MHMHUCTEPCTBO OBPA3OBAHNS 1 HAYKU POCCUIICKON
®EJIEPALIVN
depepaibHOE FOCYyAAPCTBEHHOE ABTOHOMHOE 00pa3oBaTe/IbHOe YUPeX/AeHHe
BBICIIIEro MpoecCHOHAILHOr0 00pa3oBaHuUs

HanpmoHa/nbHbIM UCC/Iei0BaTe/IbCKUM sifiepHbIi YHUBepcuTeT «MUDN»

NHcTuTyT AepHor pusuku u TexHonorun (MADuT)
KA®EJPA Ne 40

«Du3MKa 3/IEMEHTAPHBIX YdCTHIL»

Pedepar

«3epKanbHbIid Mup 6e3 ciaboro B3aumogeictust: U(1)xSU(3)»

BeironHua crygeHT rpynnsl M18-115

KacartkuH [lenuc [Imutpuesuy

[IpoBepu nperiogaBareib

Xsnonos Makcum FOpseBuu

Mocksa - 2018



BBegenue

B HacTosil1lee Bpemsl TePMUHBI «3€pKaJibHble YaCTHULIbI», «3epKajlbHas MaTepus»
U «3epKa/JIbHbIi MUD» UCHO/b3YIOT, KOIZla pedyb 3aXOAUT O TMIIOTEeTUYeCKU CKPBITOM
CeKTOpe YaCTHL] U B3aMMOJEWCTBUM — CKPBITOM Macchbl. VI3HauaqbHO BO3MOKHOCTh
CYII[eCTBOBaHUS 3epKa/bHBIX YacTUL] Oblyla paccMoTpeHa B pabore Jlu u fnra [1], B
KOTOpDOM aBTOPbl TMpPEANONOKWIA HapylleHWe TPOCTPAaHCTBEHHOM YeTHOCTH.
CoxpaHeHMe TNPOCTPAHCTBEHHOW YETHOCTH, [APYTMMU (JIOBAMU  HWHBEPCHUS
KOODJMHATHBIX OCe, MPUBOJUT K TIpeobpa30oBaHUIO TM0JIsl JaHHOM YaCTHULIbI B Ipyroe
Ti0J1e, OTMChIBaroLLlee yacTULlpl. HapylieHre 4eTHOCTH MPUBOAUT K TOMY, UTO JIeBO- U
TpaBO-OpHUEeHTHUPOBaHHbIE CUCTeMbl KOOPAWHAT CTAHOBATCS HeSKBUBAJIEHTHBIMU, 3TO
ObI710 MOAUEepKHYTO B cTaThe JIu u fHra. /Iy BoCCTaHOB/IEHUs 3KBHUBAJ€HTHOCTH
CHCTeM KOOp/IMHAT OblIa BHIZIBUHYTA H7iesi O CyI[eCTBOBAHMH 3€PKa/IbHBIX TTapTHEPOB
[/11 BCeX WU3BeCTHBIX yacTull. I1py 3ToM P—4yeTHOCTH y 3epKajibHbIX [1apTHEPOB UMeeT
TIPOTUBOIIO/IOXKHBINM 3HakK. /lajiee Ha OCHOBe HZed O COXpaHeHUU KOMOMHUPOBAHHOMN
CP—uetHoctu Jlanzay, JIu v Ap. npearnosioxkuiv, 4To B KaueCTBe 3epKajlbHbIX YaCTUL]
MOTYT BBICTYIIaTh YK€ M3BeCTHble aHTUYaCTULIbl. AHTHUYACTULIbl COOTBETCTBOBA/IU
KPUTEPHIO 3epKa/IbHBIX YAaCTHI]: OHU TIOJTHOCTBI0 CHMMEeTPUYHBI 00BIYHBIM YaCTHI[aM.
Takum o0Opa3oM, UHBEPCUsI CUCTeMbI KOOPAWHAT M 3aMeHa YaCTHI] Ha aHTUYaCTULIbI
TIPUBOJUT K COXpaHeHWIO OasaHca MeXKAy MpaBbIMA U JIeBbBIMU cucTeMamHu. Ho ¢
OTKpbITUEM HapylieHuss CP—ueTHOoCTM B pacmajax KaoOHOB, CTajio $SICHO, 4YTO
AHTUYACTULIBI He MOIyT BBICTYIIaTb B POJU 3€pKa/JbHbIX YaCTHUL. Hns
BOoCcTaHOB/eHUs: cumMeTpun Ko63apeB, I[TomepaHuyk u OKyHb MOCTY/JIMPOBAIU
TIOMHUMO TIapbl «4YacTHlla — aHTWYaCTHL@» Cyl|eCTBOBaHMEe TMaphbl «3epKajbHasi
yacTulla — 3epKajibHasi aHTUYaCTULl@a», TeM CaMbIM YIBOWIM YMUCI0 Yactull [2]. s
pa3mumsi OOBIYHBIX M 3epKabHBIX UaCTHIL] Oblia BBeZIeHa YC/I0BHAsI XapaKTepUCTHKA
— YKC/I0 AJTMCHI, a JIJ1s1 3epKa/IbHOTO OTpakeHHe — A — mpeo6pa3zoBanmue [3].

B [jaHHOW Mojenu paccMaTpuBaeTcsi CTabuibHOe BTOpOe TIOKOJieHHue
(hepMHOHOB (S- U C- KBapKH, MIOOH U aHTUHEUTPUHO MIOOHHOE, UX aHTHUYaCTHLIbl), a
TakK)Ke HEeKOTOpble Me30Hbl U OapuOHBI, COCTaB/IeHHble W3 3THUX uacTul]. M3-3a

OTCYTCTBHUs c/laboro B3auMoOZeMCTBUSI He OyzeT HabOmogaThcsi HapyiieHue C- u CP-



YeTHOCTH, a HeWTpWHO OyneT NpUHUMATh yuyaCTHe TOMBbKO B TPaBUTALIOHHOM
B3aMMOZENCTBUU. B 3aps10BO-CHMMETPUYHOM MHUpEe KOHLIEHTpalysi aJpOHOB OU€Hb
HU3Kasi, uToObl 00pa30BaTh OT/e/IbHbBIE Ta30BbIe 0O/IaKa.

Kak w3BecTHO, MacCy aJIpOHOB COCTaB/SIFOT KBapKOBbIM  KOHJEHCaT,
KUHETUYeCKasl SHeprusi KBapKOB, HAIPSDKEHHOCTb IVIFOOHOTO TO/Sl M aHOMAaJIbHBIU
BK/az [4]. IIpyyemM KBapKOBBIM KOHJ€HCAT BHOCUT HaWMEeHbIIINM BK/aJ, U 3aBUCUT OT
MexaHusma Xwurrca [5]. Ho B 3epkajibHOM MUpe 3TOT MeXaHW3M OTCyTCTBYeT. A
3HAUWT, MacChl KBapKoB OyJyT MeHbIlle, ¥, COOTBETCTBEHHO, MacChl aJ[pOHOB TOXKe
OyayT MeHbIlle, ueM B MHpe CO (ylabbIM B3auMofelicTBUeM. PaccMoTpuM Macchl
KBapKOB: [/ S- U C- KBapKoB Macchl 95 M3B u 1200 M5B cooTBeTCTBEHHO — Macca,
roslyyaemMasi TOJIBKO OT MexaHusma Xwurrca; ~500 MsB u ~1500 MsB — wmacca
KOHCTUTyeHTHasi. [1o3ToMy B JanbHeliieM OyneT MCII0/Ib30BaThCS Macca S-KBapkKa,

paBHasgs m=400M>sB U c-KBapKa m_.=500 M>3B

Tabmuiia 1 — CrabunbHbIe a[pOHBI 3epKa/IbHOTO MUpa [6]

Macca c Macca 6e3
Yactuua KBapkoBbIli COCTaB MeXaHHU3MOM MexaHu3Ma XUITca,
Xwurrca, MsB Ms>B
Q SSS
1672,5 1200
Q' SSS
Q) ssc
2695,2 1300
Q' §3C
Q.. scc
~3500 1400
Q.. scc
Qe cce ~4500 1500
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1968,3 900

MrIoOHBI Tak ke, KaK U KBapKd, TPUOOpeTaroT MacCy C TIOMOIIbI0 MeXaHu3Ma
Xwurrca. Ho B 3epka/ibHOM MHpe MIOOHBI OyyT 6e3MaccoBbie 3apsbkeHHbIe YaCTHIIB,
KOTOpbIe OyyT 00/1aZiaTh TOILKO KUHETUUEeCKOW SHeprueil.

Tabnuiia 2 — crabuIbHBIE JIETITOHBI 3ePKaJTLHOTO MUpa [6]

YacTuia Macca ¢ MexaHmu3MoM Macca 6e3 MexaHu3Ma
! Xurrca, MaB Xwurrca, M>B
Au_
105,7 0
.
u
Vu
<1 0
Vu




bapuocunres
Bo BcenenHoit HabstoaeTcst moHoe npeobasanyie 6apuoHHOM MaTepyu Haf
aHTUOapuOHHOU. TouHee aHTUBEILECTBO OTCYTCTBYeT B COMOCTAaBUMBIX MaciiuTabax.
O[iHaKo, ecu OTCYTCTBYeT cjiaboe B3aMMO/IeCTBYE, TO eCTh He TTPOMCXOAUT pacriaf
KBapKOB BTOPOTO TOKO/IeHuUs], TO He OyzieT HapyiieHre CP-ueTHOCTH.
B opurvHasbHOM ClieHapuy CyllleCTBYeT [Ba KaHaja pacraja udactui [7].

[TpumeHuM 3TO 151 3epKaibHbIX KBapKoB [8]:

X=qq (1),
X=>ql  (2),
rje X — BbIlIe/lIWe U3 PaBHOBECHS YaCTHULIbl 3€pKaJlbHOIO MMpa, q — KBapK,
g — aHTUKBAapK,a | — 3apsUKEHHBIN JIEMITOH.

A Takxe ABd KdHadJld pacriafid AT daHTUUACTHUI]:

X>qq (3),
X=»>ql (4),
rje G — aHTUKBapK,a | — 3apsDKeHHbIM aHTU/IeIITOH.

N3-3a CPT vHBapHaHTHOCTH TIOJIHBIE IMMPHUHBLI YAaCTHL] U aHTAYACTHI] OyayT
paBHbl. OpHakoO BO  BcejleHHOM cyujectByer (CP-HapylleHusi, TO3TOMY
OTHOCUTE/IbHbIE BEPOSITHOCTH [i/Is1 pacraioB YaCTHL] M aHTUYACTHL] He COBMaZatoT. B
3epka/ibHOM ke Mupe HeT CP-HapyieHus. O603HaUMM TIO/IHYIO BEPOSITHOCTh
pacrniaga 3a 1. OTHocUTe/IbHBIE BEPOSATHOCTU pacmnazia mo KaHasaam (1) u (2):

Br(X=qq)=r ,
Br(X=>ql)=1-r
OTHOCUTe/IbHBIE BEPOSITHOCTU pacraza no KaHanam (3) u (4):
Br(X-=qq)=r ,
Br(X=>ql)=1-F

M3-3a oTCyTCTBUS C/1ab0ro B3auMO/IeHiCTBUS B 3epKa/lbHOM MHDe BEpOSITHOCTD

pacriaga o KaHany (2) u (4) Oyzger paBHa 0. A Bce pacmazbl OyayT MPOXOJUT TI0

kaHasam (1) u (3).

M366ITOK GapHOHOB CcUrTaeTCs 1o hopmyrie:



ny=(r—7)ny

B 6aprioH-HeCMMeTPUYHOM BCe/IeHHOW C PaBHBIMH KOHIIEHTPAI[MSIMU YaCTHI]
W aHTHUYACTHI] OyaeT HabmroqaThCsl M30BITOK YaCTUIl U HEJJOCTAaTOK aHTHYacTuI]. Ho B
3epKaslbHOM MHpe 0e3 c/1aboro B3auMO/IeHCTBHSI 3TOTO HaO/MoAaThCs He OyzeT u3-3a
paBHBIX BePOSITHOCTEH pacmajoB 1o KaHaiaMm (1) u (3) r=r=1

Tak kak He OyzgeT HaOMOAAaTHCS W30BITKA YaCTHWI, TO BCE YACTUIBI H
AQHTUYACTULIbl AHHUTWIMDPYIOT ApPyr C ApyroMm. [lo3Tomy 3epKajibHbIi MHp CO
cTabWIBLHBIMU TTOKOJIEHUSIMU KBapKOB HUKAK He TOB/IMsIeT Ha CyllleCTBOBaHWe Halllei
BCe/leHHOH (TIpY yC/IOBWH, UTO 3epKajbHbIi MUD OyzeT CylileCTBOBaTb COBMECTHO C

Halllell BCeJileHHOI), B KOTOPO# CyIIleCTByeT cjiaboe B3auMo/ieliCcTBYe.



3aKa/jka JIEMEHTAPHBIX YdCTHLY

[Ipy BBICOKMX TemIiepaTypax KOHLIEHTpAalusi KBAapKOB W aHTUKBApKOB B

3apsiI0BO-CHMMETPUYHOM MUPe Ofpe/ie/nsieTCsl paBHOBecueM [9]:

B B B B 7m3/2(kT)3/2 _}TTC
N=Ng=Ng=Npeo =\ 35 €
1 h
rme m

— MacCCad KBdpKa.

TepmoanHaMHUueCckoe paBHOBeCHe OCYILeCTB/SIeTCS 3a cueT OasaHca MeXay

AHHUTWISILIEN TIDU COyZjlapDEeHUM KBAapKOB M aHTMKBApKOB M pOXKJeHueM nap. Beegem
rnapamerp 6

2
mc

, KOTOpbIM CBsi3aH C KOHI|eHTpauusiMu (OTOHOB (CyMMOU
JIETKUX YaCTUL u , u, y )Y KBapKOB.

n, = 10"0°cu> — KoHUeHTparWs (HOTOHOB. [II pacueTa HCIIOIb30BAIUCh
Macchbl KBapkoB m,=500MsB U m,=400 M5B U1 (POPMYJIbL:
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Paccmorpum Tpu ciydasi:

# = 1 — TMUIOTHOCTh KBAapKOB Oblla TOrO e
II0PSAAKA, UYTO YW IUIOTHOCTH JIETKHUX YacTul; 6 = 1/40

— IIJIOTHOCTb KBdPKOB
CHM)XdJ/IaCb SKCIIOHEHIIMA/IbHO [JO 5TOIO0 MOMEHTA,

g KT _170 _

—===34/100
mc® 500

IIJIOTHOCTb KBAPDKOB B MOMEHT Ha4ddJ/Id a/IpOHMU3alJhN.

Tabnmuiia 3 — KoHIleHTpal[iy KBapKOB MpH Pa3/MYHON Temreparype (JaHHble [AJis
rnapameTpa 6 C-KBapka)

nj
6=1, 6 =1/40 , 6 = 34/100
T =500 M>B T =38 M3B T=170 MaB

n n n

n, ,cMm° r=—_ n, ,em®| = n, ,cMm> r=—_

ny nJ/ ny
C-KBapK | 1,76-10% 1,76-10° | 1,35-107 | 3,06-10° | 4,57-10% 4,57-10*
S-KBapK | 1,54-10% 1,54-10° 1,64-10°7 | 2,95-10"" | 4,28-10" 4,28-10°




IIpu Temniepatype 1500M5B KOHLIEHTpAL[Ms C- U S-KBapPKOB OJHOI'0 MOPSJKa,
HO TIpU TeMriepaTrype 38 MsB KOHLIEHTpaAliksl C-KBapKa Y KOHLIEHTpaliks S-KBapKa He
OyayT CWIbHO OT/IMYaThCs, TaK KaK Macca KBapKOB MPUMEPHO OMHAKOBBI. 3aKaska
KBapKOB TIPOM30MJIeT TIpU TeMIlepaTtype aApoHu3aluu. I[lo3ToMy HeoOXoAnuMo
pacCMOTpeTb  3aKajiKy  CTaOWIbHBIX  vacTWl] (He  pacrajarolfuxcs 10
3JIEKTPOMAarHUTHOMY U CUJTbHOMY KaHasiaM), 00pa30BaBIIIMXCS U3 C- U S-KBapKoB. st
pacueta OyAyT HCIIONB30BAThCA Te ke (OpPMysibl, UTO W /i1 KBapKOB. 3aKajka

KakK/I0T0 BU/Ia YacTUL] OyZieT MPOUCXOUTh TIPY Pa3HOM TemriepaType.

Tabmuiia 4 — KoHIleHTpalid CTAaOM/IBHBIX YaCTHI] ¥ MIOOHOB TpH Pa3IMUHOMN

TeMreparype (JaHHble [/l TapaMeTpa 6 KaXK[0W YaCTULIbI)

n;, CM™ r 2% T, M>B 6 3akanku
y
Q - rUMepoH 1,03- 107 30
Q" - rumepoH 1,84-107 33
Q' - TUIepoH 1,52-10% ~107° 35 1/40
Q.' - TUIIEPOH 3,19- 107 38
D. - Me30H 4,11-10* 23

,Z[JIH BCeX YaCTHL] HCII0/Ib30BA/JIOCh PABHOBECHOE€ CeYeHHe, OJHAKO CeueHHe

YaCTHLl, COCTOSIL[UX U3 KBAPKOB OJHOrO apomara ( Q W Q). TUIEepOHbI) Oyaer

cce

MeHbIIle. JTO OOBSACHSIETCS TEM, UTO TPU KBapKa /[O/DKHBI COAUHHUTBCS B OJHY
YaCTHITY, @ 9TO MeHee BePOsITHO, ueM 00pa30oBaHMe JIPYTUX UaCTHI].

KoHiieHTpamu vactui] OyayT omHOro ropsigka. OOBsICHUTh 3TO MOKHO TEM,

YTO MacCChl KBAPKOB B 3epKa/IbHOM MUpe OT/IndaroTcs Bcero Ha 100 M3B.




B3aumopeicTBUA YaCTHI]

B 3epkanbHOM wMupe 0e3 c/iaboro B3aUMOMEWCTBUS YaCTHI[BI MOTYT
pacrnazfarbCs TOABKO IO 3JIEKTPOMarHUTHOMY W CWUJIBHOMY B3auMofelcTBuiO. [lpu
TaKUX pacraziax He OyzeT mepexo/ia B ApyTrre TOKO/IEHUST KBaPKOB.

PaccMOTprM n-Me30H, COCTOSIIMM M3 Tapbl sS . OTOT Me30H MOXET

pacnazfarbCs TOJBKO MO 371eKTPOMarHUTHOMY KaHasy:

> o

o

t
mm-*-m—.—.—.—.—.—.-

PucyHok 1 — Pacriag n-me30Ha

Peakumu ¢ D;(c5,cs) mMe30HaMu OyAyT TIPOXOAWTb, HArpyuMep, MO TaKOM

. + 0__ ~+ 0
cxeMe: D'+Q’=Q +1



3ak/ioueHyue
Mogenb cocrosiiiass U3 CTabWIbHBIX ()ePMHUOHOB BTOPOTO TOKOJeHUsi Oyaert
BK/IFOYAaTh B cebsi cTabuibHble Me30HbI U OapuOHbBI, TpUBe/eHHble B Tabmule 1,
KOHL[eHTpaIUsi KOTOpbIX OyzneT oueHb Hu3Kasi. KommuecTBa OGapuoHOB Oyzer
He/I0CTaTOUHO, UTOOBI CO3/aTh CKOIJIEHUs], TaK KakK TPaBUTALIMOHHOE TMPUTSKeHHe,
co3/aBaemMoe MeKJy HUMH, Mano. TakKe YaCTULbl TaKOrO 3epKaJbHOIO MHUpa He
MOTYT OBITh YAaCTMIIAMH CKPBLITOM MacChl MO TOH ke IIPUUMHE T'PAaBUTALIMOHHOM

MpUYKHe, YIIOMSHYTOU BBILLIE.
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