,ll,HarpaMMa B OKpecTHOCTH CEP. 

,ll.n5I Bbl"4HCJieHH5I nOJIOJKeHHH KpHTHlJeCKHX TOt:IeK Ha cpa30BOH ,ll,HarpaM­

Me B oKpecrHOCTH CEP npoBe.rr.eHo HCCJie,ll,OBaHHe noBe,ll,eHHe 6apHOHHOH Boc­

npHHMlJHBOCTH XB H y,ll,eJibHOH ren.noeMKocrH C. 
5apHOHHa5I BOcnpHHMqHBOCTb onpe,ll,eJI5IeTC5I KaK 

H ee 3aBHCHMOCTh or XHMHt:IecKoro noreHu;HaJia HJIJIIOcrpHpyerc5I Ha PHc. 9. 
Y,ll,eJibHaH renJioeMKOCTb HMeer BH,ll, 

Ee noBe,ll,emie npe,ll,cTaBJieHo Ha PHc. 10 )J,JI5I 6apHOHHOH BocrrpHHMlJHBOCTH 

H y,ll,eJibHOH TeIIJIOeMKOCTH B ,ll,HccepTaU:HH BbllJHCJieHhl KpHTHt:IeCKHe 3KCIIO­

HeHTbl. 
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o~~~~~~~~::=::=:=:=j 
290 300 310 320 330 340 350 

µB (MeV) 

PHc. 9: BapHOHHa.H BocrrpHHMLIHBOCTb KaK cpyHKUHH µB ,ll)I5I pa3JJHqHbIX 

TeMrrepaTyp B oKpecTHOCTH CEP: TCEP = 67.7 MeV H T = TCEP ± 10 
MeV. 

Pe3yJibTaTb1 BhiqHcJieHH.H KpHTHqecKHX 3KcrroHeHT )J.JI.H 6apHOHHOH Boc­

rrpHHMqHBOCTH rrpe,n;cTaBJieHhI Ha PHc. 11. 
TiyTb: rrapaJIJieJibHO OCH µB B ITJIOCKOCTH (T, µB), H3 HaHMeHbrnero µB K 

KpHTHqecKoH: ToqKe µ~BP = 318.4 MeV, rrpH cpHKrnpoBaHHOH TCEP = 67.7 
MeV. J1orapHcpMHqecKHH cpHT ln XB = -E ln lµB - µ~EPI + c1 (c1 He 3aBHCHT 

OT µB) rrpHBO)J.HT K pe3yJibTaTy: E = 0.67 ± 0.01. B TeopHH cpe)J.Hero rroJI.H 

3TO 3HaqeHHe rrpe,ll.cKa3bIBaeTC.H paBHbIM E = 2/3. Bbrrne µB: E1 = 0.68 ± 0.01. 
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PHc. 10: Y,LI.eJibHaH rerrJ1oeMKOCTb KaK cpyHKIJ.IU:I T .D,Jlll pa3JIW-IHbIX 3Ha11eHHH 
µ8 B oKpecrnocrn CEP (µ~EP = 318.4 MeV H µ8 =µ~EP±10 MeV). 

a= 0.67±1).01 

10"' 10:1 H)° 101 

jµB- µBcEPI (MeV) 

PHc. 11: BapHOHHaH socrrpHHM11HBOCTh KaK cpyHKIJ.HH jµ8 - µ~EPj npH cpHK­
rnpoBaHHoti: reMneparype TCEP = 67.7 MeV. 
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B1rt:rHCJiemrn KpHTHt:reCKHX 3KCITOHeHT ,LJ,JIH y,LJ,eJibHOH renJioeMKOCTH npe,n­

crasJieHbI Ha P11c. 12. TiyTb: napaJIJieJibHO OCH T B ITJIOCKOCTH (T, µB) OT 

Cl"" 0.61±0.(}1 

~ 
102 ~ 

,_..,__ 
'? 

rS ..._,, 
u 101 

+ T < TCEP 

x T> TCEP 

10° 
10·2 10"1 10° 

IT- T CEl> I (MeV) 

P11c. 12: Y,neJibHaH renJioeMKOCTb KaK cpyHKUHH IT - TCEPI npH cp11Kc11po­

BaHHOM XHMHt:recKOM noreH11,11aJie µ~EP = 318.4 Me V. 

MHHHMaJibHoro 3HaY:eH11H T Y:epe3 Kp11rnt:recKyIO TOt:rKy TCEP = 67.7 MeV 

npH µ~EP = 318.4 MeV. J1orap11cpM11t:recKHH cp11r ln C = -a ln IT-TCEPl+c2 

(c2 He 3aBHCHT or T) rrpHBOAHT K 3Hat:reHHIO a = 0.61 ± 0.01 (µ~CP). 810 

3Hat:reHHe OTJrnt:raercH or 3Hat:remrn, noJiyt:raeMoro B cpe,ll,HeM rroJie a = E. 

BbrIIIe TCEP: a'= 0.68 ± 0.01. 
B 3aKJ11011eHHH rrpe,ll,CTaBJieHbI Hayt:rHbie noJioJKeHHH ,LJ,Hccepra11,1111, BbI­

HOCHMbie Ha 3alll.HTy. 

I1ony<1eHo 21 mom1 2011 r. 
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