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1. BBEAEHHUE

B sToit BBOmHO# T/1aBe MpeiCTaBJeHbl BCe H3BECTHbIE 3JieMeHTapHble YacTH-
bl * ¥ HMX THIBl B3aUMOJEHCTBHH, a TakXKe KPaTKO YIMOMSIHYTbl HCTOPUYECKHE
(akTbl UX OTKPBITHMHA. MBI OyleM HCIO0Jb30BaTh €CTECTBEHHYIO CUCTEMY €IMHHIL
M3MepeHHsl, a UMEHHO MOJIOKUM (hyHIaMeHTaslbHble KOHCTAHThI: CKOPOCTb CBeTa
B BakyyMe ¢ W peayuupoBaHHylo KoHcTaHTy [lnanka (Max Karl Ernst Ludwig
Planck, 1858-1947) h paBHBIMU elUHHUIIE:

¢=299792458 m-c~ =1, C— M

l (1.1)

h -
h = 5= 1, e h = 6,62607015 - 1073* Ik - ¢ : ¢ — kL.
m
B aroii cucTeme Bce pasMepHble BeJHUMHBl MOXHO BBIPA3UTb TOJbKO Uepe3 OLHY
pasMepHYI0 KOHCTaHTY, HalpuUMep, CeKyHIY.
[lepBas oTKpBITas 3/1eMeHTapHas 4YacTUlla — 3JeKTPOH, 0003HauaeTcsl Kak e~ .
OHa uMeeT OTpULIATENbHBIH 3JE€KTPUUECKUN 3apsll g, = —e, Tle

e =1,602176634 - 10719 Ku, (1.2)

u maccy me =~ 0,511 MaB (1 3B = 1,602176634 - 10719 Ixk) u 6bina OTKpBITa
B 1897 r. Tomconom (Joseph John Thomson, 1856-1940) B KaTomHBIX JyYax, 3a
gyT0o oH noJsyuns HobGeseBckyio npemuio no ¢usuke 3a 1906 r. dnpo BomopomgHOro
aToMa — TpoToH (p) Oblnm oTKpHIT B 1919 r. Pesepdopmom (Ernest Rutherford,
1871-1937). CeronHsi Mbl 3HaeM, 4TO p He SIBJsSETCS 3JeMeHTapHOU uacTUIlel
M COCTOUT M3 KBApPKOB M CBf3bIBAIOLIMX WX IJIOOHOB.

B coorBerctBuu ¢ Teopueit Hupaka (Paul Adrien Maurice Dirac, 1902-1984)
07151 000K 3apsi?KeHHOHU 3JeMeHTapHOH UM CyOaTOMHOH YacTHLbI, KaK, HAallpUMep,
3JIEKTPOH WJIM TPOTOH, JIOJKHA CYLIeCTBOBAaTb COOTBETCTBYIOLIAsh aHTMYaCTHLA
C TaKOH Ke MacCoH, HO C MPOTHUBOMOJIOXKHBIM 3apsiioM. DTa TeopHus Oblia TPUYM-
¢danbHo noateepxkaeHa B 1932 r. Aunepconom (Carl David Anderson, 1905-1991)
OTKPBITHEM AHTHYACTHIbl 3JEKTPOHa — MO3UTPOHA (e') B KOCMHYECKHX JIydax.
Hupak 1 AHnepcoH mosydusn HoOesieBCKUe mpeMuu 1o ¢pusuke 3a 1933 u 1936 r.
COOTBETCTBEHHO. AHTHUNPOTOH OB OTKPHIT TOJbKO B 1955 1. Cerpe (Emilio Gino
Segre, 1905-1989) u Uembepnenom (Owen Chamberlain, 1920-2006), 3a uto onn
Toxe noayunsau HobeneBckyto mpemuio mno ¢usuke 3a 1959 r.

* YacTHLEBI, CTPYKTypa KOTOPHIX OCTAeTCsl HEOTKPLITOH 10 HACTOSIIEr0 BPeMEeHH.
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KnoueBass nisi cnabbix B3aWMOAEHCTBHH modTH ©Ge3maccoBasi HeHTpasbHas
3JleMeHTapHasi yacTula — HelTpuHo — Oblia BBefeHa [laynu (Wolfgang Ernst
Pauli, 1900-1958) B 1930 r., 4To6Bl cmacTH 3aKOH COXpaHEHWS SHEPTUH U HM-
nyJabca B pagvoakTHBHOM Oera-pacnazne. HelTpuHO siBJsSleTCs NPOAYKTOM HOBOTI'O
B Te BpeMeHa Cc/1a60oro B3aMMOJAEHCTBHUS, TEOPUS KOTOPOro ellle He Oblja MOCTPO-
ena. [lepBelii KaMeHb B OCHOBY 3Toi Teopuu 3anoxua Pepmu (Enrico Fermi,
1901-1954) B 1934 r. OH Takxe MpUAyMaJ U Ha3BaHHWE «HEHUTPUHO» IJIsI HOBOH
TUTMIOTETHYECKOH YaCTHIIbI, 3aMeHUB Ha3BaHHe «HEHTPOH», mpensnoxeHnHoe [laymu.
IT0 ObLIO HEOOXOOMMO H3-3a OTKPBITHS HEHUTPaJbHOTO KOMIAHbOHA TMPOTOHA —
HeliTpoHa (n) B 1932 r. Uensukom (James Chadwick, 1891-1974), nmonyuuBimium
3a 370 OoTKphiTHe HobeneBckyo mnpemuto mo ¢usuke 3a 1935 . Bosee Toro,
UTAJbSHCKUE Cy(QQUKC «MHO» O3HauYaeT yMeHbLIUTEeJbHOE HMs, KOoTopoe GoJjee
TOYHO COOTBETCTBYeT CBOHCTBAM HOBOH 4acTHIbl. Borpeku npenmnosoxenuto Ilay-
JIM, 4YTO 3Ta YacTHlla He OyzeT BooOle 00HapyKeHa, aHTUHEHTPUHO ObIIO OTKPBITO
B 1956 r. Koysnowm (Clyde Lorrain Cowan Jr., 1919-1974) u Peiinecom (Frederick
Reines, 1918-1998). Onnako Tosbko B 1995 r. mocaenuuit nonyuua HobeneBckyio
MPEMHUIO 32 3TO OTKPBITHE. AHTHHEHTPUHO OBLIO OTKPHITO C MOMOILIBIO 0OPaTHON
peakluy pagroaKTHUBHOTO GeTa-pacrazna

Ue+p—e +n. (1.3)

OHo Ha3bIBaeTCsl 3JEKTPOHHBIM, TIOTOMY UYTO CBSI3aHO C MOSIBJIE€HHEM TO3UTPOHA —
AHTHUYACTHIBl 3JIEKTPOHA.

OueHb MHTepecHOe cobbITHe mpousoliyio B 1937 r., korna Aunepcon u Hennep-
matiep (Seth Henry Neddermeyer, 1907-1988) oTKpbliM B KOCMHYECKHX Jydax
YaCcTHUILy, TMOXOXKYI0 IO CBOMM CBOHCTBAM Ha 3J€KTPOH, HO C MacCOod IOYTH
B 200 pas Tsaxesnee ero, m, ~ 105,66 M3B. Jra yacTuua HasbiBaeTcs MIOOHOM (/1)
M TPUHAJJEXKHUT K TaK HA3blBaeMOMY BTOPOMY MOKOJeHHIO uyacTul. K mepBomy
TIOKOJIEHHIO TPHUHATO OTHOCHUTb Mapy 4acTull (Ve, e~ ). COOTBETCTBYIOLIEe MIOOHY
MIOOHHO® HeHTPHUHO () 6bl10 OTKPHITO B 1962 1. Jlenepmanom (Leon Max Leder-
man, 1922-2018), Hlsapuem (Melvin Schwartz, 1932-2006) u lTeiinGeprepom
(Hans Jakob Steinberger, 1921-2020), xoTopble MOJy4YHJH 32 3TO OTKPBITHE
Hob6enesckyto npemuto no ¢usuxe B 1988 r.

3apsi>keHHasi UaCTHLa TPeTbero MokojeHus 7 Oblia omucana Lladem (Yung-su
Tsai, p. 1.02.1930) euwe B 1971 r. u otkpeita B 1977 r. Ilepnom (Martin Lewis
Perl, 1927-2014) c¢ maccoii m, ~ 1777 M3B. Ilepn noayunn HobGeneBckyio
npemuto 1o ¢usrke 3a 1995 r. CooTBeTcTBylOllee T Tay-HEHTpUHO (V) OBLIO
otkpbiTo B 2000 r. B akcnepumenTe DONUT (Direct Observation of the Nu Tau)
B Fermilab (CILIA). Bce 3TH yacTuubl Ha3bIBalOTCS JIENITOHAMH, MOTOMY UTO He
Yy4acTBYIOT B CHJIbHBIX B3aHMOIEHCTBHSAX.

CocTaBHble YaCTH CHJIbHOB3aHMOAEHCTBYIOMMX CyOaTOMHBIX YACTHL — aapo-
HOB Ha3bIBAIOTCS KBapKaMH M Oblid Tpenckaszansl [emn-Mannom (Murray Gell-
Mann, 1929-2019) B 1964 r., 3a uto emy B 1969 r. 6bina npucyxaeHa Hobesnes-
ckas npemus no ¢usuke. Jlerkue u (up), d (down) u s (strange) xkBapku ObLIH OT-
KpbiThl @punmanom (Jerome Isaac Friedman, p. 28.03.1930), Kennannom (Henry
Way Kendall, 1926-1999) u Teiinopom (Richard Edward Taylor, 1929-2018)
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B 1968 r. Onu 6bi1u ynocroensl HoGeneBcko# npemun no ¢gusrke 1990 r. Ilepsoie
IBa KBapKka — u M d, COCTaBJfIOLIME TPOTOH WU HEHUTPOH, a 3HAUUT, U sApa
XHMHUYECKHX 3JIEMEHTOB, 00JafaioT ApoOHBIMH 3apsoamu (+2/3)e u (—1/3)e
COOTBETCTBEHHO M SBJSAITCSA 3JeMEeHTApHbIMM YaCTHLAMH I[€PBOTO IOKOJIEHHS.
A s-xBapk ¢ 3apsgom (—1/3)e yxe siBasieTCs 3/eMeHTapHOH YacTHULEH BTOPOTO
nokoJsienusi. Ecan Maccel u- U d-KBapKoB mopsinka Heckoabkux M3sB, To macca
s-KBapKa Ha coTHio M3B Gousblie.

B uensix ycraHOBieHHS CHMMETPHH MeXKIy MOKOJEHHSIMH W 0 APYTHM TpH-
4yHhHaM, 0 KOTOpPBIX peub noinet nanee, B 1970 r. [namoy (Sheldon Lee Glashow,
p. 5.12.1932), Unuonynoc (John Iliopoulos, p. 1940) u Maitanu (Luciano Maiani,
p. 16.07.1941) BBequ HoBHIE ¢ (charm) kBapk c 3apsmoMm (+2/3)e Kak 3Je-
MEHTAapHYI0 YacTHULy BTOPOTO MOKOJEHHs. DTOT KBapK ObLI OTKPHIT Puxrepom
(Burton Richter, 1931-2018) u nesaBucumo Tunrom (Samuel Chao Chung Ting,
p. 27.01.1936) ¢ maccoit m. ~ 1,3 3B B 1974 r. 3a cBoe OTKpHITHE OHU OBLIH
ynoctoenbl HobeseBckolt npemun no ¢usrke 1976 r.

BoJsiee Tsixkesible KBapKH TpeTbero nokoseHus — b (bottom) u ¢ (top) — Obliu
npenckasanbl B 1973 r. Kobasmu (Makoto Kobayashi, p. 7.04.1944) u MackaBsoii
(Toshihide Maskawa, p. 7.02.1940), 3a uto onu noayuusu HoGeneBckyro npemuio
no ¢usuke 2008 r. dtH KBapKH Oblid OTKPBITH B Fermilab B 1977 u 1995 rr.
¢ Maccamu my ~ 4,2 '3B u m; = 173,2 I'3B cooTBeTCTBEHHO.

Kaxnplii KBapK MOXKeT HaXOOMTbCS B COCTOSSHHM OIHOTO M3 TPeX I[BETOB:
KpacHOro, 3eJIeHOr0 HWJIM CHHEro, MO3TOMY TPEeXKBAapKOBble aJpOHBl SBJSIOTCS
6eJBIMH COCTOSIHUSIMU. Takoe B3aHMOLEHCTBHe LBETOB OMNMCHIBAETCS KBaHTOBOMH
xpomonuHaMuko# (QCD). IlepeHoCUHKaMM 3TOrO CUJIBHOTO LBETHOTO B3aWMOJEH-
CTBHUS fIBAsIOTCS 8 6e3MacCoBBIX TVIIOOHOB. [/10OHBI OBLIM OTKPBITH B 1979 1. Ha
kosnarinepe PETRA (Positron-Elektron-Tandem-Ring-Anlage) B ['epmanuu.

K HacrosilieMy BpeMeHH H3BECTHBI YeThbIpe THIA OCHOBHBIX B3aHMOIEHCTBHH:
rpaBUTALMOHHOE, 3/EKTPOMArHUTHOe, caaboe W CUbHOe. [paBUTaLMOHHOE B3a-
uMozedcTBre OblI0 OTKPbITO B 1687 r. HbtotoHom (Isaac Newton, 1643-1727),
¥ OHO BKJIOYaeT B ce0sl BCe M3BECTHblE W HeW3BeCTHble uacTHIbl. OmHaKoO H3-3a
MaJIblX Macc 3JeMeHTapHbIX YACTHULl IPAaBUTALIHOHHOE B3aUMOIEHUCTBHE MEXIY HHU-
MU OYeHb csaboe Mo CPaBHEHHUIO C APYTHUMH TUIIAMU B3aUMOLEHCTBHMH, ¥ MO3TOMY
OHO OOBIYHO He YUYMTBIBAETCS.

DNIeKTPOMarHUTHOe B3auUMofeiicTBHe OblI0 OTKpbITO B 1864 r. Makcsessom
(James Clerk Maxwell, 1831-1879), a ero KBaHTOBBIH MePEHOCUHK — (POTOH —
B 1900, 1905 u 1923 rr. Ilnankom, diniureidinom (Albert Einstein, 1879-1955)
u Komnronom (Arthur Holly Compton, 1892-1962), koTopble mosyuusu HoOe-
qeBckue npemuu B 1917, 1921 u 1927 rr. coorBeTcTBeHHO. [lepeHOCUNKH cnabbIX
B3aUMOfeHCTBHE — W - u Z-6030HB — GblAM OTKpPBITH B 1983 1. Py66ua (Carlo
Rubbia, p. 31.03.1934) u Ban nep Meepom (Simon van der Meer, 1925-2011),
KoTopele Tosnyunaud HoGesneBckyio npemuio no ¢usuke 3a 1984 r. B otnnuue or
6e3MaccoBBIX TPaBUTOHA U (DOTOHA 3TH GO30HBI UMEIOT AOBOJBHO GOJbLINE MACChL:

moP ~ 80,4 TsB u mS” ~ 91,2 I'3B. (1.4)
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Quarks Leptons Bosons
0eV 80.4 GeV
I 7 w+
photon W-boson
91.2 GeV
11 Z0
Z-boson
0eV 125.1 GeV
111 @ ho
graviton Higgs-boson
Puc. 1
CyliecTByeT ellle OfiHA 3JeMeHTapHas yacthua — h, 6030 Xwurrca (Peter

Ware Higgs, p. 29.05.1929), kotopasi siB/isieTcsi CleCTBHEM MeXaHH3Ma MPHOO-
peTeHuda Macc BCEMH 3dJIEeMEHTAPHbIMKU HaCTHLaMH, ¢ KOTOPBIMU OHa HMEET HeEeIo-
cpenctBeHHoe B3anMonedictBue. OHa Gbla otkpeiTa B 2012 1. B LIEPH (Conseil
Européen pour la Recherche Nucléaire) B [lIBeiinapuu ¢ mMaccoi

mZXp ~ 125,1 I'3B, (1.5)

a B 2013 r. Durnep (Frangois Englert, p. 6.11.1932) u Xurrc noayunsnu Ho-
Oe/eBCKYI0 NPeMHUI0 10 (U3HKe 33 TeOpeTHUeCcKoe OTKPBITHE 3TOr0 MeXaHH3Ma.
Ha puc.1 mpencraBseHBl Bce OTKpBITBlE, KPOMe I'DAaBHTOHA, 3JeMeHTapHble ya-
ctuibl. Kpome Toro, Temepb M3BeCTHO, UTO Ve, Vy, M V; SIBJASIOTCA KBAaHTOBBIMU
CMeCSIMH 3JIeMEHTapHBIX YaCTHLL V|, Vo U V3 C ONpeleJIeHHbIMH, HO OUeHb MaJsbIMH
MaccaMH, KOTOpble ellle He H3BECTHBI.



2. YPABHEHUSA KJEWHA-TOPJOHA U JHUPAKA

OcHOBHOE PeNISITUBUCTCKOE ypaBHeHHE CBOOOMHON YACTHIbl UMEET BHJL
E? — p? =m?, 2.1)

rie E — ee TMoJiHAsi 3HEPTUsl, a P U M — HUMIYJbC U Macca JAHHOH YaCTHILbI.
B KBaHTOBOIl MeXaHWKe HMIYJbC P SBJASETCS ONEPATOPOM B KOH(PUTYyPALHOHHOM
npoctpaHctBe p = —iV. Kpome Toro, cienys ypaBHenuto lllpenunrepa (Erwin
Rudolf Josef Alexander Schrodinger, 1887-1961), FE Toxe MoxkeM 3amucaTb B
BHe onepatopa F = i0/0t. Torna B pessiTUBUCTCKUX 00603HAUEHHSIX

pt =i0/0x, = id", (2.2)
rie pt = (E,p), = = (t,x), a p =0,1,2,3 o603HauaeT KOHTpaBapHAHTHbIN
3

JopeHL-MHIeKc. KoBapHaHTHEIN BEKTOp T, = ) 1),,&” moaydaeTcs U3 x# ¢ mo-

MOLILbIO METPUYECKOI'0 TE€H30pa v=0
1 0 0 O
0 -1 0 O
Ny = 0 0 -1 0 , (23)
0O 0 0 -1

W, IPUMeHss NPaBUJIO0 CyMM JHHIITEeHHa, ero MOXKHO 3anucaTh Kak Ty = Nu,,1",
TJle 70 TOBTOPSIIOIIMMCS HHIEKCaM Toapa3yMeBaeTcsi CyMMHpoBaHHe. MeTpude-
CKHWH TEH30D SIBJISETCS MaTpUlel B MPOCTPAHCTBE JIOPEHII-UHIEKCOB. Torma ypas-
Henue Kineiina (Oskar Benjamin Klein, 1894-1977) u T'opnona (Walter Gordon,
1893-1939) ns1st cBOGONHON YacTHIEI, KOTOpasl OMHUCBHIBAETCs MosieM () B KOH-
(UTypallMOHHOM MPOCTPAaHCTBE =¥, UMeeT BUJ

(@ +m?)p(z) =0, & =09,0" (2.4)
B uMnysbCHOM MPOCTPaHCTBE MOJIYYaeM:
(r* —m*)@(p) =0, p* = pup", (2.5)

rae §(p) = [o(z) e d*z apnsercs dypbe-oGpasom ¢(z).

KBanpaTHoe ypaBhenue (2.1) umeer nBa pewenus: E = ++/p? +m?, u,
cJIeloBaTe/IbHO, ONHO W3 pEeLIeHWH COOTBETCTBYeT He(H3UUECKOH OTpHLIaTeSbHOH
sHepruu. UroObl H30eXKaThb MOSIBJEHHS peLIeHHH C OTPULATENbHOH 3HeprHeH,
Jupak mpepJsiaraeT JuHeapu3alnuio KBaapaTHOTO ypaBHeHus (2.5)

p2 —m? = (wp” +m) (yup" —m) = 0. (2.6)
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Onnaxko, uToObl passoxkeHue (2.6) OblJIO MaTeMaTHUECKH KOPPEKTHO, KO3(DDUIH-
eHTHI 7, U 7, JLOJIKHBI YIOBJETBOPATh YPAaBHEHHIO

1
P’ = vt = 5 (Y + %) PP = 2P (2.7)

Tak kak Yp B 7Yy C pasJM4YHBIMHM JIOpEHI-HHAEKCaMH aHTHKOMMYTHPYIOT, OHH
JOJI2KHBI OBITh MaTpullaMu B CIMHOPHOM IPOCTPAaHCTBE:

YV} = 21w 1. (2.8)

B ueTbIpexMepHOM JIOPEHI-IIPOCTPAHCTBE 3TO MOXKET OBITh Peasu30BaHO MaTpullel
4 x 4 B cnuHOpHOM mpocTpaHcTBe *. Hcnonb3ys nocienHee paBeHCTBO B (2.6),
nosyyaeM ypaBHeHus lupaka

(Ul —mal| p) =0 = |i(3,), 0" —mdl] (@) =0 (29)

B MMIYJbCHOM M KOH(MHUTYPaLHOHHOM MPOCTPAHCTBAX COOTBETCTBEHHO, rue ¥ (p)
1 1(x) NpeACTaB/sOT co60H 4-KOMIOHEHTHBle GUCITMHOPBI. CIHHOPHBIE HHIEKCHI
a u b mpoberatoT 3HaueHus ot 1 go 4.

fcHo, uTo ypaBHeHHe (2.8) KOBapHAaHTHO OTHOCHUTEJbHO YHHTApHOro mpeobpa-
30BaHHU$ y-MaTPHULL
v = =UAUT (2.10)
U, CJe/loBaTe/IbHO, CYLIecTByeT GecKOHeYHOe YHCJI0 TaKMX npeactaBneHUi. OnHo
U3 MpeACTaBJAEHUH y-MaTpUL B OJIOYHOH CTPYKType 2 X 2 hMeeT BUL

0 0 ) 0 )

rne ot sBastoTces matpuuamu [layau

o (10 (01 o (0 —i 3 (1 0
0—(01>, 0—(1()), U_(z' 0 , o0°= 0 —1 . (2.12)

ITo mpencTaBieHHEe Ha3bIBAETCS SHEPreTHUeCKHUM H3-3a [IHaroHajJbHOH MaTpH-
sl 0.

YpaBHenue (2.9) B HMMMyJIbCHOM MPOCTPAHCTBE SIBJASIETCS anreOpandyeckuM,
M T03TOMY ero pelleHHs MOryT ObiTh NpocTO HaiineHbl. [laBaiiTe mpeacTaBHM
6ucnuHop ¥ (p) ¢ MOMOLIBIO CIIHHOPOB ¢ H (:

J(p):<‘g>, 90:(2)’ <=<2> (2.13)

Torna nepBoe ypaBHeHHe B (2.9) MOXHO mepenucaTh B MaTPUUHOH (opme

mpﬂ—m)J(p):(EU‘; _‘;_'m(f):o .

* PagMepHOCTb CITMHOPHOTO MPeACTABJIEHHS B d-MEpPHOM MPOCTPaHCTBe Bhipaxaercst kak 2142

rae KBajapaTHble CKOOKH 0603HayaIoT LeJyIo 4aCTb OTHOLUEHHUSA d/2
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s HeoTpuuaTenbHOH 3Heprun E > 0 ypaBHenue (2.14b) naer

1
0’ . ~
= Frat w<+><p>=< op )so. (2.15)
E+m
Yro6bl pelienre cucteMbl (2.14) 6blJI0 caMOCOTIaCOBaHHBIM, U3 ypaBHeHHs (2.14a)
. . 2
(E—m)¢p ¢.15) (o -p) (o -P) P e — E=4vVp2+m? (2.16)

E+4+m L +m
NoJiyyaeM U pellleHHe C OTPULATEJNbHOH dHEPrUeH.

Takum o6pasom, gaxke JUHeapU30BaHHOE ypaBHEHHE OMSTb MPUBOAUT K IBYM
pemeHusM. [lupak mpearnosoKua, 4To BTOPOE PelleHHe OMUCBIBAET aHTHUACTHILIHL.
YroO6bl 9HEpPrus 3TOro pelleHUs Obla HEOTPULATETbHON, HY?KHO H3MEHUTDb UETHI-
PeXUMITYJ/IbC P Ha MPOTHBONOJIOXKHBIN:

(' +m) O = (0 TR (2] 0 -

(@): (E+m)p=(o-p)¢

(b): (e-p)o=(E—-m)(
Torna nis E > 0 u3 ypaBHeHus (2.17a) mosiyuaeM COOTBETCTBEHHOE pelleHHe 1J151
AHTHYACTHUIL:

(2.17)

_o'p T () —
o= as 7 V)= Eﬂ;m ¢. (2.18)




3. CBOUCTBA CIIMHOPHOHN BOJIHOBOUW ®YHKIIUU

YpaBuenus upaxa (2.9) moryT ObiTh 3amucaHbl U B Bule ypaBHenus lpe-
IMHrepa

L0 (¢ + + 0 0
sty (te) = Hp)WE) (o) = (a-ptmB) vy (he). a="y, f=1".

(3.1)

(£) 2

KBanpar aGcosmoTHOro sHaueHns pelleHns 9TOro ypasHeHus [¢y (¢, )| aBaser-
CA MJIOTHOCTbIO BEPOATHOCTH HaWTH HJaCTHLY B TOUKe I B ﬂaHHbIﬁ MOMEHT BpeMe-
HU t. [lnsi opHOU (aHTH)YaCTHIBI B LI€JOM 00beMe OHA HOPMUPYETCS CJeNyIOINUM
obpasom:

J 055 (¢, @) PdP = 1. (3.2)

M3 (3.2) BuAHO, YTO MJIOTHOCTh BEPOSITHOCTH B NAHHOH TOYKe GECKOHEUHO MaJia.
UroObl TepedTH K KOHEUHBIM 3HAUeHHSIM, BBeJleM HWHBAPUAHTHBIM 006pPa3oM CIHHO-

pbl u(£p)
1

\/2p0V

Torna u3 ypaBHeHus (3.2) nosy4yaeM COOTHOILLIEHHe Ha CIIHHOPH u(+£p)

Y5 (t ) = u(Ep)e™?™; pr=puat, PP =pr+m?, V= Jd%.

(3.3)

ul (ep)u(ep) = w(ep)r u(ep) = 2°, (3.4)

rie 3HaK ¢ = +1 oTBeuyaeT yacTHIle UM aHTHYACTHIE, a U = u 1" ABaseTcs aupa-
KOBCKH COTpSAKeHHBIM CTHHOpoM. Tak Kak GuiuHeiiHas Kom6uHauus u(=p)y u(ep)
npeobpasyeTcs Kak HyJeBasi KOMIIOHEHTa YeTblPeXBEKTOpa, MOXKEeM IepernucaTh
(3.4) B JIOpeHLI-HHBApPHAHTHOH (hopMe:

Pu

a(ep)yulep) = 20" u(ep)pu(ep) = 2p* =2m%, p=Atp,.  (3.5)
Hcnonbays ypaBHenus (3.1) u (3.3), mosyuyaeM ypaBHEHHs Ha CIIUHOPH U U U:
(p—em)u(ep) =0 —  a(ep) (p—em) =0. (3.6)

Yro06bl MOy4nTh ypaBHeHHe HA CIHUHOP U B (3.6), MBI MCMONB30BAJH CBOHUCTBO

/-MaTpHIL
AT = A0yia0, (3.7)
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YMHOXKasi nepBoe ypaBHeHHe B (3.6) cieBa Ha u(ep) u ucmosb3ys (3.5) ass
HOPMHMPOBKH CIIHHOPOB u, T0JyYaeM

u(ep)u(ep) = 2em. (3.8)

Ternepn, ecau yMHOXHTH mNepBoe ypaBHeHue B (3.6) cieBa Ha u(e'p), e #¢, u
UCIOJIb30BaTh BTOPOE ypaBHeHHE B (3.6), MOXKHO MOJYYHUTh CBOHCTBO OPTOrOHAJb-

HOCTH CITMHOPOB u:
u(e'p)u(ep) = 2emd.r.. 3.9

CnuHopbl u(4p) OMHUCHIBAIOT YeTbipe HEe3aBHUCHMble CIIMHOPHbIE KOMIOHEHTHI.
3HauUT, KPOMe KBAHTOBOI'O YMCJ/Ia € = =+ | JIOJ?KHO CyIleCTBOBATb ellle OIHO KBaH-
TOBOE YHCJO, CKaxeM, X = £1, 4yToObl ObIIO YCTAHOBJIEHO MOJHOE COOTBETCTBHE
MeX/y CTeNeHsIMH CBOOOIbI CIIMHOPOB M MX KBAaHTOBBIMHM uHcJaaMu. [las 3Toro
paccMOTpHM orepaTop 73, rae

0

. 0 o
f:”W%$:(w o>=Ww<ﬁV=L{ﬁm%=a (3.10)

a s, TIpeJicTaBJsgeT COO0H UeTHIPEXBEKTOP CO CJeYIOIMMH CBOHCTBAMH!
supl =0, 2 =—1. (3.11)

B 5ToM caryuae omepatop 7°5 KOMMYTHpYeT * ¢ P H MOXKeT IPUHUMATh COGCTBEHHBIE
3Ha4YeHHs ) OJHOBPEMEHHO C &:

0
PauX(ep) = xu¥(ep) D> TN (ep)r®s = @ (cp). (3.12)
Tak Kak KBajpaT 3Toro omepatopa 7°57°5 = —s?> = 1, To ero coGCTBEHHEIE

3HaueHus Y = +1. DTo KBAHTOBOE YHUCJIO HA3BIBAETCH KUpaLbHOCMbrO. Vicnonb3ys
ypaBHeHHs (3.12), MOXHO MOKa3aTh, YTO CIIMHOPHI C PA3JUYHBIMH KUPAJbHOCTSIMH
X' # X OpTOTOHAJIbHBL:

7" ('p)uX(ep) = 2emb.rb, . (3.13)

ﬂaBaI;'ITe Telnepb BbIICHHUM qJI/ISI/I‘-IeCKI/IIjI CMBICJT KBAHTOBOI'o 4YucCJga KHpaJib-
HOCTb, KOTOpPO€, KaK MbI [IOKaxKeM B JlajibHel11eM, CBSI3aHO C OorepaTopoMm CIIMHa

Haunem co cayuas nokosimeiica uactuusl p® = (m,0). Torna s = (0,s). Us
nepBoro ypasHenus B (3.6) monyuaem, uto cnurop uX(cp?)) aBasercs coberpeH-
HOl (pyHKIHMeH omepartopa

VOuX(ep@) = cwX (ep©@). (3.15)

*[°8,5] = 29%sup" = 0.
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Ecnu yMHOXHTL TepBoe ypaBHenue B (3.12) cimea na 1/27°, B seBoii uactu
MOJTYUHM CKaJIsipHOEe MPOU3BEJEHHE ONepaTopa ClMHA ¥ BEKTOpa S, a B MpaBOH —
UX KBaHTOBbIE UHCJA

(- s)u(ep?) = %;WOUX (ep@) =7 1

§X€uX (ep9). (3.16)
ITo 03HAyaeT, YTO [Js MOKOSIIEeHCs YaCTHIbl KHUPAJbHOCTh MOKa3blBaeT HarpaB-
JIeHHe CTHHA 10 OTHOLIEHHIO K BEKTOpPY S.

st yacTHUbBl B [BHUXKEHHH BBOAHUTCS OMepaTop chupaibHOCTH X -p/|p|
(Mpoek1Msi CrMHA Ha HanpaBJeHHe NBUXKEHHs), KOTOPbIH MOXHO MOCTPOUThH H3
ormepaTopa KHPaJbHOCTH, €CJH BEKTOp S MapaJieseH p. [loatomy oueHb dacrto
UX TMyTalT OAMH ¢ ApPyruM. Eciu s = ap, TO M3 yCJOBHS OPTOTOHAJIBHOCTH H
HOpPMHUPOBKH (3.11) mosyyaem:

0,0 0
O spoap? o as S G P
p m |p
(3.17a)
a) (s990)2 0,,,)\2 T p|
| = 2 (92 = o2p2 802(3~1:7)(5P)_802:(5m):Sozﬂ‘
(7 = 9" — () L= -
(3.17b)
Torna onepartop
| S 0p. .
L psp= Ly (lo_2py (1 -p-7) =P (3.18)
2m 2m m m |p] Ip|

COBMAJaeT C ONepPaTOPOM CIUPANbHOCTH U, YTOOBl HAUTH ero COOCTBEHHbIe 3HaYe-
HUS A\, HY>KHO HCIIOJb30BaTh ypaBHeHus (3.6) u (3.12):
2P (ep) = 5y 5t (o) 2 gerPsu(ep) U Dyeu(ep) = i)
m 2 2
(3.19)

13 3toro ypaBHenus u u3 (3.16) caenyeT, UTO KUPaAJbHOCTh CBsI3aHa C MPOEKIHeH
cnuHa. Ecam A > 0, To Takue 4acTHIbl HA3BIBAIOTCS TMPaBbIMHU, a ecjaud A < 0 —
JeBbIMU. OIHAKO 3TO MOHSTHE AJis MACCHBHBIX YaCTHI He SIBJSIETCS JIOPEHI-UHBa-
PHUAHTHBIM.

B 3aksiouenue paccMoTpuM ciaydail 6e3maccoBbix 4actui, (m = 0). B arom
cJydae ormepaTop CIUPaAJbHOCTH HMeeT CJelylolie cOOCTBEHHbIE 3HAUEHHUS:

P N
’ Iplp“X(Ep Pux(ep) ="

e 00
) TP xeut(ep). (3.20)
p'=|pl

ATo 03HauaeT, UTO CyIIeCTByeT MpeACTaBIeHHe Y-MaTpHLl, Te > JUarOHaIbHAS:

=i )
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Takoe mpencraB/eHHe HA3bIBAETCS KHPAJbHBIM. B majbHeleM Mbl 6yIeM HCIOJIb-
30BaTh CJefyolIe 0003HAYeHNS Ui YAaCTHL U aHTHYACTHLL:

u*(+p) = u*(p), (3.22a)
u*(—p) = v*(p). (3.22b)
W3 (3.20) craHOBUTCS TOHATHO, UTO MPOEKLHOHHBIE OMEPATOPHI
I +9° 1—9°
IIp = I, = :
R 9 ML 5

M+ 10, =1, Hpll, =0, Hillz =g, I, =1, (3.23)

BBLIOMPAIOT MPaBYH HJH JIeByH dacTilly. Torga [jsi 6e3MacCOBBIX YaCTHIL IMOJY-
yaem

Mru'(p) =u'(p), Tpu'(p)=0;  Tro~'(p) =0 (p), TLv~'(p) =0;

Hpu'(p) =u'(p), Hgu'(p)=0; Trv'(p)=v'(p), Tgrv'(p)=0.
(3.24)

B 3akJ/oueHHe 3TOM IIaBbl MBI MOJyYMM OCHOBHbIE (hOPMYJIbI, KOTOPbIE GyaeM

HCI0J/Ib30BaTh B AaJjibHEHIIEM BO BCeX pacueTax. MMesi MoMHYIO CHCTEMY OPTOHOP-
MHUPOBaHHBIX COOCTBEHHBIX BeKTOpOB (3.13), mo6as maTtpuua 4 x 4 MoxkeT ObITh
MpeAcTaBjdeHa uepe3 UX JHHEHHYI0 KomMOuHauuioo. Hampumep, njsi nupaxkoBCKOH
CKOOKH (2.6) MOXKeM 3amucarhb, YTo

B+em)y,= > wl (€)' p). (3.25)
el x'==%1

Uro6bl HalTH KoadduuuenTs wX’(<'p), ymHOoKuUM ypasHenue (3.25) na wX(<"p)
¥, UCMOJb3ysl BTOpoe ypaBHeHue B (3.6) u ypaBHeHue (3.13), moaydaem

m(EU + E)ﬂXb(ENp) _ Z EXa(EI/p)ug/(E/p)wx/b(f/p) (3;3) QmENwXb(ENp)
e/ ==1 4
w\(e'p) = 8w (ep).
(3.26)
B pesynbrarte mosydyaem cienyiollee BbpaxKeHHe:
(p+ Em)Z = Z u) (ep)@’ (ep) (3.27)
x==lI
HJIH
S wpatp) = G +m), (3.284)
x==1
S wiTt(p) = (F—m),. (3.28b)

x==lI



4. CBOMICTBA ~-MATPHIl JUPAKA U TOXKJIECTBA
PUPLA

B cnuHopHOM mpocTpaHcTBe MaTpul 4 X 4, KpomMe eIMHHYHOH MaTpuusl 1,
JIOJKHO CYILIECTBOBaTh elle 15 He3aBUCUMBIX 0eccC/efoBHIX MaTpull, 4 U3
KotopbiX (2.11) ™Mbl yxe 3HaeM. B COOTBETCTBHM € OCHOBHBIM CBOHCTBOM
~v-Matpull (2.8) UX CUMMeTpH3al|si CBOAMUTCS K eIHHUYHOH MaTpHulle WJH HYJIO.
[Tostomy, 4TOOBl MOCTPOMTH HOBBIE MATPHLbI, OyAeM CJeI0BaTb AITOPUTMYy HX
AHTHCHMMETPHU3aluHu. TakuM oO6pa3oM, MoJydaeM MepBble 6 HOBBIX MaTpPHIL:

w _ b
o= 5(7 v

VAPt = — [y, Y] (4.1)

NO| .

AHTI/ICI/IMMeTpI/ISaLLI/IH TpexX 7y-MaTpUILl NIPUBOAUT K IOABJEHHUIO elle 4 HOBBIX MaT-

DHIL: |
SjEmasY YY" = s (4.2)

Y, HaKoHelLl, aHTHCHMMeTPH3allksl uYeThipeX 7-MaTPHIL ONpefeJsseT MaTpuiy ~°
(3.10): 1
Esmm“v”vavﬁ = i°. (4.3)

[Tonnocteio  anTHcHMMeTpuuHbldl  TeHzop JleBu-Uusura (Tullio Levi-Civita,
1873-1941) ompenensieTcst Kak

o o sy
T A A 7

0123 __ Vo' B _

€ =+1, ¢ et =— P . g (4.4)

P o 5y o ol

,LL’ ’ ’ B/

05 05 0F O

13 (4.4) caenyior ciaenyioliye moJjie3Hble COOTHOIIEHHUS:
o o O G| euwape Ol = 2(5y 8 — oY),
euvape " == | 88 68 | epape P = 601, (4.5)
A Euvape™® = —24.

ComocraBuM BceM 16 MaTpuiaM CHMBOJIBI Ik (k=S,V,T,A,P), roe uH-
nekc k OymeT UMeTb CMBICJ, OTpaXKawllMi TpaHchHOpMalHOHHbIE CBOHCTBA OH-
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JVHEHHBIX KOMOMHALMH CIMHOPOB WI1Fu 1O OTHOWIEHHIO K Npeo6pa3soBaHHAM
JlopeHlla ¥ MHBEPCHHU NPOCTPAHCTBEHHBIX KOOPAMHAT:

Fszl, FV:fyﬂ’ FTZO':L"V(M<V)’ FA:i’yS’y'“, FP:")/S;
Ps=1, Tv =7, Pr=ouw(u<v), Ta=iyy, Tr=7"

Onu 06pasyioT MoJHbIH HAGOp MATPHUIL B CIIHHOPHOM TPOCTPAHCTBE CO CJEAYIOLIH-
MH CBOHCTBAMHU:

[,T" = 1 (ner cymmmposanns no k), Tr [[417] = 47. (4.7)

(4.6)

Torna npov3BeneHye 3JeMeHTOB IBYX MPOU3BOJNBHBIX MATpHIl () U R MOXKeT ObITh
MpeJCTaBaeHO KaK CyMMa TPOM3BefeHHi AByX 3/JeMeHToB Matpul I'¥ ¢ mepecras-
JIEHHBIMH BEPXHUMH CIMHOPHBIMH HHAEKCAMHU:

QRI= Y Cr(MII)l. (4.8)
k,j=S,V.T,A,P

Ato u ectb ToxaectBa Pupua (Markus Eduard Fierz, 1912-2006). Yro6bi

HalTH K03(P(PUUHEHTHl B passoxkeHud (4.8), HY?KHO YMHOKUTb 06€ CTOPOHBI 3TOTO

paserctsa Ha (I'y,)y (I'y);. Toraa, ucnosbays (4.7), monydaem

1
Crun = 16T [QTWR T, (4.9)

Uro6bl BLIUKCANUTD (4.9), HY>KHO 3HATh, KaK BBIUUCJSIOTCS CJEIbl MPOU3BENE-
HUS y-MaTpHIL;

Tr[y’] = Tr[y*°] = Tr[y#479°] = Tr[y#7"7*4°] = 0, Tr[yHiyk2.. ytenti] = 0;
(4.10a)
n
Trly#y"7%777°) = —4ie"®?, Te[ytiafe. o] = 4y (=) [ n*#, (4.10b)
P 1<j
roe P 0603Haq36T BCE€BO3MOZKHbBIE HepeCTaHOBKH
( 1 N V% () >
Hanpumep, m/st C/iefioB U3 IBYX M YeThIPEX y-MaTpPHIL MOJydaeM
Tr[y#y"] = 4n"™, Ty *yP] = 4(npn™ — pron® 4 pPpP). (4.11)
JlaBaiiTe nokaxem ToxaecTBo Pupia
Fa(l =B = 2)E = —[ru(1 = )2 (1 = )8, (4.12)

HMCIIONb3YS CJIelyIolKe (popMyJibl IPOU3BeNeHHH y-MaTpull Thna v, Oy#, rie Hess-
HO TMOofipa3yMeBaeTcss CyMMHUPOBaHHUe MO JOPeHL-UHIEKCY i

Yo (P72 L)yt = Ottt Mty (2P )y = 4P (4.13)
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Torna koapduunents (4.9) nmeroT BUL

| 3.10) 1
Crs= Cst= 1 Trlu(1 = 7*)s7(1 = 7)) *= 2T LIy Ty = 0,
(4.142)
l 3.10) 1
Chr= Cry= T Telyu(1 = )0y (1 = )] O 2T DTy Ty =,
(4.14b)
1 3.10) 1
Chp= Cpr= 76 Telu(1 = )0y (1 = )04 = T Ll Ly Ty] =0,
(4.14¢)
| 1 13
Cvv= 15 Trlu(l - Pyt (1 — o)y 20 1T Mryvay” ’YBHR]E 231 Nods
(4.14d)
| 3.10
Cva=Cav= 36 Trhu(l = 7*)Lyy(1 = 7°)La) =
(3.10) 1 (4.13)
= T[T gy ey II » 4.14
1 [ Ry Ya "7 R](323)776 (4.14e)
1 (3.10)
Can= 5Tl =" Tay" (1 =9")la] =
(3.10) 1 1 (4.13)
= 4Tr[Hmm Yoy iy’ p11R)] 523 1 (4.141)
)51

(1= %) (1 = °))d =
=nas{ — /12 YP10+ ily*)E [iv° P10+ iliv®y2)2 VP18 + [ivPy*)e [iv°7P10} =
= —7ag[1*(1 =)L (1 = 47)b. (4.15)



5. IEUCTBUE OWUPAKA U C-, P- U T-UHBAPUAHTHOCTH

[lnoTHOCTh JNarpaHxkuaHa Jlupaka U ero fefcTBHE MOXKHO MOJYYUTb M3 YPaB-
HeHus (2.9), npennonarasi, 4To GUCTTUHOPHI Y (x) U () HE3aBUCHUMBIE,

A= JL(t)dt = J/L(t, x)dPx dt = JE(Q:) (i0 — m) ¢ (z)d e, (5.1)

[TnoTHOCTB JlarpaHkrHaHa * onpesie/isieTcst ¢ TOYHOCTbIO [0 MOJHON YeThblpeXMepHOo
IMBepreHLnH, HallpuMep,

L(x) = () (i0 — m)y(x) — iad, [Pla)y"(z)], (5.2)

rie « sBJseTCS MPOM3BOJbHOM KoHcTaHTo#. Torma kpome BblpaxkeHus (5.1) mpu
a = 0 MOXKHO 3amucaTh elle ABa ClEelHaNbHbIX BBIPAKEHHUS:

a=1: L(z)= —ig(m)gﬂv“w(:r) — map(x)(x), (5.3a)
o=y L) = 5@ () - ma)i(a), (5.3b)

rae 3# =0, — gﬂ. WsBecTHo, uTo nefictBue Hupaka P, C' u T nWHBapuaHTHO,
nosToMy OyneM [OeHCTBOBATh MParMaTHUHO W OMNpelesuM 3TH TPU OUCKPETHBIX
npeo6pa3oBaHusl, UCIOJb3Ys ITOT (PakKT.

Haunewm ¢ npeo6pa3oBaHusi UHBEPCHH NPOCTPAHCTBEHHBIX KOOPAMHAT

'(a') = Py(x), o' = (2°a) = (a°, ~x);
P(a') = ()D.
ManI/II_La D Ol'IpeIIeJIHe’I‘CH H3 I/IHBapI/IaHTHOCTI/I MacCCOBOI'O 4JieHa
mp(x)p(x) B mY (@) (@) = mP(@)DPyY(z) . D=P7L.  (5.5)

Yro6bl onpeneuTh CBOKCTBA MaTPHUILbl I, HY>KHO OTAE/NbHO PacCMOTPETh BpeMeH-
HYIO U TPOCTPAHCTBEHHYIO YaCTH C NPOU3BOAHON B KUHETHUECKOM 4YJeHe:

WD) () B i ()08 (2') = () P20 Poyy(z) - P~'0P 757(;%)
.0a

iW(@)y-00() 5 i (2 )y 0y (¢') = —ip(z) P~y P-8(x) : PIyP Y

(5.4)

* Jlaist KpaTKOCTH B JaJ/ibHefiIeM OyieM HCIO/Ib30BaTh TEPMHH JlarpaHKuaH, noapasymesas L(x),
a He L(t).
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Hcnonb3ys oCHOBHOE COOTHOIIEHHe y-MaTpull (2.8), U3 aByx ycJjoBuii (5.6) moay-

yaeM
pP=~0=p-l=pf (5.7)

Hajno oTMeTHTh, UTO 3Ta MaTpulla ¥ ApPyrye NpeoOpa3oBaHUs BCETA OMpPee/IsioT-
sl C TOUHOCTBIO /10 (ha30BOrO MHOXKHTeJIs €% .

B (4.6) ™Mbl BBesM MHAEKC k, CMBICJ KOTOPOTO MBI CMOXKEM IMOHSATb, UCIOJb3YH,
HanpuMmep, P-npeobpasoBaHue. YpaBHeHHe (5.0) NEMOHCTPUPYET, UTO OUIHHEHHAs
KOMOHHALMS CIHHOPOB "Y1 He mpeoGpasyeTcs NP MHBEPCHH NPOCTPAHCTBEH-
HBIX KOOPIHHAT, T.e. SIBJISETCS CKaJsipoM. B To ke BpeMsi HMHBapHaHTHasi Mpu
JIOpeHL-TIpeoOpa3oBaHUAX KOMOUHALIUS

oTPy LY Ay =gpP145P ¢ — 7P (5.8)

MeHsleT 3HaK NPU MHBEPCHH MPOCTPAHCTBEHHBIX KOOPAWHAT, T.€. SBJSETCS IICeB-
nockanspoM. UeTeipexmepHbiil BeKTop ¢I'V1) comep»KUT BpeMEHHYI0 KOMIOHEH-
Ty, KOTOpasi MHBAapUaHTHA, U TPEXMEPHBIM BEKTOP, KOTOPbIM MeHseT 3HaK Mpu
‘P-npeo6pa3oBaHuu:

(3. 10)

— — — 0: %
IV B iy =GP Iymp {“ o 5.9
TV By =gy DT L T (5.9)
UeTblpexMepHbBIH BEKTOP
— - — . =0: —ih AP0

p=123: iy ye

MMeeT MPOTHUBOIIOJI0KHbIE CBOHCTBA U HA3bIBAETCS MCEBIOBEKTOPOM HJIM aKCHAJb-
HBIM BEKTOPOM.
[Tepefinem x Gosiee c/0:KHOMY NMpeoOpPa3oBaHUI0 — 3apsI0BOMY COINpPSKEHHIO

—T
P)=Cy (), o' = 5.11)
Y (z") = ¢T(x)D
Mbi GyemM CHOBa MCIIOJIb30BaTh MAcCCOBBIH uJjIeH, YTOOBI OMPeNeJUTh MaTpHily D.

O,U,HaKO B 9TOM CJy4dae HY>XKHO HCIIOJb30BATb AHTHKOMMYTATHBHOCTbL I10JIEBbIX
orepaTopoB

B(a)p(z) S (@) (@)
=T (2)DC P (z) = —P(z) (DC) ¢(x): D=-C"". (5.12)

[Ipeo6pasoBanue C, B oT/inune oT P-npeoOpa3oBaHHUsl, He BAUSET HA KOOPIUHATHI,
no3ToMy OylaeM HCIO0Jb30BaTh MOJHBIH KHHETHUECKHH YJjeH

oy S i 0y = —ipTC T C o,
:iagu( - #C) (0

53
G5l = T (5.13)
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Marpuua C cBfi3aHa €O CBOWCTBAMH CHUMMETPUM ~y-MaTpul. W3 deTbipex
vy-matpurl (2.11) 4% u 4% aBaAOTCA CUMMETPHYHEIMH, a y' U 73 — aHTHCHMMeT-
PHUHBIMUA. MOXHO JIeTKO MPOBEPUTH, UTO TPOM3BEleHHE CHMMETPUYHBIX MaTpPHIL

ynoBaetBopsieT (5.13):
C=+"=c""'=cCt (5.14)

[TocnenHee nuckpetHoe npeo6pa3oBaHue sBJseTcs oOpalleHHeM BpeMeHH 1.
OHo siBAsieTCs elle ClOXkKHee, NMOTOMY 4YTO, KpoMe OOpallleHUs] BPeMeHH, HYKHO
MOMEHSITh MECTaMH HauaJbHOE U KOHEUHOE COCTOSTHHUS:

T (2 = ()T, o' = (20, ') = (=2 ), |in) <> (out
7 (@) = Di(e).

HOSTOMy BCe II0JIEBbl€ ONEpaToOpbl B JarpaHXKHWaHe HYXKHO IOMEHATb MeCTaMH,
OIHaKO IIpHU 3TOM H€ HYKHO MEHATL 3HaK [epeal HUMU:

’

(5.15)

—/I'T

)@ BT (@) (@) = (@) DTh(x): D=T"". (5.16)

MHBapraHTHOCTb BpeMeHHOH M NPOCTPAHCTBEHHON YacTel ¢ MPOU3BOAHOHN B KHHe-
TUYECKOM uJieHe TIPUBOAUT K CJELYIOUIMM YpaBHEeHHSIM Ha martpuuy 1"

@) 0@ 5w (@90 (@)
= iB(2) 9T AT T(x) T 0T 0T (5.17a)
)y - 9v(e) 5w ()8 A" (&)
= ip(2)0 - T AT T (z) TAT' = —~4T.  (5.17b)
Kom6unupys cBoiictBa Matpui, P (5.6) u C (5.13), nmosnyuaem
T=~+*=1"1=T1" (5.18)

CymiectByer uHTepecHass Teopema Jlionepca (Gerhart Liiders, 1920-1995)
u Ilaynu o tom, uto s0basi JoKajdbHAasi U JOPEHL-WHBAPUAHTHAS TEOPUS MOJs
sIBJISIeTCSl MHBapHaHTHOU npu HeTpusBHanbHoM C' PT-npeo6pa3oBaHun

0

(5._33)

v’ = (2, ') = (—2°, —x), |in) < (out];

5.19
v S o' Borphry' L 19

CPT :
C(P~NTT 1 = —y.



6. S-MATPUIIA U HABJIIOJAEMbBIE BEJIWUYHNHbDbI

S-ManI/ILLa OIHCbIBA€T BCEBO3MOXKHbBIE IE€PEeXOAbl U3 HadaJjJbHOI'O B KOHEYUHbIE
COCTOAHHNA

n k
S=T+iT: Tp=ilout|I—Sin)=(2m)*6" (> pr—> pi| My, (6.1)

snecb Tp; sBasieTcss TpaHC(OpPMALMOHHOM MaTpuued, a My; — aMIJMTYNOM
npouecca. HerpuBuasnbHasi TpaHC(poOpMaLHOHHAs MaTpULla OTBeYaeT 3a B3aUMO-
IelicTBHe MeXX1y 4YacTHULAMH M 32 HHTepecylollude Hac Iepexoibl. BeposTHOCTb
nepexola M3 Ha4ya/JbHOTO B KOHEYHBIE COCTOSIHUSI OIpefesseTcd Kak KBaapar
abcomoTHOro 3Hadenus 1'y;

Tpi = Tyl = (2m)*6 pr—sz (et M. 62)

YroObl MOHSTH 3HAueHHWEe BbIPaXKEHHsI B KBaApaTHHIX ckobax B (6.2), Gymem Hc-
NoJb30BaTh NpejicTaB/eHue J-PpyHKUKU Jrpaka

(2m)45) (p) = Jemd‘*x L @r)te®(0) = Jd‘*m ATV,  (63)

3nece AT oTBeuaeT MHTepBasly BpeMeHH, a V — 00beMy, 1/ COOTBETCTBYIOLIETO
nepexoza. fIcHO, 4YTO BO BCeM NpPOCTPaHCTBe-BpeMeHH BeposiTHOCTh (6.2) Gecko-
HeuHa. [loaToMy MBI MOJI)KHBI HAUTH Takue HabJIOIAeMble, KOTOPble HE COMEPKaT
AT u V ¥ nprHUMaIOT KOHeYHble 3HAUeHMUS.

Yro6kl OnpenesuTh BEPOSTHOCTD MEPeXoia B KOHEUHOe COCTOSIHME C 1 YacTH-
1aM1, HY?KHO YMHOXKHTb BEPOATHOCTD (6.2) Ha (a3oBoe MPOCTPAHCTBO:

_ n dgpf
d@ =] @) V. (6.4)
f=1

[lnotHOCTh cruHOpoB (3.4) HopmupoBaHa Ha 2p°, MO3TOMY, YTOGBI TOJYYHTH
HOPMHPOBAHHYI0 BEPOSTHOCTh, HY>KHO pasnenuth (6.2) Ha

n k
N = H 2%V - H 200V (6.5)
f=1 i=1
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CooTBeTcTByOII[as HOPMHUPOBaHHAsI BEPOSITHOCTh TepPEXofia 3a eNWHHIy BPEMEHH

paBHa . )
Wi d® V[ Myl

AT N &
I1 209V
=1

dwj; = dd, (6.6)

rne
n

3
b = (2m)!50 pr Y 11 oy ©7)
P (27) pr
ABJseTCs (pa30BbBIM 0OBEMOM.

Ecniv B HauasbHOM COCTOSIHMM HMeeTCsl TOJMbKO omHa dactuua (k = 1), To
6eckoHeuHBIH 00beM V B (6.6) cokpaiaercss U BeposiTHOCTb (6.6) MMeeT cMbICH
napuya bHOH IIKUPHHBI pachaga B 1 YaCTHIL:
|M[
2p"
PaccesiHuie siBJISIeTCs MPOLIECCOM, MPH KOTOPOM, HAlIPUMEp, HA YaCTHIY a B MOKOE
HaJieTaeT yacTuia b co ckopocTbio vy, (k= 2). B Takom ciydae ceyeHHe mpouecca
omnpenessieTcss Kak

dw |M|

do = — do, (6.9)
J 41

rae j = vp/V sBJAsieTCS MJIOTHOCTBIO MOTOKA HaJeTAlLIMX 4acTuil, a Qaxrtop [
MoxKeT ObITb 3allkMcaH B UHBapUaHTHOH (hopMe:

dl’ = dd. (6.8)

I =mapfuy = ma |py| =/ (paps)” — P393 - (6.10)
Takum o6pasom, MBI MpeacTaBUN BeposiTHOCTH (6.8) U (6.9) Kak mpousBeneHHe
KBajipaTa MOLYJIsl MATPUYHOTO 3/1eMeHTa, XapaKTepH3yIollero IMHaMHKY Tpolecca,
Ha (a30BbIil 00bEM, COOTBETCTBYIOLIMH KMHEMATHKe Tpolecca.
B cooTBeTCcTBHM ¢ KBaHTOBOH Teopuel moJjisi MaTpulia S OmpenessieTcss Kak
YTopsiIoueHHOe MO0 BPeMeHH MPOU3BelleHHe JlarpaHKUaHOB B3aUMOJEHCTBHS:

S=T [eij‘ﬁim(aj)d‘lx]
=1 +iJ£int(£B)d4:L' 4+ ...+ Z % JT [Eint(l‘l) Emt(l‘n)] d4:L'1 d4£L'n (611)

n>1
DTO pas/ioKeHHe MOXKHO BHU3yasJH3UPOBaTb C MoMollbio nuarpamMm PeifHMaHa
(Richard Phillips Feynman, 1918-1988). Hanpumep, n/si KBaHTOBOH 3JIEKTPOIHU-
HaMHKHU JlarpaHXHWaH B3aWMOJIEHCTBUSI UMeeT BUJ

Lint(r) = e@(m)v“w(:v) ) Au(@- (6.12)
Ecnu 0603HaunTh 9)(7) HanmpaBieHHOH JIHHUeH, BBIXOASLIEH U3 TOUYKH &, a P(x) —
KakK BXOASILYI0 JHUHHIO, (POTOH — BOJHUCTOH JIMHUEH, a TOuKe T NpeNNnucaThb

3HaueHWe iey*, TO mepBbIH 4jeH passoxkeHus (6.11) mMoxer ObiTh MpencTaB/eH
B BUZle caenyiolledl nuarpaMmmbl Pefinmana (puc. 2).

Tak kak ¢oToH AB/sIeTCss 6€3MaCCOBBIM, TO 10 KUHEMAaTHUeCKUM CO00paKeHH-
SIM JlaHHas parpaMMa He MOXKEeT ONHCaTb HUKAKOH peasibHBIH Mpolecc.
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eyt
ey () teyH

Puc.2 Puc.3

UTo6bl BLIUKCJIUTDL CJEAYIOIIME YJeHbl pasJjoxkeHus (6.11), Hy»XHO HCMOJB30-
BaThb TeopeMmy Buka (Gian Carlo Wick, 1909-1992), koTopasi mo3BoJisieT npej-
CTaBUTh XPOHOJIOTMYECKH YIOPSiIOUeHHOe MPOU3BeNeHHe JarpaHKHaHOB B3aUMO-
neictBus. st aToro 6ynem HCro/ab3oBaTh NpuuHHHble QyHKUHU [puHa (George
Green, 1793-1841) /st COOTBETCTBYIOIIUX MOJEH:

i —ip(a—y)
(T (4@ A ) = Gt | St (6.132)
(1 () i | J s

Tak, Hampumep, puc. 3 TpeacTaBiseT co00H nUarpaMMy™ Mo KOHCTAaHTe 3JEKTpo-
MarHUTHOTO B3aHMOIEHCTBHs e BToporo nopsiaka (6.12), roe aBe hOTOHHbBIE JTHHUH
CTaHOBSTCS BHYTpeHHe# JsuHHed (6.13a) BupryanpHOH yacTHubl. B 3aBucHMO-
CTH OT HampaBJIeHHs BPeMeHH 3Ta AHArpaMma MOXKeT ONHCHIBATb KYJOHOBCKOE
paccesiHHe 3JIEKTPOHOB (CHH3y BBEPX) WJIM MO3UTPOHOB (CBEPXY BHM3), a TaKxKe
3JIEKTPOH-TIO3UTPOHHYIO aHHUTUJSALMIO (c/eBa HampaBo). To ecTb ofHA U Ta Ke
AMarpaMma U3 passoxkeHus S-maTpuibl (6.11) MoXeT onHCBIBATH HECKOJBKO MPO-
ueccoB. Hampumep, nuarpamMmma Ha puc. 4, rie BHYTpeHHsisi JHHHS oOpa3oBaHa
criusopHO# mapoit ¢y(z) u ¥ (y) (6.13b), MOKET ONMUCHIBATH KOMITOHOBCKOE
paccesiHre Ha 3JeKTpoHe (eC/id CTpesiKa BpeMeHH YKa3blBaeT CJieBa HAMpaBo) HJIH
Ha MO3UTPOHe (CrpaBa HaJieBO), a TaKXKe 3/eKTPOH-MO3UTPOHHYIO AaHHUTHJSILUIO
B 1Ba (OTOHA (CBepXY BHM3) WJIH ABYX(POTOHHYIO aHHUTHJSILUIO B 3JIeKTPOH-MI03H-
TPOHHYIO Tapy (CHH3Yy BBeEpX).

Un(2)

Puc.5

* Koapduuuent 1/2 BosHukaer us pasnoxenuns (6.11).



7. YO PEKTUBHAA TEOPUYd ®EPMH U MATPUYHBIU
AJEMEHT

B 3Toil riaBe Mbl npencTaBUM 3(PQPEKTUBHBIN JarpaHKHaH caaboro B3aUMO-
OedCTBHS M KPaTKO OMHMIIEM, KaK MOJYUHTb MaTPUUHBIH 3J€MEHT JarpaHKhaHa
B3auMonelcTBUs. UToOBI onmucaTh OeTa-pacnaj

n—p+e + T, (7.1)

®depMH HCMONB30Ba aHAJIOTHIO C MPOLECCOM M3 KBAHTOBOH 3JIEKTPOIHHAMHKH,
MOKA3aHHBIM Ha puC. 3, 6e3 BHYTpeHHeH (HOTOHHOH JUHUHU (pHC. D):

S [y lav — 3407 )] (1 =P )] + b
(7.2)

TIe UMeeT MEeCTO JIOKaJbHOE B3aWMOAEHCTBHE aAPOHHOTO U 3JEKTPOHHOI'O TOKOB.
3necb HeEOOXOAMMO MOAYEPKHYTh PA3HHULY MexXay 0e3pa3MepHON 3JeKTPOMarHur-
HOH KOHCTaHTOH e W 3(p¢peKTHBHOH KoHcTaHTOH Pepmu Gp. Hasa pacyera pas-
MEepHOCTH KOHCTaHTbl GG HeoOXONMMO 3HaTb Pa3MEpPHOCTH JarpaHxKHaHa U CIHU-
HopHOTo moJisi. B ecrtectBeHHo# cucteme enunui (1.1) meiicTBue Gespa3mepHo,
u u3 (5.1) mosyyaeM pasMepHOCTH JlarpaHKeBOH MJOTHOCTH W CIIMHOPHBIX MOJeH,
BBIP22KEHHbIE B €IMHHMLAX MAacChl:

L] = M*,  [y] = M3/ (7.3)

L(x)=—

W3 (7.3) u (7.2) cpasy cienyer, 4To paamepHOCTb 3(P(HeKTUBHON KOHCTaHThI PepMu

paBHa
[Gr] = 1/M>. (7.4)

Kom6uHaumu y-mMaTpuil MeXy CIHHOPHBIMH MOJSIMU B (7.2) SABJSIOTCS MI0AOM
MHOTOJIETHUX KCIIEPUMEHTOB H TEOPETHUECKUX NpearnonoxeHnud. [las snemeHTap-
HBIX YaCTHLL, TAKMX KaK 3J€KTPOH U HEHTPHUHO, MPUCYTCTBYET ONepaTop MpOeKTH-
posanus 1I7, (3.23), a n/if COCTaBHBIX YacTHI, TAKMX KakK IPOTOH U HEHTPOH, —
thopMdpakTopel gy U g4, KOTOpPble Mbl OOCYANM M03Ke B 3ToM Kypce. MHTepecHO
OTMETHUTh, YTO JiarpaHKuaH (7.2) He WHBapUaHTEH OTHOCHUTEJBLHO MpeobpasoBa-
Hua P:

£(z) 5 ')
__Gr

= A [Dp(@)7(9v + 947"V (2)] - [Pe()7* (1 + 7)1 ()] + e, (7.5)

OJHaKoO fABJIFAETCHA CP-CI/IMMETpI/ILIHbIM.
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B KBaHTOBOH TeopuH MoJs cruMHOpHl (z) W 1h(x) ABIAIOTCA OmMepaTopamH,
MO3TOMY MOMHMO OPTOHOPMHPOBAHHBIX CIHHOPOB (3.22), OTpaKkallUX HUX CIH-
HOPHYIO CTPYKTYPY, OHM COIeprKar elle U onepaTopsl poxaenus ay (p) (aXt(p)) u

X X
yHudToXenus ay (p) (ay” (p)):

60 = e 3 [ 2R [ e 4 e, (160
" e 2] g (OO e

T = s [ PR [ i e i pm pe]. (160)
= e 2| g T v pyat(p)et]. (7.

UroO6kl mepefiTv 0T S-MaTpHIbl K MAaTPUYHOMY 3/eMeHTy M y;, KOTOPHIF COOTBET-
ctByeT nepexony (6.1)

(out| 5 Jin) ™A i1, (7.7)
HaM HYXKHO ONpPEJIeIUTh, KaK OMepaTophbl POXKAEHHS U YHHUTOXKEHUsT TeHCTBYIOT Ha
HauajbHOe M KOHeuHOe cOCTOsiHUs. [IpocTeiiinM siB/sieTCsl COCTOSIHHE BaKyyMa,
KOTOpoe 06/1aaeT CledyOLUMH CBOHCTBAMU:

a, (p)[0) = a5 (p)10) =0, (0] a;"(p) = (0] ay (p) = O. (7.8)
OnHouacTHuHbBIe HayalbHble (KOHeUHble) COCTOSHMA ONMMCHIBaloTes Kak af ' (p)|0)

((0lay, (p)) nast wactunsl 1 af (p)|0) ((Olay™ (p)) — mnsa antTnyactuuel. Henonbsys
B (7.7) npaBu/a aHTUKOMMYTAaTHBHOCTH OTEPaTOPOB

{a;‘(_ (p), a;, (p/)} = 5xx’5(3) (p—p), {a; (), a;‘j (p/)} = 5xx’5(3) (p—p),
{a} " (p), 0, ()} = {ai (p), s ()} = {a5 (p), a3 (W)}

= {a}"(p),a (p/)}
{axt(p),al, (0"} = {ai (p), al. ()} = {a (p), al, ()} = {a5 (p), 0l (P }( 8)

v cBofictBa (7.8), mpuxonum K npasusiam PeldHMaHa AJs MAaTPHUYHBIX 3J1EMEHTOB
(puc. 6).

uX(p) p p_ uX(p)
> > N i(p + m)
® [ 2
vX(p) p p  0X(p) p? — m? + i
® [ p > _’”7
v
M VN
Puc.6

Awnanornyno nosyuatoTtcs npasuia PeiiHMana 15 GoTOHA, HO BMECTO CITHHO-
POB HCIO0JIb3yeTCsl BEKTOP MOJSIPU3ALHU 5;\L(p).



8. PACITA]I MIOOHA

Jlisl onucaHus pacnajoB MIOOHOB, @ TaKKe paclafioB Tay-/eNTOHOB Ha JIeNTo-
Hbl ¢ 3(p(PeKTUBHBIM JarpaHkuaHoM PepMu, MOMHUMO 3JE€KTPOHHOT'O TOKa, HEOO-
XOIMMO BKJIIOUMTh BCE JIENITOHHBIE TOKH

Jiopt () = Do)y (1 — V)b () + P, (2)7* (1 = 7°)y, (2)
+ P, (@) (1 = "), (), (8.1)

[I03TOMY, HCIIOJb3YS CBOMCTBO HX YHHBEPCaJIbHOCTH, JarpaHxKHUaH 6yneT HUMETb

BH]L Gy
i fe'

3nech BMecTo KoHctaHThl Pepmu G, onpenensemol Gera-pacnanom (7.2), BBo-

IUTCA HOBasi KoHcTaHTa (i, ompene/seMas pacnajoM MIOOHA, OMNHCHIBAEMBIM

JlarpaHKHUaHOM

£u<x>:=«—f§g-[ﬂa%<x>va<1 = (@) [Fel)(1 = 7" (@)] +he. (83

B cooTrBeTcTBUHM ¢ TpaBUIAMM, ONHUCAHHBIMH B TJ1. 6, TIepPBbIH YJjleH 3TOrO JarpaH-
JKHaHa MOXHO TPeACTaBUTb clenymolleld nuarpammoin Pefinmana (puc.7):

Puc.7 Puc. 8

KOTOpasi MOXKeT ONHKCBIBaTb M APYTHe Tporecchl. EcinM Hac WHTepecyeT pacmap
MIOOHA, TO CTpeJia BpeMeHH JIO/2KHA YKa3blBaTh cjeBa Hamnpaso. Mcrnonbays npasu-
na PeiiHMaHa Ha puc. 6, I/ MATPHUHOTO dJ1€MEHTA MOoJTydaeM COOTBETCTBYIOILYIO
JMarpaMMy pacrnaja MIoOHa p~ — v, + e~ + T, (puc.8). C ero momolbio Mbl
OYeHb JIETKO MOXKEM 3anucaTh aHAJUTHUECKOe BhIpaXKeHHe NJI MaTPUUHOTO 3Jie-
MeHTa

M = =22 L ()2 a1 = )] o (o) {72 () [7°(1 = %)) 2037 (E2)a -
(8.4)



8. Pacnad mrwoona 27

31ech SIBHO BHINKUCAHBI CIHHOPHBIE HHIEKCH @, b, ¢, d U COOTBETCTBYIOLIHE KHPAJb-
HOCTH Xy, Xu» Xe» X7 AJSl MIOOHHOTO HEHTPHMHO, MIOOHA, 3JIEKTPOHA M 3JeKTPOH-
HOTO aHTHHEHUTPHHO.

Uro6bl BBIYMCANUTL KBajapaT abCOJMIOTHOTO 3HAUeHHsI MaTPUYHOTO 3JeMeHTa,
HaM HY>KHO HaWTH BhIpayKeHUE JJIS ero 3apsiJOBOTO COTIPSIXKEHHOTO

Mt = =S o) a1 =) (o) | {0 [P (= 9P
(8.5)

B namem Kypce Mbl He OymeM paccMaTpUBaTh MPOLECCH C TOJSPU30BAHHBIMH
YacTHIAMH, TI03TOMY NPH BeUHMCIeHHH |M|? MOXHO MPOCTO MPOCYMMHPOBATh MO
KUPAJIbHOCTSM, UCMOJb3ys GopMyJibl (3.28):

ST ut )y (p)° = B+ myu)y . > uXe(k)pmXe (k) = (k+me);,
Xp Xe

> e () g () = (4 +my, )}, >0 () aTT ()7 = (fr — my, ).

Xv Xv
(8.6)
TOFILa, roJsqiarasi, 4To HeI;'ITpI/IHO — 0e3MacCcoBble YaCTHIIbI (m,,ﬂ =my, = 0), rnoJy-
gyaeM

2 -~
2 p = D= )y s L ()

x (72 (1 =) (@)4[ (1 =220 ( +me);
2
= S0k (101 ) 5+ mu) 1501~ )0

* T (B (1= 2%) (B4 me ) 42(1 =) 87)

Tenepb Bce CBOAMTCS K BBIUUCJEHHIO CJENOB ~y-MaTpull mo ¢opmynaam (4.10).
OnHako, mpex/e 4eM MPUCTYMUTb K pacyeTy CJeI0B, MOKHO HEMHOTO yNPOCTHTD

BbIDaXKEHUsI B HHX, BOCIOJb30BaBIINCh CBOHUCTBAMH ONEPAaTOPOB MPOEKTHPOBA-
Hus (3.23):

YoIlz, (P + my) vl ly = v pysllnl; = vapyslillg,

R R R R L (8.8)
EﬂﬁﬂL(kz + me)y 1L = ZﬂﬁﬂLk’yo‘HL = Eg’yﬁk’yaHL.
Torna
> M = 262 T [yapysli (1 +°)] Tr [l k™ (1 — 7°)]
X

— 32G2 [Lag(£1,p) — ieaps,] [L°P (b9, k) + i)
45
919862 (4h) (1), ©9)
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rie L% (a,b) onpefenser CHMMETPUUHYIO YacTh c/iefa
L% (a,b) = a®b® + aPb™ — 0P (ab), (8.10a)

a UHOEKC aHTUCHUMMETPHUYHOI'0 T€H30pa, 0 KOTOPOMY IPOHUCXOAUT CYMMHPOBaHHE
C UHOEKCOM HMITyJbCa, OJIS KPATKOCTH MO2KHO 3aMEHUTb INPOCTO MUMITYJILCOM:

Ea. P =€ p.. (8.10b)

Brriyucsienuss Bo BTopoil cTpoke (8.9) oueHb NJIMHHBIE, MOCKOJBKY COIEPMKAT
11 HeHysneBBIX uJeHOB W3 16 mpou3BemeHWH. 31eChb Mbl TOKa)KeM, Kak MOXHO
MOJIYYUTb BCErO ONUH CJel, HCnogb3ys ToxiaectBo Dupna (4.12). Ilomensem
MeCcTaMH BepxXHHe HHAeKChl f u h y-maTpull B (8.5):

M = {1 = )] (o} {7 ()27 (1 =) s ()}

. (8.11)
oraa

Z!Ml Wl— e @+ mu); s =) (F +me);

x [7* (1= )] 2@)5 (1 =) (@)

G? >~ 7 7
=~ [a(1 = 7%) 5+ my) 3(1 = 1) + mo)y™ (1 = 7") " (1 = 7)1
(8.12)

M, UCIIOJb3ysl CBOHCTBA OMEPATOPOB MPOEKTHpoBaHUs (3.23) U (HOpPMYJBI CyMMHU-
poBanus (4.13), nonyuaem

S OIMP = —4G3Tr |y (Byak) 18" (1 = 7))
X

U2 gG2my [flmﬁ(peg) 8(1 —75)}

U2 3962 (0p) Tr [Elk(l - 75)} — 128G2 (tap) (1K), (8.13)

Jlas pacueTa BepOATHOCTH paclaja HeNoJPU30BAaHHOIO MIOOHA IO (opMmy-
Je (6.8) HeoOXOMUMO YYHTBIBATb TaKKe €ro CIHH, TOCKOJbKY TPH BBIUMCJIEHHU
KBajzpaTa MOAYJ/S MaTPUYHOTO 3J€MeHTa Mbl CyMMHPOBA/IM IO BCEM KHPaJbHO-
CTAAM. DTO MNPaBUJbHBIH Yy4eT [Jis YacTHUL, B KOHEYHOM COCTOSIHMH, KOTrJa OHHU
OCTalOTCsl HeOOHAPYKEHHBIMH HJIM [ETEKTOPbl HeUYBCTBUTEJBHBI K HX CIMHOBBIM
COCTOSIHUSIM M PerucTpHUpylOT YacTHLbl HE3aBUCHUMO OT CNHHA. B HauasbHOM
COCTOSIHUH HENOJISIPU30BaHHAs 4YacTHIAa MMeeT BeposTHocTb 1/(2J; + 1) ObITh
HalleHHOH B ofHOM U3 2.J; + 1 cocrosinuii. [loatomy B opmyie (6.8) BMecTo ]M|2

HYXKHO B3SiTh cpefee 3HadeHue Y. |M|? 1O CIIHHOBEIM COCTOSIHHSM HCXOLHOM
X
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qaCcTULBI:

— 3 1
> MP = 57 1 > P (8.14)
X ! X

TaKI/IM 06p330M, B CUCTeMe IIOKOSd MIOOHAa
p=(mu,0), k=(Ek), 0 =(,2) =t =(4£), (8.15)

nosiyyaem

15 | M P
dF:—E’ ’dq>3,

2 2m, (5.16)
Bk d3e, d32s '

(2m)32E (27)3249 (2m)32¢43°

rae MHOXXHTEJIb 1/2 YUYUTBIBAET yCpeAHEHHE MO CIIHMHY MIOOHA. ﬂanee HaM IIOHa-
J06sTCs cJeayrone KnHeMaTiyeCKue COOTHOILIEHHU !

¢? = 2(01ls) = 2(qly) = 2(qls) = m?%— 2m, E +m2> 0,
(pk) = muE, (qp) = mu(mu— E), (k) =m,E —m?.
(8.17)
CrnenyrouiyM marom 6ynet pacdet ¢asoBoro obbema B (8.16) ansa Tpex yacTuil
B KOHEYHOM COCTOSIHMM, KOTOPBIM YMHOXaeTCsl Ha KHUHeMaTHYeCKUH (pakTop mat-
puuHoro sjemenTa (8.9). HeliTpuHO — 3TO yacTHILIbl, KOTOPble 0OBIYHO OCTAKOTCS
HeJleTeKTHPYEMbIMH, U HaM HaJ0 UHTErPUPOBATh M0 UX UMMyabcaM. MTak, cHauaga
BBIYUCJUM HHTErpall

d®3 = (2m)*6W(p — k — 01 — o)

p—k=qg=4L41+ ¥y :

d3e; d3¢y

0 (8.18)

e _ a B (4
*%(q) = j% 5 (p—k — q)
3TOT HHTeraJI humeert paSMepHOCTb M2 B €eJMHHUIAaX MacCCbl U 3aBUCUT TOJIBKO OT
nepeaHHoOro HeATPUHO MMIyJbca q. [103ToMy, HCXOst U3 COOOPaXKEHUH JIOPEHI-
KOBapI/IaHTHOCTI/I, ero MOXHO Hpeﬂ,CTaBI/ITb B BUIIE

1°°(q) = A¢*n™® + Bg®q". (8.19)
Yro6er HaliTh Ko duureHTer A 1 B, ymHoxuMm (8.18) u (8.19) ¢ 7,8 1 gagg:

d3e, &30y (8.17) ¢*
dhd Rudhi 2l ) A

2
x a2 (4A + B)q*,

Haa (@) = [ (0162) 60 (p — & — )

d3e, d*y (8.17)

9\ 2
005 T(0) = (at1) (al2)50(p — & — 0 (%) o=+ )2

R
: (8.20)
rage I() ABJIAETCHA 663p83MepHOIL/'I KOHCTAHTOH:
d®e, d®ey
1 2
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W3 cucremsr (8.20) moayuaem, uto B = 2A = Iy/6. Hurerpan (8.21) siBasiercs
UHBAapHAHTOM, MO3TOMY Mbl MOXKEM BHIYHCJIHTL €ro B YAOOHOH I/ Hac CHUCTeMe

MOKOs1 HEUTPUHO
q=(d",0),
010050 0 ,004(3) &l
B Io = 4m | Rd33(° — & — 13)6°) (1 + ) (8.22)
— = 4ndel . 2
0 85=0 0c/ 0 0
= 4WJd€15(q _261) = 2m.

Hcnonb3yst mosydyeHHBle pe3ysnbTaTbl, MOXKHO 3amucaTh AH((epeHLHanbHYI0
BEpPOSITHOCTb pacrnana MiooHa (8.16) B 3aBUCHMOCTH OT 3HepPruu 3JeKTPOoHa

(puc.9):

4G? g B3k dk=|k|2d|k| [ dQs=47|k| EdE
_ p T 9 9
dl = @rfm. 6 [q (pk) +2(qp)(qk)} 7

2

G
- =k [mﬂE(fim# — 4E) + m2(3E — Qm#)} \/fmng. (8.23)

T T T T T T T T T T
0 10 20 30 40 50
E, M>B

Puc.9 Puc. 10

W3 puc.9 BugHO, 4TO MaKCHMMaJ/bHasi BEpPOSATHOCTb paclajga AOCTUTaeTCs IpU
MaKCHMaJbHOH 3HEPTHH 3JIEKTPOHOB

2 2
8.17) M, +m m
Ermax ( = ) T T e ~ £ (8.24)
my 2
Takum o6pasom, [Js1 pacyeTa MOJHONU BEPOSITHOCTH paclajfia Mbl MOXKEM HCIIOJIb30-
BaTh C XOPOIIEH TOYHOCThIO mpubsmxkeHue E > m.. Torma muddepeHunanbHyo
BepOSITHOCTh (8.23) MOXHO 3amucaTh B BUJE
G>m?
dr = —£—1(3 — 22)a%dz, (8.25)
967

rae x siBaseTcsl 6e3pa3MepHbIM NMapaMeTPOM OTHOCHUTEJBHOH SHEPTHH 3/eKTPOHa!

0<2=FE/Enx ~2E/m, < 1. (8.26)
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[Tonnas mwvprHa pacnana nosydaetcs MHTerpupoanueM (8.25) B mpenesax (8.26):
1

dr Gi mi
F:J%d:c: o b (8.27)
0

Mbl MoxXeM CPaBHUTDL €e C 9KCI'I€6pI/IM€HTaJIbHO W3MEPEHHbIM 3Ha4Y€HHEM BpEeMEHHU

KU3HHU MIOOHA Texp ~ 2,197 - 1077 c:

h 658210722 MsB - ¢
exp — = N ’ - 192 37 8.28
> 7T 7 TG2(105,66 MaB)> : (8.28)

OTKYyJla NoJly4aeM NPUOJIMKEHHOe 3HaueHHe KOHCTaHTh Gy, ~ 1,164 - 107° I'sB~2.
UToO6kl MONYyYUTDH ee GoJiee TOUHOE 3HAUEHHEe, Mbl JOJKHBI YUECTh MaJbli mapaMeTp
B (8.27) p= mg/mi ~ 2,34 - 107° 1 paguanroHHyIO MONpaBKy Ha puc. 10:

G?>m? a (25
F'= Tog,3 /() [1 o (T _W2> +O(a2’p)} =G =
= 1,1663787(6) - 107° T3B~2, (8.29)

rie a = e? /4w ABafeTcs MOCTOSHHOMH TOHKOH CTPYKTYpHI, 2

f(p)=1—8p+8p>—p* —12p° Inp. (8.30)




9. PACITAl 3APA2KEHHOI'O ITMOHA

Atot pacnap 6osee CA0XKeH, YeM YUCTO JIENTOHHBIH, TOCKOIbKY B HEM y4acTBY-
I0T KBapKH, WJH, APYTHMH CJI0BaMM, CUJIbHOB3aHMOAEHCTBYOLIMe YacTHLbl. Hel-
TPOH U TPOTOH COCTOSIT U3 TPOUKH JIETKUX KBApKOB: dud U duu COOTBETCTBEHHO,
T.e. JarpaH:kuaH Oera-pacnaza (7.2) MoxeT ObITh Nepe3anucaH Kak JarpaHKuaH,
BKJIIOUAIOLIMK KBapKH AJsi npouecca d — u+ £ + Uy U Op.:

G — «
Lu(@) = == [[@)a(1 = ¥)d(@)] - Ty ()
Gr a
— 75 [d@na(l = )u@)] - JG @), ©.1)
rae Jig = . ST 0y*(1 —~°)y, sABAfeTCH yHMBepCANbHBIM JENTOHHBIM TO-
=e,u,T

koM (8.1). B 3To# raBe Hac GyayT MHTepecoBaTb pacraibl 3apsiKEHHBIX THOHOB
7t MAM T, KOTOpble COCTOAT M3 KBapK-aHTHKBApKOBHIX map: ud uau du,
a Oera-pacnaj Mbl OCTaBUM [Js CJeAyIOlled TI/aBbl. Pacrnag noJoXHTesNbHO
3apsKEHHOTo MuoHa m+ — ¢ + vy, e £ = e WK j1, OMMCHIBAETCS IUArPaMMOH,
NpeAcTaBJeHHON Ha puc. 11.

) “e T d

T | T gy

| YN N o)

| aw) | d) : u
Puc. 11 Puc. 12a Puc. 126

OH cOCTOUT M3 IBYX NPOLECCOB: NMePBbIH — CHJIbHOB3aHMOAEHCTBYIOIUH Mpo-
LlecC TNpeBpallleHHs NMHOHA B Napy KBapK—aHTHKBAapK, a BTOPOM — WX aHHUTH-
JSILMSl C MCIyCKaHHeM JIeITOHHOH Iapbl, ONMChiBaeMas JarpaHxKHaHOM cJaboro
B3aumoneicTBusl (9.1). IlockoabKy KBapkH He MOTYT HaXOOUTbCS B CBOOOAHOM
COCTOSIHMM, OHM 00pasyioT MEeTJ0 BUPTYaJbHBIX 4acTHL. YUTOOBl BEIYUCIUTHL 3ITY
ouarpaMMy, HaM HY>KHO IpeJIOXKHTb [/l [epPBOro Ipoliecca HeKOTOpblH (eHo-
MeHOJIOTHUeCKHUH sarpankuan *. CaMmblil NPOCTOH JarpaHxKHaH [IJsi ABYX THIIOB

* CusibHOE B3aUMOJIEHCTBHE OMHUCHIBAETCS KBAHTOBOM XpOMOﬂ,I/IHaMI/IKOﬁ, HO ee HepTyp6aTHBHaﬂ
BepCHA HEeNIpUMEeHHWMa MPH HU3KHUX SHEPrusx.
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KBapKOBbIX apoMaTtoB oTHocuTcst K Tuny IOkaser (Hideki Yukawa, 1907-1981):

Ls(y) = ig D)V T () - 7 (y), (9.2)
rae 1) ONMUCHhIBAeT U30TONHUYECKUN NyOJeT, a 1 — TPUIJeT NUOHHBIX MOJeH:
E:(ﬂa),ﬂ):<§>; 7T:<7T1,7T2,7T3). (9.3)

OH HHBapUaHTEH OTHOCHTE/bHO NpeobpasoBatuii rpynmsl apomatos SU(2) ;. Mart-
pULBl T UAeHTHYHB Matpuuam [laymu (2.12), onHako o6o3HavyarTCs APYroOH OYK-
BOH, MOTOMY YTO AEHCTBYIOT He B CIIHHOPHOM, a B M30TONHUYECKOM TPOCTPAHCTBE.
Yrobel snarpaHkuaH (9.2) Obl1 5PMUTOBBIM M CKaJsIpOM, HCIIOJb3YyeTCs MaTpHLa
i7°, TIOCKOJIbKY MHOHBI ABJSAIOTCA TCEBIOCKAMAPHBIMH YacTHIAMH. 3apsKeHHbIe

HOHBI OTIPENeISIOTCS KakK | 5
4+ T Fam

V2
a HeHTpaJibHbIH 70 UIeHTH(DULHUPYeTCs C 73, Torna narpanxuan (9.2) npuobpe-
TaeT BUL

Ls = i\/ggﬂfy‘r’d -t g (ﬂvSu — Eﬂf’d) 704+ iv2yg Eﬂf’u ST (9.5)

(9.4)

Hunarpammer @efiHMana AJs MEPBOTO W MOCJeNHEro 4JeHOB T0Ka3aHbl Ha puc. 12a
U 126 cooTBeTCTBEHHO.
[letnsi, KOTOpPYIO HaM HY>KHO PACCUMTATh, NPeJCTaBJgeHa Ha puc. 13.

Im 04 00 =V 2+ m2F ie

KO = 7;64 : d4€ = Zd4£E

) AWa)

U ¢ Re g()
Puc. 14

Ona o6pa3oBaHa XPOHOJNOTHUECKHUM CIapUBaHUEeM aHTHKOMMYTHPYIOLIUX (epMu-
OHHBIX OMEepPaToOpPOB

(T (@) d(y)pd(z) u(x)a) )o = (— 1) (T (w()ai(y)") )o (T (dy)pd(z) ) )y, (9.6)

YTO TMPHUBOAMUT K MIOMOJHHUTENbHOMY 3HAKy MHUHYC U HHTETPUPOBAHHIO MO BHYT-
perHeMy uMnyJabcy ¢. CyMMUpOBaHHE TI0 [[BETOBBIM HHAEKCAM KBAPKOB MPUBOAUT
K MOSIBJEHUIO KO3 puLrenTa ns yucnaa upetoB No = 3. Takum o6pasom, jarpas-
’KHaH, MOJy4eHHbIH U3 AuarpaMMbl Ha puc. 11, uMeet BUA

AL = (—i)(1)(—V2g) (—%)
y TrJ d*e Tr{i(ﬂmu)f’f[(?—ﬁ)+md]va(1.—75)}. o
color | (2m)4 [2 —m2 +ie] [(¢ — p)? — m] + ie]
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d*/ (—i)
(2m)* [2 —m? +ie] [(£ — p)> — m? + ie]
X 7y (1 —4°). (9.7)

My "M g=m

4imgGFNCpa J

Jlns Belumcaenuss uHTerpana B (9.7) cHavajsa oObeAMHHMM JBa 3HaMeHaTeJs
B OJIMH, UCMOJb3Ys MapaMeTpusaiuio PellHMaHa:

1
(02 —m2 +ig] [(€ — p)% — m?2 + ic]
1

dx
OJ{(I —2) [2 —m? +ie] + 2 [(L — p)? — m2 + ie]}”

I
U'=t—xp dx
& LW 7 08)
0

2 _pn2__ _ 2 .
m2=m?—z(l—z)m? —m2 +ie

B stom caydae nosnydaem

1

I = jj (d% (1) do Prc. 14 JJ d*p dx

2m)% (02 — m2 + ie)? (2m)* (2 + mz]Q

1

1
B E%dﬁ%dﬂ; dx B=z dx zdz
N 2(2m)* [p2 212 Aglinoo 1672
0 [ E + m*] 0 {

1
= lim J dx lnAQ_i_mg—l
 A2500) 1672 m2

0
o1 A2 2 I — m2 -
Ao (111 tmT g VEAmT T My arctg m72 + 1) . (9.9

1672 m?2 My VAm2 —m2

37ech Mbl HCIIOMBb30BAMM BpalleHre Buka B KommaekcHoil miockoctn 0 (puc. 14),
nepexon K MnoJiipHbIM KOOpAWHATAM B €BKJIHWAOBOM YETbIPEXMEPHOM IIPOCTPAHCTBE *
W perynspusanuio ¢ oopesanueM A2, dcHo, yro uHTerpan (9.9) Jorapudmuyecky
PacXoMTCsl, YTO SIBJSIETCS OObIYHBIM SIBJI€HHEM B KBAHTOBOH TEOPUH MOJsI, ¥ Mbl
He MOXKEM BbIYHMCJHTL €ro 3HadeHue, a NOJI2KHbl H3BJ€Ub €ro M3 3KCIepHUMEeHTa.
OmnpenenvM KOHCTAHTY pacnaja MHOHA Kak

F, = 4V2mgNcl, (9.10)

* MuTerpupys no yriam B d-MepHOM MpoCTpaHcTBe, mosyuaem Qq = 27%/2/T'(d/2).
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C TIOMOLIbI0 KOTOPOH MOXKHO BbIPasuTh 3((eKTHBHBIH narpaHxkuaH (9.7) B uM-
MYyJbCHOM W KOH(PUTYPaLlUOHHOM NPeACTaBJIeHUAX

Gr . . _ 5 e~ Gr 5
AL = L Fipy - 7oy*(1 =~ = —ZLFE g, A1 —~2) (9.11
75 [riba ey (1-7°) 7 Ty (1 = ~°)e. (9.11)

Tenepb Y Hac eCTb BCe HeOOXOIHUMOe NIJIsT 3alUCH MaTpUYHOTO 3JIEMEHTA

. 5; Fapa (a1 (1 =7 )ue(k) = %F W,(a) @+ E)(1 = °)ve(k)
w(9§=0  iGp _ 5 T
B VT (@) (1 +77)ve(k) — M
= ngF myTe(k)(1 = 7*)uy(q) (9.12)

U BBIYUCJEHUS BepOSITHOCTH pacrnaga. CyMMHPYs N0 KHUPaJbHOCTSIM JIENTOHOB,
noJsiyyaem

St = GFF Py (31 4+ %) = me)(1 = 49)]

= 4GLF2m2(gk) = 2G%F2m2(m2 —m2). (9.13)
B cucreme nmokost nmuoHa
p=(mx0), k=(Ek), ¢=I(¢q), (9.14)
BEPOSATHOCTDL pacriaja UMeeT BU[
3k d3q
(2m)32F (27)32¢°

Jnst nByxdacTHuHOro pacnajga (a3oBbli 06beM SIBJSETCS KOHCTAHTOH, KOTODPYIO
MOXKHO pacCuMuTaTh Kak

(9.15)

po XM =y, <I>2=<2w>4jé<4>(p—k—q>

2my

1

dPk=4r|k|EJE
l4 ||
871

3
By — j CE 50— k- g)0(¢")5(c)

1 m2 —m?
2 _m2 2 2 _ _ T o
=5 JdE\ [E? —mj 6(my +mj — 2mgE) I (9.16)

™

Wrak, MBI moydaem

G2 F2m2m, m?
Cospy = % (1 — —f> . (9.17)

MartpuuHblil a7eMeHT pacnazna nuoHa (9.12) mponoproHaneH Macce JenToHa
¥ Obl1 Obl paBeH HYJIIO, €CJAU Obl JIeNTOH Obl 6e3MaccoBbIM. 31eCh UIPaeT POJib
3aKOH COXPaHeHHsI MOMEHTa UMIyJabca (puc. 15).

*

* A BeposiTHOCTb pacrnana (9.17) npornoplHoHasbHa KBafpaTy MacChl JeNnToHa.
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[Tuon o pacnana [noH nocsie pacnana (T(R) (L)
m
§=0 vy(L) =1 4n e X
i O
Puc. 15a Puc. 156 Puc. 16

B Haua/sbHOM COCTOSIHMH CIIMH CHUCTEMBI PaBeH HYJIO AJs OeCCIIMHOBOH YaCTHLHL,
Tako# Kak nuoH (puc. 15a). B KOHeYHOM COCTOSIHMH POXKIAIOTCS JIeBOe HEHTPHUHO
U NpaBblil 3apsKeHHBbIH JIENTOH, HMelollHe MPOTHBOMOJIOKHbBIE HMIYJAbCHl U CyM-
MapHbIH elHHUYHbIH cnuH (puc. 156). EnuHCTBeHHBIH €0CO6 COXPaHUTh YTIOBOM
MOMEHT — 3TO 0OpPaTUTb CIHUPaNbHOCTb MAaCCHBHOM YacTHIBI (pUc. 16), MOCKOJIBKY
MacCOBbIH YJIeH CMELIMBAeT JIeBOe U IPaBOe COCTOSTHHUS:

L =myp = m Uy + m Ly = mpipr, + mpryr. (9.18)

3Ttor q)aKT Cpasy O3HaydaeT, 4YTO MJid MHUOHA pachiaj B MIOOHHYIO HacCTULy, KakK
6oJiee MAaCCHBHYIO, UeM 3JIeKTPOH (MO3UTPOH), OyneT NJOMHHHPOBATH

2/ 2 . 9\2

(M =)y 98101, (9.19)

Froer - m

I m2(mZ —m2)

rie m, ~ 139,57 M3B — macca 3apsikeHHOro nuoHa. J[eHCTBUTEbHO, IKCIEpHU-
MeHTaJIbHO ObLJI0 06HAPYKeHO, YTO OTHOCUTEJIbHbBIE BEPOSATHOCTH PACMafoB HMEIOT
cJenyiolire 3HaYeHHUs:

Fﬂ' 174
Br(m — pv) = I‘_m ~ 99,99 %,
ot ex
. oo (9.20)
Br(m — ev) = /=%  ~1,23-107%,
Liot fexp

KOTOpBIe Xopowo coraacytores ¢ oueHkod (9.19). Ilpu ycnosuu, urto Gp = G,
(8.29), MBI MOxKeM OMNpeneJUTb KOHCTAHTY pacrnajna MuoHa, cpaBHuBas (9.17)
C 3KCIePHMEHTAJbHO M3MEPEHHBIM BpPeMeHeM XKHM3HH MHOHA Texp ~ 2,6 - 1078 ¢:
F; ~ 128, 3 M»3B. PeanrHoe 3HaueHHe

F, = 130,5(1) M3B, (9.21)

KOTOpOe NMPHUHATO ceiyac, MOoJyyeHO C YueTOM PajMallMOHHEIX MONPABOK H TOTO
(axra, uto G He coBceM TOYHO paBHa G,.



10. PACITIAI HEUTPOHA

B 370l rmaBe Mbl u3yunMm ele GoJsiee CJIOXKHBIN Mpolecc OeTa-pacrnana, B
KOTOPOM KaK B Hauya/bHOM, TaK U B KOHEUHOM COCTOSIHHH NPUCYTCTBYIOT CHJbHO-
B3aUMOJEHCTBYIOILME YaCTHLBl — KBAapKU. B 3TOM c/ydyae Takod meTasibHbIH pac-
der nuarpamm PeliHMaHa, KaKOH MBI Cefand IJs pacrnajga MHOHA, HEBO3MOXKEH.
ITostoMy 3nech Mbl IpeJ/10KUM MeHee HH(POPMaTUBHbIH, HO 60Jlee YHUBEpCaNbHBIH
crnoco6 BBefeHHS (OpM(paKTOPOB, TaKMX Kak [y, C HCNONb30BaHHEM MeETONa
cko6ok Jlupaka. UroObl moayuuth 3hdekTUBHBIN JarpaHxuaH (9.11) u3 marpan-
KHaHa cjaaboro B3aumonekcTus (9.1), HaM HeoOGXOAMMO MOCTABUTh KBApKOBBIH
TOK MexXJly Opa- U KeT-COCTOSIHUSIMU CHJIbHOB3aUMOJEHCTBYIOILMX YaCTHLL:

(0dva(l =7 )uln ™ (p)) = —iFrpa. (10.1)

KBapKoBbIH TOK CONEPKHUT BEKTOPHYIO M aKCHAJbHYIO KOMIIOHEHTHI, KOTOpble MpH
MPOCTPAHCTBEHHOH MHBEPCHU TpaHCGhOpMHUpYIOTes mo-pasHomy: (5.9) u (5.10) co-
0TBeTCTBeHHO. [10CKOMBKY THOH SIBAsleTCs MCeBAOCKaAApHOH yacTuie# (5.8), mart-
PUYHBIE 2JIEMEHT BEKTOPHOTO KBapPKOBOTO TOKa (haKTHUECKH IMpeacTaBJsieT coO0k
aKCHaJIbHBI BEKTOP, KOTOPBI He MOXKET ObITh MOCTPOEH TOJbKO M3 HUMIIyJbCa p
1 uHnekca JlopeHua o ¥ MosToMy paBHsieTcs Hymwo. OIHAKO MaTpPUUHbBIA 3/1€MEHT
aKCHaJbHOH KOMIIOHEHTBl KBAaPKOBOTO TOKa SIBJISIETCS BEKTOPOM M MOXKeET OBITb
BbIpaXKeH Yepe3 UMIYJIbC p:

(OfdyayPulnt (p)) = iFrpa- (10.2)

Eue onHo Hpeo6pasoBaHHe, KOTOpO€ HaM l'IOHaILO6I/ITCH, HUMeeT BU

G=CTy=Ce™ /2= (cos T o+ ir’sin f) —C ( 0 1 ) (10.3)
2 2 —-10
OHO onpenenﬂeT HOBO€ KBAHTOBOE€ YUHUCJIO OJIA SapH)KeHHbIX CHJ'IbHOBS&HMOILGﬁCTBy-
WX 4aCTUul — G-‘—IeTHOCTb. HOCKO.Hbe CHUJIBHOE B33HMOﬂeﬁCTBHe I/IHBapI/IaHTHO
OTHOCHTEJILHO MPeoOpa30BaHUE 3apPSIOBOI0 COTPSIXKEHUS U BPAIlleHUS B U30TOIH-
yeCKOM HpOCTpaHCTBe, B JaHHOM cnyqae Ha YI‘O.H T BOKPYI‘ ero BTOpOﬁ OCH,

TQ[u]:TQ(é>:<_(’1>:—d, Tg[d]:n((l’):(é):u. (10.4)

3apsimoBoe COMpsiKEHHE TTEPEBOIUT 3aPSKEHHBIA MHOH B COCTOSIHUE C MPOTHBOTIO-
JIOXKHBIM 3JIEKTPUYECKHUM 3apsfoM U MO3TOMY He fIBJsieTCs COOCTBEHHBIM oOmepa-
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topoM. OnHako (G, coBeplasi ellle OAWH TOBOPOT B H30TOMHUYECKOM TPOCTPAHCTBE,
U eCTb cOOCTBeHHBIH onepartop. Hampumep, /s nuona

Glrt] = CTy[dyou] = —Clur’d] = —= T,

v u — d~P T8 7 _ 75
G[ﬂ.O] =CT, [%Qd’yd] =C {d’yd\/_#} — _ﬂ.O, N G[ﬂ'] = (—1)m,
G[n~] = CTy[uy’d] = —C[dyPu] = -7, (10.5)

(F-4eTHOCTb OTpHLIATe/ bHAas. [IpsIMBIM CJIeICTBHEM 3TOrO fIBJsIETCS TO, YTO B MPO-
leccax CHJbHBIX B3aHMOJIEHCTBUH YMC/IO MHOHOB JOJI2KHO OBITb UETHBIM.

Hcnonbsys 3Tu ¢axTel, oOpaTUMCs K pacnany cBOOOOHOTO HeHTpoHA n —
—p+ e + V.. UroObl mosyuuTh 3(p(PeKTUBHBIN JlarpaHKHaH, Hy>KHO [IOCTaBUTb
KBapKoBbIA TOK (9.1) Mexny Opa- U KeT-COCTOSIHUSIMU MPOTOHA C UMIYJbCOM P
1 HEHTPOHOM C UMIYJIbCOM T cOOTBeTCTBeHHO: (p(p)|Wya (1 —4°) d|n(r)). CHaua-
Jla TPoaHaNn3UpyeM MaTPUYHBIH 3/7eMEeHT BEeKTOPHOTO KBAPKOBOT'O TOKA, KOTOPBIH
LOJIKEH 3aBHCeTb OT MepelaHHOro JIENTOHHOH nape ummny/abca ¢ = k+1 =1 —p,
rie k U | SBJSIIOTCS UMIYJbCAMH 3JeKTPOHA U aHTHHEHTPHUHO,

(p(p)|Tyad n(r)) = y(p) [f1(q2)7a + fo(¢*)oapd” + f3(q2)Qa:| up(r).  (10.6)

3nech f1(q%), f2(¢®) w f3(¢?) sABAAOTCA BeKTOPHBIMH (hOpM(AKTOPAMH, BOSHH-

KaloLMMKU M3 AWarpaMMbl Ha pHC. 17, KOTOpPYIO, K COXKaJeHHI0, Mbl He CMOXeM

BBIUMCAUTE. OpHako 3TH  PopMpaKTophl

IJIf pacnaja HeHTpOHA SIBJSIOTCH MOUYTH

KOHCTAHTaMH, T[OCKOJbKY KBajpaT H3Me-

HeHMs TMepefaHHOr0 MMIyJbca OrpaHHUYeH

P 0511 MaB)Y? ~ m2 < (k + 02 = ¢ =

= (r —p)? < (my, —m,)? ~ (1,293 M3B)2.

®opmbaktop fi(¢?) HasbiBaeTcs caabbIM

3apsiioM, KOTOPbIH aHAaJOTHueH 3JeKTpoMar-

HUTHOMY 3apsiny. IleHCTBHUTENBHO, 3JEKTPO-

MarHUTHOE B3aWMOJEHCTBHE C KBapKaMH MOXKHO OMUCAThb HEHUTpaJbHOM COCTAaBJS-
[OILle U30TOMMYECKOTO TPUIJIETA U CHHIIETA:

e A% |:<+§> E’YO/U/ -+ <_%> E’Y(xd:| =eA“ [%E,yoﬂ_?)w + é@'yaw ’ (107)
rae ¢ — uzorTonudeckuid nyoser (9.3), a KBapKOBble TOKH

_ 1 — 1 _
VI =y, 7T = T,.d, vo— o47'3 = —(uy,u — dv,d),
o = YVaT Y =Ty, o \/ng 0 \/5(7 Yad)

Va_ = E’Voﬂ—_w = E’Yoau

(10.8)
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00pasyloT M30TONMMYECKHH TpumseT. Marpuubl 77 M 77 HIpaloT Posib MOBBILIAK-
IIMX M MOHUKAIUIUX ONEePaTOPOB B U30TONHYECKOM NPOCTPAHCTBE

Ti:i%¥i:T+<?>:<8é><?>:<é>’ (10.9)
(-0 ()-(%)

D710 o3HayaeT, uTo KBapkoBhle TOKH (10.8) obsanaroT TeMH XKe CBOUCTBAMH, UTO
Y 3JeKTPOMarHUTHBIA TOK, KOTOPBIH COXpaHseTCs:

¢°V,, = 0. (10.10)

DTo CBOHCTBO HasbiBaeTcsl coxpaHenweM BekTopHoro Toka (CVC). Ilocnennee
MPUBOIUT K HETPUBHAJBHOMY BBIBOAY 00 aIAUTHBHOCTH 3JEKTPUUECKOTO 3apsifa,
a WMEHHO: TOJIHBIH 3apsii CHCTEMBbl paBeH CyMMe 3apsiOB €e COCTaBHBIX dacTed
HE3aBHCHUMO OT TOTO, KaK OHH B3aWUMONEHCTBYIOT Hpyr ¢ apyrom. Hampumep,
3apsili MPOTOHA TOJyYaeTcst Kak CyMMa 3apsifioB COCTABJISIIOIINX €ro KBapKOB. JTO
OTHOCHUTCSI U K CJaboMy 3apsily KBapkKoB M HYKJOHOB. DJIEKTPUUECKHH 3apsia
omnpefeNisieTCst IPU HYJEBOM MepeaHHOM HMIYJIbCE, TOITOMY

f1(0) = 1. (10.11)

Bropoit unen B npaBoit yactu (10.6) HasbiBaeTcsi cabblM MarHeTH3MOM U (POpPM-
daxtop fo(q?) MOXKeT GBITb OLEHEH C TOMOLIBI0 3JeKTPOMATHUTHEIX CBOHCTB HYK-
JIOHOB. B3anMozielCTBHE IPOTOHA U HEHTPOHA C 3JEKTPOMATHUTHBIM MOJIEM MOXKHO
onucath HeHTpaJbHOH COCTABJSAOLIEH U30TOMMYECKOTO TPUIJeTa U CHHIJeTa:

1,79 1,91
AOC— [0 — [e% /B Aa_ - a ﬁ
e p(v +2mN05q>p—|—e n( B aﬁq>n

mn
1 — 3,7 1 — 0,12
= AU (Yo + ———003¢" | 72U + =A%V (7, — =
26 (7 + QWNG 84 >7‘ + 2e (fy o

%Mﬂm,uam)
N

rie U7 = (pn) aABasSeTCA HYKJOHHBIM M30TOMMYECKHM AYyOJeTOM. YUHThIBAS, UTO
KOMMOHeHTa V,,” NpHHALIEXXUT TOMY K€ H30TONHYECKOMY MYJbTHILJIETY, YTO H
HeiiTpanbHas Komronenta VO (10.8), nis dopmdakTopa fa(g?) moayuaem

3,7
= —. 10.1
F20) = 5= (10.13)
M3 (10.12) Takxke BHIHO, YTO
f3=0. (10.14)

Tperuit unen B npasoit uactu (10.6) ¢ dopmdaxTopom f3(¢?) HasbiBaeTcs 3¢-
(beKTHUBHBIM CKa/spoOM, W Mbl MOXeM yKa3aTh ellle [Be MPUUHUHBI ero OTCYT-
ctus (10.14). [TepBasi cienyet u3 coxpaHenusi BekTopHoro Toka (10.10) B cayyae
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TOYHOH M30TONHYECKOH CHMMETPHUH

mgMmey,

q“VaE = ¢“u(pu)vad(pa) = W(py) Pa — Pu)d(pa) = (mq — my)u(py)d(pq) ~ 0,

0“Tp(p) [Firva+ fo0asd” + f3da]un(r) = [ fi(my —mp) + | Gpun  — * f3 = 0.
(10.15)
Bropas mpuuuHa cBsizaHa ¢ coxpaHeHHeM KBaHToBoro uuciaa G (10.3) B cuib-
HBIX BSaHMO,ZLeP'ICTBHHX. G-l{eTHOC’I‘b BeKTOpHOI‘O TOKa dABJIdeTCA HOJIO)KI/ITEJII:-HOﬁ,
a CKaJIHpHOI‘O TOKa — OTpI/IU,aTeJIbHOIL/'IZ

G [wyad] = (+1)uvyad, Glapuy] = (—1)Tpuy,. (10.16)

CrnenoBatesnbHO, 3Q(EKTUBHBIM CKaJsp He MOXKET BO3HHKHYTb B CHJIbHBIX B3aH-
MOIEHCTBHUSX.

O6paruMcs Tenepb K 60jiee HHTEPECHOMY CJy4Yal0 aKCHaJbHOTO KBAapKOBOTO
TOKa, He UMEIOILEMY aHaJIOrOB, TAKHUX KaK 3JEeKTPOMarHeTH3M:

_ — 2 2 2
(p(P)|Tar’d In(r)) =T0p(p) [91(4) 107+ 92(0*) 707 0" +93(4°)7  Ga) un (7).
(10.17)
Bo-nepBBIX, MOXKHO cpasy HCKJIOYUTh BTOpOH ujeH B mpaBod uyactu (10.17)
¢ hopMdpaKTOpOM go, KOTOPBIH Ha3bIBAIOT CJAaOBIM 3JeKTpU3MOM. JleHCTBUTEIBHO,
(G-4eTHOCTb aKCHaJIbHOTO TOKA OTPHIlATeJ/bHA, a8 TEH30PHOTO TOKA MOJIOXKHUTEJbHA:

G[ﬂ%ﬁf’d] = (—l)ﬂ%/ysd, G[ﬂpaaﬁvf’un] = (+1)Upaa575un. (10.18)

WHTepecHo, uTO akcHa/bHBIH TOK COXpaHsieTcs M /151 6e3MaccoBbIX KBapKOB
(KMpasbHO-CUMMEeTPHUUHOE NPUO/IHKEHHE):

*AF = ¢°U(pu) Ve d(pa) = T(pu) (Ba — Pu)V d(pa)
— —(ma + mu)a(p)yd(pa) "= 0. (10.19)

DTo Ha3bIBaeTCsl YaCTHUUHBIM coxpaHeHueM akcuasnbHoro Toka (PCAC). Torma us
npaBoi ctoponsl (10.17)

(10.19
2mpy

93(6*) ~ —5-1(¢")

0% o, (p) [91 (@) e + gs(q2)qa} V(1)

= |~91(@) mn + my) + g3(a2)a?| TP (1020)

MoJy4yaeM COOTHOLIeHHe MeXay (opM(paKTopoM g3 nepel 3((PeKTHBHBIM NCEBO-
CKaJIIpOM M aKcHaJbHBIM 3apsinoM ¢i. Ecau npumennts runoredy PCAC kK coot-
Howenuo (10.2):
- 10.19)
5 2 o (10

p* (0] dyay°u ‘7r+(p)> =iFp® =iFym; =~ 0, (10.21)
Mbl [IOJIy4aeM, UTO [IMOH CTaHOBUTCH Oe3MacCcoBBIM B ciydae 6e3MacCOBBIX KBap-
KOB.
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Urobel nposicHUTh npupony cootHoreHus: (10.20), paccMOTpUM JiarpaHKHaH
[OkaBbl (9.2) nas ny6aera nykaoHoB W uz (10.12):

Ls=igUTV -7 =iV2¢py°n -7t +ig (;TWSp — ﬁ’y5n) 1+ iV2gmp T,

(10.22)
B3aUMOJIEHCTBHS aKCHAJIbHOTO HYKJIOHHOTO TOKa U3 (7.2):
——qg Gp
L= oo -y (1 —7%)ve + h.c. 10.23
\/ggAm Vo -2y (1 —4°) ( )

W JarpaH»uaHa pacrana nuoHa (9.11). IlepBoe cnaraemoe (10.23) nmokasaHo Ha
puc. 18.

Puc. 18 Puc. 19

Ha puc. 19 npencrasjeH AOTOJMHUTENBHBIN TIpOllecC pacnaga HeHTpoHa C HC-
MyCKaHWeM JIENTOHHOH Mapbl MOCPEACTBOM BHpPTyasbHOro nmuoHa. OH COCTOUT U3
nepBoro useHa JarpaHxuaHa (10.22) W 3pMHUTOBO-CONPSIKEHHOTO JarpaHKHa-
Ha (9.11) pacnazma oTpuLaTe bHO 3apsKEHHOTO THOHA, UTO MPUBOAUT 3()h(HEKTUBHO
K JlarpaHXHaHy

ALy = (—1) <—zﬁ> ( \/_g> DY n—( iqaFy) - ey (1 =) (10.24)

Eciu 06beuHNUTh 00a JarpaHKHaHa, Mbl OJYUUM IETaJbHYI0 CTPYKTYpPYy aipoH-
Horo Toka (10.17):

Gr_
La+ALy=—=P |garar” +

V2

CpasnuBas (10.20) u (10.25), nonyyaeM HOBYIO CB3b — cooTHoleHue [onbadep-
repa (Marvin Leonard Goldberger, 1922-2014) u Tpeiimana (Sam Bard Treiman,
1925-1999)

V2 gF;
2

75qa] n-ey*(l — 75)1/6 +h.c. (10.25)

~ 13, (10.26)
\me

KOTOpOe CBsI3biBaeT 3(P(EeKTUBHYIO KOHCTAHTY CHUJIBHOTO B3aumopelctaus IOka-
Bbl ¢, MacCy HYKJIOHA mpy W KOHCTaHThl CJ1ab0T0 B3aUMOAEHCTBUS: aKCHANbHOTO
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3apsna g4 M pacnajga 3apsikeHHoro nmuoHa Fi. Jns ouenku (10.26) MBI Hcmosib-
30BaJ/IM CJeyIOlINe dKCIIEpUMEeHTalbHble 3HAYeHHSs:
2

Z_ ~ 14— g~ 13,26, F,=1305 MsB,
m (10.27)
my = w ~ 938,9 M3B.

[lepenaHHblil UMMy/aAbC |g| OYEHb MaJs MO CPABHEHHIO C MacCaMH HYKJOHOB,
M TPOTOH MOXKHO paccMaTpUBaTb B HEPENSTHBUCTCKOM MPUOJHKEHHH. Takum
00pa3oMm, [Jisi TMOKOSILIErocsi HEUTPOHa U MPOTOHA B IHEPreTHUECKOM TMpeACTaBJie-
Huu (2.11) monyyaem

7, (2.15) ( t 0) U, (2.15) ( %" > D Upooity, =0,

lal << — @y u, = 0.
my

(10.28)

DTOo 03HayaeT, UTO C/1a0blil MarHeTH3M W 3(QQeKTHBHBIH MCEBIOCKANsp He BHO-
CSIT CYLIECTBEHHOTO BKJIaJa B pacmaj HEHUTPOHA, U MBI MOXKEM HCIIOJIb30BaATh
narpanxuan Pepmu (7.2) B KayecTBe Xopoiuero npubiamxenus. CienoBatesnbHo,
MaTpUUHBIH 3JIEMEHT UMeeT BH[

M C gy — 940 ) T (R (=)o (6). (10.29)

C yu4eTOM HepeJNATHBUCTCKOrO MpPUOIMKeHHs ajs crnuHopoB (10.28) ero MoxHO
pa3buTh Ha OBe YaCTH:

M= _%gv Up(P)r0un(r) - (k)7 (1 —7)uy (£)

+ %QA Z:Up(p)vivf’un(r) (k) (1= ) (), (10.30)

mepBasi U3 KOTOPbIX OMHChIBaeT (pepMHU-TIEePexXobl, a BTopasi — rnepexomasl [amoBa
(George Gamow, 1904-1968) u Tennepa (Edward Teller, 1908-2003). Hcnonb3ays
(hopMyJIBl
My, = mp <~ my, M, —my=A=~1293 M3B;
(10.31)
r=(mn,0), p~(mpp), k= (Ek), (=4,

noJiyd4aem
s GE oy 0 0 > 0 5\7.0 5
Z!Ml =5 v T [(P+mp)y" (F 4 mu)y | Te [(k +me)y" (1 = ") 7 (1 = +7)]

+—gAZTr B+ mp) Yy (F 4+ mp)y P Te [(k + me)y' (1 — 7°) 7 (1 — 4P)]
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~ 32m} Ghg 2B — (k0)] + 32m% Ghg’ [2(k - £) + 3(k()]

"LV 30m3 6% EC[(gY + 3¢%) + (97 — 93) (e - v,)]. (10.32)

=0y,

Tenepp Mbl MOXeM BBIUHCAUTb IU(QepeHlHaNbHy0 BEPOITHOCTh pacrnana
CBOOOJHOIO HEINoJIIPU30BAaHHOIO HEHTPOHA, He YYMUTHIBAsl KOPpessUUHd MeXIy
UMITY/J1bCAMH HEHTPHUHO U 3J€KTPOHA:

dp dk d3e
(27)32E, (27)32F (27)3240

I MP 4 <(4)
dF—2 S 2T 0 (r—p—k—1¥)

GQ
~ apliot +303) + (6 — gh)we - vu)]
x 6(A = E = 6P (p + k + )d*p d*kd’e
GQ
=GP (g% +30%) + (g8 — g3) (e - v,) | Pk d®€5(A — E — (°)

2
Brdl=(47)2(°)2d° k| EdE G
= ok (g% +39%) \/E2 - m2 (A~ E)EdE. (1033)
ODKCIepPUMEHTBI, B KOTOPBIX MOXKHO HM3MEDHUTb KOPPEJSLHH MeXAy HMITyJbCaMH
HEHTPUHO M 3/1eKTPOHA, UYBCTBUTE/bHBI K aKCHAJbHOMY 3apsily g4 M MO3BOJSIOT
fosiee TOYHO ONpENEUTh ero 3HaueHHe

ga = 1,2756(13). (10.34)

Dta BeJMUYHHA XOpOIIo coryacyercs ¢ oneHkou (10.26).
Jliist pacyera MOJIHOM LIMPHHBI pacnaga HaM HeOOXOAUMO ONpPEeNeUTh IHepre-
THYECKHH HHTEpBaJ 3JEKTPOHHOTO CMEKTPa M3 HEPABEHCTB

my < (p+0)? = (r—k)? < (my, —me)®  —
m% — mf) + mg
= Me<E< Epay = ————2 ¢ (10.35)
2my,
U BBIYUCJIUTH I/IHTeI‘paJI
30 Emax
= J E?2 —m2(A — E)’EdE ~ 0,4726. (10.36)

Torna monHas mupwHa pacrnajga paBHa

G%LA®
P~ b (gQV n 3g§) L0,47. (10.37)
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Ecnu yyecTh pamuanuonHble monpaBku (paktopom (1 + 0,04) u KyJOHOBCKOE B3au-
MOJIeHCTBHE MEXKIY MPOTOHOM M 3JE€KTPOHOM (pazoBoro oobema (10.36) dakTopom
(140,03), To MOxXHO OOJIee TOYHO CPAaBHUTb PACCUUTAHHYIO BEPOSITHOCThL pacrana
C 3KCIIepHMeHTaJ/IbHO U3MePeHHbIM BPeMeHeM XKHM3HH HeHTPOHA Texp ~ 879,4 c:

_ GEA® (g +39%) (1+0,04)-0,47(1+0,03) 6,582 10722 MsB - ¢
cor 6073 - 879,4 c

(10.38)
W3 3T0Oro cooTHOILIEHUS foJiydyaeM 3HadyeHHe KOHCTAHThI CDepMI/I

Gp ~1,1368-107° T'sB~2, (10.39)

KOTOpOe OKasbiBaercsi Ha 2,6 % MeHblie, uem Gy (8.29). Tlouemy 3710 TaK, Mbl
y3HaeM B cJenylollei riaase.



11. JEIITOHHBIE PACIIAIbI 3APA2KEHHBIX KAOHOB

Jlo cux mop Mbl paccMaTpUBa/M B3aUMONEHCTBHS u- M d-KBAapPKOB IMEPBOTO
nokosieHusi. OMHAKO B KOCMHUECKHX JydaX, MOMHMO MHOHOB, ObLIM O0OHApYKeHbI
HOBblEe CHJIbHOB3aHMOJEHCTBYIOIIME YACTHIIBI C OTHOCHTENBHO OOJBLINM BpEeMeHEM
xu3Hu nopsaaka 1078 ¢ — kaombl. OHM COCTOAT M3 KBAapK-aHTHKBAPKOBLIX Map
BKJII0YAIOT KBapK BTOPOTrO MOKOJEHHs — CTPaHHHIH KBapk s — K+1: w5, K9: d3,
K. sd, K~ : st. 3apsiskeHHble KaOHbl HAalOMMHAIOT 3apsKeHHbIE MMHOHBI, 32 MC-
KJIIOYEHHEM TOTO, UTO d-KBapK B MHOHAX 3aMeHEeH B KaoHax s-kBapkoM. OTciona u
JenToHHbId pacnag KT — £ + vy, tie £ = e Wiy p1, MOXXHO ONKCaTh aHAJOTMYHO
pacrnany 3apskeHHBIX MHOHOB (1. 9). [lycTh JarpaHKnuaH HOBOTO B3aWMOIEHCTBHUS
UMeeT Ty XKe CTPYKTYpy, 4To u Ajs Oeta-pacrnana (9.1), roe d-KBapk 3aMeHeH Ha
s-KBapK, a KoHcTaHTa Pepmu Gp — Ha KoHcTaHTy G

GK — (6% GK — o

L) = = T [ala)ia(1-9)5(@)] - Hiys () — 7o a1 =1 u(e)] (o)

(11.1)

Torna mapuuanbHasi WIHPUHA pachaga onpenensieTcss Mo (Gopmyse, aHaJOrHY-

Hoit (9.17): Y o o N

Gy Fimz;m m

Loy = SETERINE (2L (112)
T mi,

ﬂaBaﬁTe CHaydaJia NpoBEpPHUM, YTO TEOPETHUUYECKHU IpeaCKa3aHHOE COOTHOLIeHHE

Tk 2/ 2 92
Kooy _ MM =me) g 571075, (11.3)
Pkow — mi(my —m2)?

KOTOpOe 3aBUCHUT TOJIbKO OT MacC 4acTull ¥, COBNaJaeT C SKCIePUMEHTA]bHO U3Me-
peHHbIM 3HaueHHeM. JleHCTBUTE/bHO, SKCIIepUMEeHTa/bHble 3HaYeHUSI OTHOCHUTE/Ib-
HBIX BepOSITHOCTEH pacrnana
Br (K — ev) = 1,582(7) - 1075 Br (K — ev)
Br (K — pv) =63,56(11) % Br (K — pv)
HaxomsTcs B xopoieM coriacuu ¢ (11.3). Yro6bl nosyyuTb HHGOPMALIHMIO O HOBOK

KoHcTaHTe G U3 CPaBHEHHs C MOJHOHM LIMPUHOU pacmana, Kotopas onpefiessieTcs
BpeMeHeM JKHU3HH 3apsiKeHHBIX KaOHOB Texp = 1,238(2) - 108 ¢,

i 6582:1022 MsB-c I GLFZmimg ( m2 )2

=249(2)-107° (11.4)

Tio = — ~ _
o e 1,238-10-8 ¢ Br (K — (v) 8

* Macca 3apsi:KeHHBIX KaOHOB my+ = 493,677(16) MaB.
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HaM ellle HY>KHO 3HaTb KOHCTaHTY pacnana KaoHa F . Pacuets (9.7) npoBoauanch
B MPUOTIKEHHUH M, R~ Mg ~ m. [ns 6ojee AIUTENbHBIX PACUETOB C HEPABHBIMH
MaccaMu KBapkoB ¢opmysa (9.10) nosmkHa Oblja MPUHATb BUL

Fr = 2V2 (my, +mg)gNc, (11.6)
rie MHOXHUTe b I (9.9) cnabo (norapudMUUeckd) 3aBUCHT OT Macc KBapkoB. [las
Hac B oleHKe F OymeT BaXkHa JIMHEHHasi 3aBUCMMOCTb OT MacC KBapKOB, 0O3TOMY

Fx = 2V2 (m + mg)gNel. (11.7)

Jlisi ompefiesieHUs COCTABJISIIOIIMX MAcC KBAPKOB BOCMOJb3yeMCsi MaccaMu Gapuo-
HOB, M3 KOTOPBIX OHH cocTosAT. Hanpumep, u3 macc npoToHa p(uud) ¥ HeHTpoHA
n(udd) my, ~ 938,272 MsB n m,, ~ 939,565 M3sB nosnydaem

2 - n
my = =2 M 3193 MsB,
3
2m, —m My +m (11.8)
mg ="z ~ 3136 MsB : m = qu ~ 313,0 M5B,
a ucnosb3ya maccy runepona A°(uds) mp =~ 1115,7 M3B,
Mg = Mp — My — Mg ~ 489,8 M3B. (11.9)
Torna oTHOLIEHHEe KOHCTaHT pacnana
FK m+ mg
— ~ ~ 1,28 11.10
A 9 , ( )
onpesesifieT COOTHOLIEHHe KOHCTAHT B3aMMOeHCTBHS
E, m2—m? |Br(K 3
Gk _ I p [BrUE = pv) (me\T G o147, (11.11)
Gr FKm%{—mﬁ Br(m — pv) \mg

Tor ¢axkrt, uto KoHCTaHTa G TpPUMepHO B 5 pa3 MeHblle G, TpebyeT 00b-
scHeHUs. Takoe oObsiCHEHHE AaeT CJAeAYIOIIHH JarpaHKHUaH, OMUCHIBAIOIIMHN cJia-
60e B3auMoOJeiCcTBHe JIETKUX KBapKoB, nmpennoxeHnHblii Kabu66o (Nicola Cabibbo,
1935-2010):

Lolx) = —%[mﬂcm(l — ) @)] - [(e (1~ @) +hee, (1112)

roe d' ABiseTCs CMEIIaHHBIM COCTOSIHHEM d- U S-KBApPKOB, UMEIOIINX OIIMHAKOBBIH

3apsi,
P d = cosfc d +sinfcs, (11.13)

a O¢c HasblBaeTcs yrioM cMmewuBaHusi Ka6u66o. Takum obpaszom, /st KOHCTAHT
®Pepmu u G noaydaem

Gr =Gycostlc, Gg =G,sinfc. (11.14)
Torma w3 (11.11) u (11.14) cnenyet, 4To
tgbo =~ 0,2147 — cosfc ~ 0,98, sinfc ~0,21. (11.15)

To ecTb Teneps Mbl MOKeM 00BSCHUTD, MoueMy KoHcTaHThl Pepmu (10.39) u G
MeHbIle KOHCTaHThl G,



12. CACTEMA HEHUTPAJIbHBIX KAOHOB

Jns omucaHusi cHCTeMbl HEHUTPaJbHBIX KAOHOB, BKJIIOUAKOIIEH TPETHH apo-
MaT S, HaM HeoOXOAMMO pacHIMpUTb rpynmy cummerpun SU(2)y Jarpanxua-
Ha (9.2) no rpynnet SU(3);:

8
Ls=ig) U7 Aath-pa, (12.1)
A=1

rle  ONUCBIBAeT OKTeT 0030HHBIX MOJEH, a 1) — TPUILJIeT KBAPKOB:

u
Y= (uds), w(d). (12.2)
3necb A sBasioTces Matpuuamu [esnn-ManHa

S
0 0 —i 0 1 0 0 0
0], d=[i 0 0], xa=[0 -10], m=[0 ,
0 00 0 00 0 1
i 000 00 0 L (1
0 | x=[001] x=[00 i) rx=—1[0 .
0 010 0i 0 V3 0 2

(12.3)

S OO
S O -

>
(92
I
~
oo
coco oo~
— o
oo

Torma cucrema HeﬁTpaﬂbeIX KAaOHOB OITMCBbIBAETCA JaTrPAHXKHUAHOM

7
—0 . — — _ —0
LK K =ig Y 9y’ Aath-pa=V2g[dy’s K°—57°d- K], (12.4)
A=6
rage IroJisd HeﬁTpaﬂbeIX KaOHOB OHpeILeJIH}OTCH KakK
_p7tipe 70 _ Y7 — 1P6
V2 o V2

JIaI‘paHX&I/IaH CUJIBHBIX B3aI/IM0,U,eIL/'ICTBHﬁ I/IHBapI/IaHTeH KaK OTHOCHUTEJIbHO HpO'

CTpaHCTBeHHOﬁ HHBEPCHH, TaK U OTHOCHUTEJIbHO 3apsAA0BOr0 COIPAXKEHHS. OTC}Oﬂa

MBI MOXKEM ONpeNeNHTb, KaK NpeobpasyloTcsl MoJisi HeUTPaJbHbIX KAOHOB MO OTHO-
meHuio K P- n C-npeoO6pa3oBaHUSM:

KO (12.5)

P dyds-K° — 5994 K° B AP~ 14 Ps- P[K°] — 5P~ 145 Pd - P[K]
= —dy’s- P[K°] +37%d- P[K)] = P[K"] = ~K°, P[K]=-K’, (12.6)
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C: dy’s K0~ 5794 - K° S —dPo150 s - Ok + sT e~ 155cd" - C[KY)
=354%d- C[K") —d+°s - C[K’) = O[K" = -K°, CO[K"] = —K°. (12.7)

[Tockonbky npeoGpasoBaHne CP He sBJseTCs COOCTBEHHBIM OINEpPaTOPOM s

cocrostauit KO u K, oHM He MOTYT OBbITh (DM3UYECKMMH COCTOSHMSIMH JJISI CHJIb-
HOB3auMoIeHCTBYOIWUX vyacTull. CJenoBaTesbHO, HAaM HeOOXOAHMMO OIpeNesNUThb
C P-uetHble coctossHust K| u C P-HeyeTHble cocTosiHUS Ko:

CPKY) =K' K1=K°+f°/f
CP[R’] = K° Ky = (KO~ K% /V2

KoTopble OYAYT UrpaThb po/ib (PU3HUECKHUX COCTOSIHHH C ONpejieJIeHHBIMH MacCaMH.
OTH COCTOSIHUS UMEIOT MOUTH OMHAKOBble MacChl

mr, = mg, = mygo = 497,611(13) M3B,
Amp = mg, —mg, = 3,484(6) - 10~'> M3B.

Jlarpanxuan ®Pepmu siBasercs C'P-MHBapHAaHTHBIM, I03TOMY cocTosiHMe K| pac-
najgaeTcs NpeuMyIeCTBEHHO Ha J1Ba MHOHA C MOJ0XKUTeJbHOH C' P-ueTHOCTbIO:

CP[r%% = (+1)n%°, CP[rtn7] = (+)ntn, (12.10)

(12.8)

(12.9)

a C'P-HeveTHoe cocTosiHMe Ky JO/KHO pacrnajfaTbCs Ha TPU MHOHA C OTPULATENb-

HOH C'P-4eTHOCTBIO:
cpP [7‘(’071'071'0] (—=1) 0700 (12.11)

OpHako ©3-3a MaJiOH pasHMLBl MeXAYy Maccod HeHTPasJbHOrO KaoHa U CYyMMOH
Macc Tpex MHOHOB (ha3oBoe MPOCTPAHCTBO pacrnajga Ko OKas3blBaeTCsl CYKEHHbIM,
M 9TO COCTOSIHMe XKUBeT ropasjo noJelie, yeM K. MiMenHo nostomy K| HasBasu
Kg (Short), a K9 — Kg (Long) me3onamu *.

Hawa uenp Temepp COCTOMT B TOM, uTOOBl OOBSCHUTb OYeHb HEGOJBLIYIO
pasuuiy macc (12.9) Ha ocHOBe ombITa, TOMYUYEHHOTO C JarpaHKuaHoM Pepmu:

<K1|E| K1>: —m%l m%Q - m%q = QmKoAmK

= . . . . (12.12
(Ko|L| Ko)=—m%, ~ = (R |L|K°)+(K°|L[K’) = 2Re(K|L|KO) (12.12)

CoorHouenue (12.12) o3HauaeTt, 4TO HeHyJeBask PA3HOCTb MACC SIBJSETCS Pe3yilb-
taToM nepexonoB K <« K" (puc.20).

Jlast Toro uToOBl TaKHe Mepexoibl ObIM BO3MOXKHBI, JarpaHkKHaH B3aUMoOJei-
CTBHSl JOJ2KE€H M3MEHSITb CTPaHHOCTb Ha JBe €IMHHLBL. 3alulleM Takoe B3au-
MOJIEHCTBHE, HCTOMb3ys HOBYIO KOHCTaHTYy G’ MO aHaJOTHH C JiarpaHKHaHOM
Depmu:

LE5=2 = —GQd ya(1 = 7%)s, -7 (1 = 7%)sy + hc. (12.13)

* Ha camom fevie B 11, 13 6yaeT nokasaHo, uto cocTosiHie K JHIIb B OCHOBHOM COCTOHT U3 Ko,
L
TaK KaK UMeeT TaKKe HeOoJblIyio npuMech K.
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d d

[?0
—
6es0e
1
b

: Q0
7 /\9 b
d d s 3

S
d
Puc. 20 Puc. 21

B stom JnarpaHkuaHe Mbl SIBHO 0003HAYMJM MHAEKCH L(BETOB KBAPKOB ¢ U b, MO
KOTOPBIM MTPOUCXOIUT cyMMUpoBaHue oT | no 3. /sl OLeHKH CHUJbl 3TOrO B3aUMO-
NeHCTBUSA BOCIMOJIb3yeMcsl MeTOLOM cKoOoK [lupaka ais ¢popMpakTopos, T.e. HaM
HY2KHO B3sITb JarpaHxkuad (12.13) mexxay cocTOSHUSAMH <FO| u |K°). Us puc. 21
BHUJIHO, UTO BO3MOXKHbI /IBa BapuaHTa CMapUBaHHUs KBAPKOBbIX Map B KaoHbl. KaoHb!
SBJSAIOTCS OECIBETHBIMH COCTOSTHUSIMH M COCTOSIT M3 KBapK-aHTHKBApPKOBBIX Tap
OJIHOTO 1iBeTa, Harpumep, K s,d". TakuM 06pa3oM, CyMMbl BEPXHUX H HHMKHHX
KOMOWHAIMH TPeNCTaBJASIOT coO0l OeciiBeTHble cocTosiHUS. OQHAKO COCTOSIHUS
cJeBa U cripaBa He OeCLBETHBl, U Mbl JO/KHbBl 3aMEeHHUTh S, U3 OfHOI'0 KBapKOBOTO
Toka B (12.13) Ha s;, B Apyrom, ucroab3ys ToxkuectBa Pupua.

[Tpu sTom, momumo ToxknectBa Pupua ans crnuHopoB (4.12), HeobxomMMO
OTMETHUTb, YTO KBApKH MPEACTaBJSIOT COOOH LBETHble TPHUILIETHl, Ha KOTOpble
feficTByioT reHepatopsl T4 = \4/2 rpynnel useta SU(3)c, The A4 ABAAIOTCS
maTpuuamu eqn-Manna (12.3). Tenepatopsl T o61anaioT cBoHCTBaMH

Tr [T4] =0, Tr[T4TP] = %5/“3 (12.14)

U BMecCTe C yHUTapHOH Mmatpuued 1 o6pasyloT MOJMHBIH 6as3uc B NMPOCTPaHCTBE
yHHTapHbIX Matpull 3 X 3. Torma Mbl cMoXKeM 3anucaTh ToxaecTBo Pupua B BUle

8
§.0) = C8loy + D> (THUTH), (12.15)
A=1

rie kKoHcTauThl C' 1 D MOXKHO ONpefieNuTh, eciu yMHOXUTb (12.15) ¢ 6460 n 6567,
CYMMHPYS 110 IBETOBBIM HHIEKCaM

8
3=C-3-3+D 3 Tr[T4Tx[T4] | oo
A=l ' - (12.16)
— D=

N W —

8
3:3=C-3+D 3 Tr[TAT4]
A=1

Hcnonbsys 3TH HopMynbl, Mbl Telepb MOXKEM N1€PECTABUTH CIIMHOPBI, YUUTBIBAS UX
aHTHKOMMYTaTHUBHOCTb B (12.13) TakuM oGpa3oM, 4ToObl mapbl Ha puc.21 ciaesa
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U CIIpaBa NaBaJju OecliBeTHble KOMOWHAUUU

4.12) l=a

0 a c
(12.15) 3 Yol =°)d0sq+d v (1 =°)5;s.

—=a c —=b 4
d va(l — ’75)508(: -d y*(1 - 75)(5{)13(1
8 { ,4
+23 d (1 =P)TH)lsg-d (1 = +°) (T4), 5. (12.17)
A=1

CyMMupysI TI0 BCEBO3MOXKHBLIM CIAPUBAHHUSM KBAaPKOBBIX JHUHUU B NPUOJKEHUH
BaKyyYMHOTO HaCBIIIeHUs ¥, moJydaem

—0 _ 8 —0,— - 8
(K7|LR7K) = = 3G (K d7a7"5(0)(0]dvan®s| K°) = G Fimico.
(12.18)
Torna u3 (12.18) u (12.12) caenyer, uto
U
G = ?’AQ& ~ 1078 B2 — Gk o 10-8. (12.19)
8FKmKo G/.L

D10 B3aMMOfEeHCTBHE MOJYYHJIO Ha3BaHHe CBepxc/aadoro BzammoneicTBus. Ecte-
CTBEHHO BO3HHKaeT BOMPOC, MOIJIO Obl B3aWMOAEHCTBHE C KBAapPKOBBIM TOKOM Ka-
6u660 (11.12)
Loe) = 2 [a 1 —%)d d
W) =~ [l =) @) - |
noponuth B3aumonericteue (12.13). Ha pwuc. 22 mpencraBseHbl Bce AHarpamMMbl
narpanxuana (12.20).

()7 (1 = °)u(z)] (12.20)

— - —

I
) Gu : 4 Gu | Wy G, . G,
I S — 1
d V2 s V2 u o d V2 s V2 i
I
: |
— — | _ —
d 9 U : /\L I S U S U
cos“0¢ . “sinfp cosfp ! sinfq cos O sin0.
___________ I
Puc. 22a Puc. 226 Puc. 228 Puc. 22r

Ecnu Mbl gBa)KAbl BO3bMEM AHArpaMmy pHC. 226, COOTBETCTBYIOLLYIO BTOPOMY
usieHy pasJjoxeHus (6.11), U cunenaeM BUKOBCKOe CrlapyBaHHe [1Jis MoJsel u-KBap-
KOB, TO MOJIy9UM QHArpaMMmy Ha puc. 23, KOTopas MOCJe pacuera CpelHed MeT/H
cBonutest K puc. 20.

JlaBaiiTe OLeHHM CpelHIOI0 MeT/II0 Ha pUC. 23 B MPUOJIHKEHUH HYJNEeBbIX BHELI-
HUX HUMIyJbcoB. Ee aHa/UTH4YeCKOe BbIpayKeHHE, B COOTBETCTBUU C INPaBHJIAMHU

*[IpuG/vKeHHe BaKyyMHOTO HACBILIEHHsl 3aK/IOYaeTcs BO BCTaBKe eNMHHLUB 1 =
=3, 16)(i| = [0)(0| mexxay KBapKOBBLIMHM TOKaMH M YyueTe TOJLKO OCHOBHOTO BKJajJa BAaKyyMHOTO
COCTOSTHHSI.
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W S u J
J\W m
d u §
Puc. 23 Puc. 24
Deiinmana, HMeeT BU
1 2
LR5=2 = (—2)5 (—z% sin ¢ cos 90>
J d* dyp(1=7°)i(C+mu)ya(1=7%)s-dye (1=2%)i(l+mu)y? (1-9°)s
(2m)* (02 —m2 + ig)?
idte 0,07

2 2 2 i _ AP
= Gusm O¢ cos 00](2#)“ (@ —m2 +ie)? g Ya(l —7°)s

X dy*y* 48 (1 —~4%)s. (12.21)
Hurterpan B (12.21) KBagpaTH4YHO PacXOAMUTCS, TOITOMY €ro HeOOXOAUMO pPeryss-
pusoBatThb, KaK B (9.9). Kpome Toro, oH 3aBUCUT OT UHIEeKCOB JlopeHlla U H0/XKeH

ObITb TMpHBENEH K CKaJsiPHOMY BHIY C TOMOIIbIO (DOPMYJIbI fﬁuﬁ”f(ﬁ)d‘lﬁ =
= (61/4) [ 2 f(eH)d*e,

o J ide e o J id'e e
L EME@ —mE+ie)? 4 ) 20t (2 —mp +ie)?
A2
puc. 14 9 Jd% th 6= 9 J Zdi ngee N o9 99)
A ent (G rmi)? o 6an? ) (24 mi)? 64r> 1 T
0

KomOuHALHMK y-MaTpUll B MPOU3BedeHHH TOKOB B (12.21) MOXKHO yNpOCTHUTBH IO
(opmyse yr iy =ty — Byt Py 4 et AP
Byprtall =7°)s - dy "y (1 = 7°)s = 4dya(l = 7%)s - dy*(1 = 7°)s. (12.23)
Urak, yuuteias (12.22), (12.23) u cpaBuuBas (12.21) ¢ (12.13), nonyyaem
Gi sin? O cos? O
1672

Crosib MajleHbKOe 3HaueHHe MapaMeTpa pery/aspusaliM BbI3bIBAeT M0103pe-
HMS, 4YTO 3[echb 4TO-TO He Tak. JleficTBUTesNbHO, (PU3UUYECKOH NPUYMHOH pery-
JISIpU3aLUK SBJAseTCs 00MeH KanuOpoBOUHBIMU W -6030HaMH MexX1y KBapKOBBIMH
tTokamu (puc.24). Kak ™Mbl y3HaeM Mo03xe, OHH M3-3a CBOeH OOJBIIOH Macchl
My ~ 80,4 I'sB v npu masbix nepenaHHbIX UMNYJIbCAaX MOTYT 3(P(PEKTUBHO HMH-

A2 (12_'1>9)

Gl = A ~ 1,6 T3B. (12.24)
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THPOBaTh ONHOTOYeuHOe B3aumoneilicTBHe Pepmu. Takum o06pazom, KOHCTaHTa
®depmu BeIpazkaeTcsi uepe3 KaJaMOPOBOYHYIO KOHCTAHTY g M Maccy W-6030Ha *:

(L)Q G (12.25)
22 ) ME V2 '

AnanmuTrdeckoe BbpaXkeHHe OMarpaMMbl Ha puc. 24 otnuuaercs ot (12.21) us-3a
HaJIM4ue npornaratopos W-6030Ha:

) | N
L2572 = (—§)= sin? ¢ cos? O (£>

2 2v2
X J d' dys(1 = ") (L + mu)ya(l =°)s - dy*(1 = °) (L + mu)yP (1 = 7°)s
(2m)4 (02 —m2 +ie)2(2 — M2, + ic)?
4 - 74 2
. 9 ) g Zd f E — 5
= 2 (1=
sin” b cos™fe 35 J @ (@ —m? i (@ = 1%, i el =78

X dy*(1 —~%)s. (12.26)

Hurterpan B (12.26) cxomuTcst U JIETKO BBIUMCJSIETCS B MpennosoxeHun Myy >
> m,, ~ 0:

- 4
sze 1 1 (12.97)

@M 2(2 = M2, +ic)2  1672M2,’

YuuteiBasi cootHouleHue (12.25), moaydaem, 4YTO mapaMeTp peryaspusauud A
B TOUHOCTH COBNajaeT ¢ Maccoil WW-6030Ha. DTO O3HAYaeT, YTO B3aMMOJeH-
crBue (12.20) npuBomuT K GoJibllleMy Ha TPU MOpPsSAKa BKJaLy B pa3HOCTb Macc
HeHTpaslbHbIX KAOHOB, UeM 3KCIlepUMeHTasNbHOe 3HaueHue (12.9).

Ota npobseMa peliaeTcs ¢ BBeleHHEeM HOBOTO KBapKa BTOPOTrO MOKOJIEHHUS], Ha-
3BaHHBIM MexaHuaMoM [smoy-Wanonynoca—Maiianu (GIM). Ux upes cBsizaHa
¢ KoMOHMHalMe# opToroHasbHOro cMmelnuBanusi Kao6nu66o (11.13)

s’ = —sinfcd + cosOcs (12.28)
M BOCCTAHOBJIEHHEM CHMMETPHHM MEXIy YHCJIOM KBapKoB ¢ 3apsigzoM + (2/3)
n — (1/3). Cornacro narpanxuany (11.12) ciaboe B3anmoneficTBre o6ecrneunBaeT
mepexonbl u <> d', TMOITOMY NOJIKEH CYIIeCTBOBaTb €lle ONMH KBapK, Ha30BeM
ero ¢, ¢ KOTOPbIM CBsidaHa apyras kombuHauust s (12.28). Torma smarpaHxuan
B3aMMOJEHUCTBHUSI C HOBBIM KBaPKOM MOXHO TOCTPOUTh COTJIACHO KBAPKOBOMY TOKY
J* =7y (1 —4°)d + (1 —4°)s’ Lola) = S i g 12.29
= (1 =7")d +&*(1-7")s  — w(:v)——ﬁ o (12.29)

* dra (opmyna Gynet nosydyeHa B 1. 17.
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Ha puc. 25 nokasaHbl Bce B3auMOAeHCTBHs U3 jarpaHxkuaHa (12.29) ¢ omnHum
BXOISIIIIUM S-KBApDKOM W OJHUM BBIXOASIIIIUM d-KBapKOM.

— - —

G

i/\t

inf¢g cosfe

e — — —

Puc. 25a Puc. 256 Puc. 258 Puc. 25r

e G,

G G G
W s\\zx/i//u N T

—sinf cosf sinf cosf¢ —sinf cosf

=
S

)

Juarpamma Ha puc.25a ofMHAKOBa C puC. 220, AJsi KOTOPOH Mbl MONYUYUIN
neT/io Ha puc. 24. Mmesi 4 nuarpaMmbl Ha puc. 25, faBaiiTe MOJYYHUM MHTEpeCyro-
e Hac 4 muarpaMmbl (puc. 26).

u uo ¢ c u u o, c c
dMS d/\J\ dMS dM
u u u a ¢ ¢ ¢ ¢ z ¥
sin?f ¢ cos?0. —sin?0, cos? 0 —sin? 0, cos? 0 sin?0 cos?f.

Puc. 26a Puc. 266 Puc. 268 Puc. 26r

WM3-3a pasHbIX 3HAKOB B pHUC.26a—T Mbl 0XKHJI2eM HEKOTOPOI'O COKpALLEHHUS] MeX1y
HUMH. Takum o6pasom, CyMMy BceX AMarpaMM Ha puc.26 MOXKHO 3amucaTh Kak

GQ
LR = (—i) = sin® fc cos” Oc
d4£ _ 5 Z Z‘i‘mc 5
XJWd75(1—7 ) !ﬁ—m Yol =77)s
Z Z—ch

LN N 12.30
” EQ_mQV( 7°)s, ( )

c

x dy*(1 =) !— —

rjie Mbl IpeHeGperan Maccoi u-KBapka U NnoapasyMeBaeM HaJH4yHe ClaraeMoro +ic
B 3HaMeHaTessix. [IpeoGpasyeM KOMOWHALMH ~y-MaTPULl U (epMHUOHHBIX IMporara-
topoB B (12.30) K 6o/iee KOMIAKTHOMY BHIY

Z Z—i—mc

14
o 5
7(1—7)[[2—52_7 m2 -

B8 1 — 5 -9 2 o, upB 1 — 5 _r
(1 =7) mey 7)£2<52_mg)
(12.31)

c
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To ecTh ¢ yueToMm BkJaga c-kBapka BMecTo (12.22) Heo6XOOUMO BBIYHCJIHUTH
UHTerpaJ

_J id* 0,0 B 5_;J id* 1

v

et e —m2 e 4 ) @2m) e —mg + i)
Puc. 14 5_ZJ d*lg 1 ty=2 0y J dz 1 v (12.32)
4 ) @2m)t (0 + mi)? 6472 | (2 +m2)?  64m2mZ M .
0

Hcnonbays (12.23), okoHUaTebHO MOJNyUaeM
2,2

[£AS=2 _ _Gume
K 1672

yTo u3 (12.24) cpasy naet 3HaueHHe MacChl c-KBapKa, T.e€. B TpeJjaraeMoM Mexa-
Husme GIM posb mapamerpa peryssipu3aldu BbIOJNHSET HMEHHO Macca c-KBapka.

sin® 6¢ cos® O dya (1 — 75)5 ~dy*(1 — ’75)8 +h.c., (12.33)




13. HAPYIIEHHE CP-CHMMMETPHUHN

B 1964 r. Kpucrencen (James Henry Christenson, 1937-2020), Kponun
(James Watson Cronin, 1931-2016), ®utu (Val Logsdon Fitch, 1923-2015)
u Typaeii (Réne Turlay, 1932-2002) 3aperu-

_ +
crpuposau pacnan K9 (Ky) — n+m™ posro- T
x)uBylero C P-HeueTHOTO HEHTPaNbHOTO Ka- Ky e, K -7
oHa Ko B C'P-yeTHOe COCTOSIHHE C OBYMf AN « -
3apsiKeHHbIMH MTHOHAMH C BEPOSTHOCTBIO S~

~ 71-7
0 -\ ~9.10-3
BI“(KL — T T ) ~2-107°. (131) Puc. 27

O10 OBLJIO MHTEPNPETHUPOBAHO, KaK OyATO AOJTOXKHUBYLIMH HEUTPaJbHBIA KaoH
uMeeT HeGosbinyto npuMech C P-yeTHoro coctosinus K (puc. 27):

K2+€K1
K="= 13.2
RV = (132

IT10 Has3biBaeTCss KOCBeHHbIM HapylleHueM C'P-cumMerpuu. [lapamerp cmelnuBa-
HUS € TIPOTIOPIIMOHAJIEH 3/IeMEeHTY MaTpullbl nepexona K| <» Ky (puc. 27):

_ 1 1,— _ o
(K| £R52 K = & [(RO|LAS=2(KO) - (K°|cAS=2/R")]

+ % |:<KO’[,IA<522’KO> _ <F0’[JA{S=2’FO>:| _ iIm<F0‘£IA<S=2‘KO>’ (133)

Te BTOPOH 4UJieH B KBAaApPaTHBIX CKOOKaxX paBeH Hymio u3-3a CPT-CUMMeTpHH.
OnHako, MMesl Bcero jBa INOKOJeHHs1 KBapkoB: (ud) W (cs) co cMelIMBaHHEM

d <> s, ToMydaeM, 4TO MaTPHUHBIH 3/eMeHT nepexoma K <« KO (12.18) neii-
CTBUTeJIEH, U 3TO [le/laeT HeBO3MOXHbBIM 00bsICHEHHe HaOJ/I0faeMOro HapylleHHs]
C P-cumumetpun (13.1) mpy HanW4KK TONBKO OBYX TMOKOJEHUH KBapKOB.
Pacemorpum obwuii cayuait ¢ N mMOKOJeHHSIMHU KBapKoB. UTOOBI COXpPaHHUTb
HOPMHPOBKY, MaTpHLla CMeLINBaHUs HUKHUX KBAapKoB V' NOJKHA ObITb YHUTAPHOH
matpuueii (VIV = 1) ¢ pasmeproctbio N x N, Kotopas uMeeT N2 He3aBUCHMbIX
napameTpoB. Torna mojHbIE KBapKoBbIH TOK (12.29) MoXHO 3amucaTh B BUIE

N
@ TTAQ 5\ 1/ — 5
J*=Uy*"(1-9")D" = E Uy (1 — ) Vi dy. (13.4)
k=1
[TockosbKy B KBAaHTOBOW TEOPHUH CIIMHOPHbIE MOJISI OMPEAENSIOTCS ¢ TOUHOCTBIO 10
MIOCTOSTHHOTO (pa30BOTO MHOXKMTEJISl, Mbl MOXKEM yIaJHUTh He(hU3HUeCKHe rnapameT-
pbl U3 MaTpullbl cMelluBaHUs. [Ipeob6pasoBanus uy — Ugpe'™* MO3BOJSAIOT YAAIUTh
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N Hedusuueckux ¢as3, Hampumep, B mepBoM cTosbue V, a mnpeobpasoBaHus
d; — ePid; ynansor ocraBmuecs N — | Hedusnueckux has, HarpuMep, B ePBOH
CTPOKE KOMIJIEKCHBIX 3/JIeMEeHTOB MaTpPHIbl CMellnBaHus. DTo ocTaBisieT (N — 1)2
(hU3MYEeCKUX NapaMeTPOB CMELIMBAHHS, U3 KOTOPBIX

N(N -1
Ny = YN 1) (13.5)
2
SIBJSIIOTCSl N€UCTBUTEJbHBIMHU nmapamMeTpamMmu OpTOFOHaJIbHOP'I MaTpUIlbl UJIK YIJ1aMH
CMeIIWBaHHA, a N DN 9
N¢:( — )2( —2) (13.6)

ABJSAIOTCA (Pazami.

Jlnst cnydast AByX MOKOJIeHHH KBapkoB Matpuua V' siBasieTcsl AeHCTBUTEbHON
TOJIBKO C OfHUM YIJIOM CMelIMBaHWs — yrioM Ka6u66o. loGaBjeHue TpeTbero
nokoJieHusi ¢ top u bottom kBapkamu (¢b) NPUBOAUT K TPeM yrjiaM CMeIIUBaHHUS
U OfHOH (hase, T.e. XOTS Obl OAMH 3J€MEHT B MaTpHlle CMeIUHBaHUS SIBJsETCS
KOMIIJIEKCHBIM:

Vud Vus Vub d

u
U=|c |, D=VekmD=| Vea Ves Vi s |;
t Via Vis Vi b
1 0 0 C13 0 Slge_i(s ci3 si3 0
Vekm = | 0 co3 s93 0 10 —s13 c13 0 (13.7)
0 —s923 c93 —s13¢ 0 ¢p3 0 0 1
€12€13 $12€13 size"
= | —si2c23 — c12593513¢  clocos — S12593513€ 13503

i i
512893 — €12€23513€"°  —C12523 — 51223513 C13C23

dra mMartpula HasbiBaeTcs Matpulieit Kabu66o—Kobasmu—Mackassl (CKM). 3nech
MCI0JIb30BaHbl 0003HAUEHHS Sy = sinfy; U ¢x; = cos by, a § npencrasasier ¢asy.
DKcreprMeHTa/bHble 3HaUeHUs MapaMeTPOB COCTABJSIOT

s19 ~ 0,2265,  s93 ~ 0,0405, 13 ~ 0,0036, & ~ 68,5°. (13.8)

Takum o006pasom, ecjid pacCMOTpeTh AHarpaMMbl ¢ t-KBapkamu (puc.28B), To
MOXKHO TIONIyUUTh KOMIJIEKCHOE 3HAaueHHe MaTpUyHOTro 3jeMeHTa (13.3).

ol
o

s uouN g 5 d s tot 7
d u o u s d u U s d uou s
(V:;d Vus)2 szd Vus Vcti Vcs VJd Vus VtTi Vts

Puc. 28a Puc. 286 Puc. 288
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[Ipsamoe nHapywenune C P-CUMMeTPUM MOXKHO NPOLEMOHCTPUPOBATh HAa pacma-
nax b-KBapKOB, KOTOpPble OMHCHIBAIOTCS JarpaHKHaHOM

Ly = —% ub WY (1 —’75)5'%&(1 — )

f % bya(l =) u- Ty (1 —4°),  (13.9)
KOTOpbIH iIBHO HapyuaeT C'P-CUMMeTpHIO:

cp G

£ub — = = Vub57a(1 - '75)1‘ : V[’ya(l - 75)6

V2
f Vo, Wa(l = 7")b- By (1 =4%). (13.10)
DKcrepuMeHTabHble 3HAUEHUS YIJI0B cMelluBanus (13.8) meMOHCTPUPYIOT Hepap-
XUYECKYIO CTPYKTYPY S13 K So3 < S12, IOITOMY OY€Hb UYaCTO HUCIOJb3YETCs TaKxKe
napametpusauus Boabgenmreiina (Lincoln Wolfenstein, 1923-2015), roe sjo = A,
S93 = AN2, 8136i6 = A3 (p+1in) u
1—)%/2 A AN (p — in)
Vekm = —A 1—A2/2 AN +o (M), (31
AN (1 —p—in) —AN 1



14. TIYBOKOHEYIIPYTOE PACCEAHUE HEWUTPUHO

B 3Toil raBe Mbl HauMHAeM pacCMaTpUBATb MPOLECCHl PacCesiHHsi HEHTPHHO
KaK MpeICTaBUTeNs] CJab0B3aUMOIEHCTBYIOIMX YacTull. JIast co3maHusi Mydka
HEUTPUHO HMCIIOJMb3YIOTCS 3apsiKEeHHble MMHOHBI, KOTOPble pachagarTcs MperuMyle-
CTBEHHO Ha MIOOHBI M MIOOHHBIE HEHTPHHO. DTO O3HAYaeT, YTO MyYOK YaCTHIL,
MOMNaaolIuX B MUIIEHb, OYIeT COCTOSATh MPEUMYIECTBEHHO U3 MIOOHHBIX HEHTDH-
Ho. PaccMoTpuM cHauasia Heynpyroe paccesiHie MIOOHHBIX HEHTPHHO Ha HYKJOHAX
vy + N — p~ + X (puc. 29a).

Puc. 29a Puc. 296

3nech X 0603HayYaeT BCe afpOHHBIE COCTOSIHKS C MOJHBIM HMITYJIbCOM P, KOTO-
pble He PerucTpUpyloTcs. PerucTpupyercss TONbKO BblIETAOMIUN MIOOH. 3amuileM
JlarpaHXHaH B3aWMOJAEHCTBHUS, TIOKA HE YTOYHSS THUI aJlPOHHOTO TOKa:

G G,
Ly = L0721 =), - J" = ZL5,4%(1 =A%) - JH 14.1
v =g (1 =)y N (1 =9")p (14.1)
Torna MaTpuUUHBIE 3JIeMEHT Tpoliecca Ha puc. 29a nMeet BUL
G o
M = =5, (k)" (1 =), (k) - (P| T2 |p),
o (14.2)
MT = — =L, (k)y* (1 = 2w, (K) - {p|J51]p').

V2

CornacHo dopmyse (6.9) ceueHHe mpolecca BhIpaXKaeTcsi 4yepe3 MPOU3BeNEHHE
KBajJpaTa MOAYJsi MAaTPUUHOTO 3JeMeHTa U (pa3oBoro odbvema:

d3 k/ d3 p/

By )
(2m)32k; (27)32p)

do =
4/ (kp)? — k?p?

(14.3)

(2m)* 6@ (' —
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Uro6bl OTHEMUTH JIENTOHHBIK TOK OT aAPOHHOTO, BOCIIOJb3yeMCsl MepelaHHbIM
umnyabcom q = k — k' = p/ — p. Jlns pacuera KBajgpaTa MOMLYJ/si MATPUUHOTO 3Jie-
MeHTa NMPOCYMMHpPYeM IO KHPAJbHOCTSAM BCeX YACTHL, YCPeAHSS M0 HayaJbHOMY
HYKJIOHY ™

- 1G _
> IMP = ST By (1= 2P + m)y™ (1 =57 (ol 15 ) (] T2 )
X

= 2G2 | L (k) + i | S (|5 ) (0| T o). (14.4)

3necb Mbl Hcnonb3oBanu o6osHaueHus (8.10) u mpenmosoxkeHwe o TOM, UTO
HefiTpuHO GeamaccoBoe (k2 = 0). Torma muddepenuanpHoe ceuenne (14.3) pac-
cedHusa HeﬁTpHHO HMeeT BUJ

G2 1 d3k/
do, = —~ LB (k, K aBRE N (p, ) —— 14.5
70 = G Tog] LK) i [ Wy p.0) W (14.5)
TJle Mbl BBEJIM Oe3pasMepHyIo CTPYKTYpHYI GyHKIMIO (popmdaKkTop) HYKIOHA
d3 /
Wit = g 3 [ Gl W) W12 000 —p T (148
0

AHajorM4HO MaTPUYHBIN 3/1€MEHT paccesHUs MIOOHHOTO aHTHHeHTpUHO (puc. 296)
MMeeT BUJL
G _

M = ——=v,(k)y*(1 - 75)1’#( < ’Jh”p>
V2
G, (14.7)
Mt = —ZL5,()P (1 =)o, (k) - (p|J2]p"),
ﬁu()( Y)ou (k) - (p|J5|p")
a nuddepeHLaNbHOE CeYeHHEe
G2 1 Bk
doy = —2 — LB (K, k') — ic®PFF | W - 14.8
70 = G gl (LK) = 2 W p.0) o (14.8)
BbIpAXKAeTCsl Yyepe3 CTPYKTYPHYIO (PyHKUHIO
h d*p'
Wop(p ) = 8ZJ<p!Jﬁ!p> (1 a1p) 80 —p— )— (14.9)
0

CrpyKTypHble (DyHKIUU Wfﬁ (p,q) 3aBucAT oT uHAeKcoB JlopeHIa, KOTOpble
MOKHO BBIPa3UTb C IOMOLIbIO IIECTH HE3aBUCHMBIX JIOPEHI-KOBAPHAHTHBIX KOM-

OUHALMH: PaPs, Pads daPB> 4ad8> NaB> Eafpg ¥ LECTH CKAJSIPHBIX CTPYKTYPHBIX
dynruuit Wi (p, ¢) cooretcTBenHo:

Wos(p.q) = — (na,g qzqﬁ> W (p )

* HeliTprHO MMeeT TOJbKO OIHY KHPaJbHOCTb, H MOITOMY YCPeIHEHHUs He TpebyeTcs.
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1 qp qp + Eafpq 117+
+W<Pa—q—2%> <pﬁ—q—2q6 W (p,Q)+12M2W (p, q)
qaqp Padp + qaPpB Wj:( Paqp — GaPp
M2 M2 5 \P M2
PaccmoTtpum Teneps kMHeMaTHKy npouecca. bynem paGorats B JabopaTopHOH
cUCTeMe

+ Wi (p, q) + ,q) + W& (p,q). (14.10)

=(M,0), k=(Ek), k=(EK). (14.11)

Yno6HO HCMO/b30BaTh CJENYIOLIHE pPasMepHble W JIOpPEHL-UHBapUaHTHBIE Ge3pas-
MepHble TepeMeHHBbIE:

(kp) (ap) : -¢ _ - (ap) _ v

E= Mo U T M =E-E = x_Q(qp)_QMl/’ y_(k:p)_E'
(14.12)
B rny6okoneynpyrom paccesauu (DIS) pasmepHbie nmepeMeHHbIe B Hjiealie JOJKHbI
ObITb OeCKOHeUHBIMH: F — 00, V¥ — 00, Q2 = —q2 — 00, 0HaKO 6Ge3pa3MepHbIe

nepeMeHHble & M Y UMelOT (pUKCUPOBaHHble 3HayeHUsl. [lepeMeHHble & U Y MOJIHO-
CTBIO OTHCBHIBAIOT KHHEMATHKY B KOHEUHOM COCTOSIHMH, [I09TOMY HHTEPECHO 3HATh
npefesbl UX u3MeHeHHsi. HauHeM ¢ mepemeHHOH z, BbIOpaB yoOOHYIO HJiS 3TOTO
CHUCTEMY TOKOsI MIOOHA:
) qo = ko —my,
k' = (my,0): K’=k?
q=k — lq/=ko
(a) QQZ—QQZQQ—Q(Q):%(Q)—(k‘o—m#)Q>0;
= (b) p?=(p+0q)* =M = 2ap) = —¢% (14.13)
(¢) (kq) = ko(ko —my) — kg < 0.
W3 nepaBencts (14.13a) u (14.13b) cpasy nosyuyaem, 4To
0<z <, (14.14)

rie npefensl * = 0 U x = 1 orBevalT ryOOKOHEYNIPYTOMY PpACCESHUIO TPU
6eCKOHEUHOH SHEPrud HaJeTaloIero HEHTPUHO M KBA3WYNPYyTOMY pacCesHHIO,
KOTJla B KOHEUHOM COCTOSIHMM 06pa3yeTcsi TOJIbKO OAMH JIENTOH M OIUH HYKJIOH,
p/2 = M?, COOTBETCTBEHHO.

Teneps npoananusupyem nepemeHHyo y. BosBpaiiasce cHOBa K J1abopaTopHON
cucreme (14.11), nonyuaem

v=~F — E’—pO—M>O - y=0. (14.15)

Jlnsi onpenenieHHs BepxHeH TPaHHLEBl Yy PAaCCMOTPUM IPOCTPAHCTBEHHONOLOOHBIH
4-BekTOp

Na = Eakgps NO— EOﬁuukﬁq p O — N2 (kQ) q2 (qp) < 0.
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Pasnenum nocnensee HepaseHcTso B (14.16) nHa 2(kp)?(kq), 3aMeTHB, 4TO B COOT-
BeTcTBHHU ¢ (kq) < 0 (14.13¢c) Heo6XOOMMO M3MEHUTh 3HAK HEPABEHCTBA:

2(gp) (kp)(kq) — M?(kq)* — ¢*(kp)* _ ) 2kg)M* ¢

2(kp)2 (kq) ~ 7 2kp)-2 2(kq)
(k—q)Z:k'Z M - T m2 mﬁ DIS
) 1 Py -1+ —E <0 = y<1. (1417
?=2(kq)+m?, [ 2F + 4vE + ¢* —m? Y ( )

Takum o6pasom, u3 (14.15) u (14.17) B caydae riyGOKOHEYNPYroro paccesHusi

royHac 0<y< L. (14.18)

Ilnsi pacuera nuddepeHInalbHbIX ceYeHUI paccesiHUs HeUTpuHO (14.5) U aH-
THHeHATpUHO (14.8) HamM MOHAnOOATCS CleayIolIde COOTHOIIEHHUS:

2(Kq) = Q" —mi, 2(kK) = —(kq) = Q°—
N L (k, k') = 2(kk ) =~ Q* =2M E xy,

PapBLaﬁ(k k‘/) _ Q(kp)(k/p) o (k‘k‘/) ~ 9FEv (é _ 1>,

M? M2
CaBpq ;_afkk’ _ (kp)(K'q) — (kq)(K'p) ~ Y (14.19)
Z2]\42 g2 2 QEW:(I ),
2
do oy oy _ ROK® + (K@K’ — (kK)g® _ my g
Ll (k)= i = oMK <1,
o eont’

Kak BHIHO M3 OBYyX mocjaeqHuX paBeHCTB B (14.19), ciaraemble ¢ ¢, B pasyoxe-
HuH (14.10) He naroT 3HAYMTEJBHOTO BKJA/A B CeYeHHs, T.€. TOJNBKO y4yeT (hopM-
takTopoB Wli(p, q), WQi(p, q) u WBi(p, q) SIBNSeTCS CyLIeCTBeHHbIM. Bripasum
Tenepb (ha3oBbli 00beM KOHEUHOro MIOOHA uepe3 MepeMeHHble T U y:

EE'(1 — cos @) E—-F o(z,y) :
| &K' IK=k=E" 2x 11 &K
~ —E'dE'dcosG N ST T
|kp| Ky ME 2my |kpl fﬁ )
rie 6 — yroJa paccesiHHsl MIOOHAa OTHOCHTEJBHO Ha- '
npaBneHus mydka He#tpuHo (puc.30). Hrak, yurs K’
BCe IMpeACTaBJeHHble HaMH COOTHOLUEHHS, TOJY- k 9
guM nudepeHHanbHOe ceueHHe ryboKOHeynpyro- ——> < — = — —
ro paccessHUs HEHTPUHO U aHTHHEUTPHUHO Ha HYKJO- Puc. 30
Hax:
dQO'V/; Gi v Y v
= ZEME [wy? Wi (. )+ (1 =) 1 Wi (0. 0)Fay (1= 2) W (p,0)|
dody 2y Wi (p, @) +(1=y) o Wo'(p, @) 2y (1= 5 ) - W3 (pa)

= a9 [:cyQFf(p, q)+ (1 =y F5(p.q) oy (1 - %) Fy(p, q)}- (14.21)
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X 1.6
)
o LAr Q? = 90 GeV?
1.2F
1 _ —HERAPDF2.0
0.8F
0.6 F
r e Hl + ZEUS
0.4 F  BCDMS (0.98)
[ o NMC (1.00)
0.2F ©SLAC (1.00)
[ v E665 (1.00)
C vl Ll ol ol [EEER T

104 1073 1072 10! . 1
Puc. 31

S,U,er ObIJIM BBEIEHBI XapakKTepHbIe CeUeHUA c1aboro B3auMOJeHCTBUS [Ipu pacce-
SSTHHUHW Ha HYKJIOHax

G? E
oo=-—LME=~16-10738 cm?. — (14.22)
T I'sB
Y HOBBIE CTPYKTYpPHble (DYHKLHH

FiE(p,q) = WiE(p, q),
14

Fy(p.q) = MWSE(ZL ), (14.23)
12

Fif(p,q) = MWf(p, qQ),

uToOBl M30€XKaTh MOSABJAEHHS pasMepHOH nepeMeHHOH v. CTPYKTypHEIe Ge3pa3mep-
nble GyHKiE F-(p, q) npu (qp)/M = v — 00 M —¢? — 00 Ha CaMOM JieJie 3aBUCAT
ToNBKO OT 2 F-(x). D10 CcBOKCTBO HasbiBaeTcsi ckeianHrom Bnépkena (James
Daniel Bjorken, p.22.06.1934) (puc. 31%). OTK/JIOHeHHEe OT CKEUJHUHTa JJIs PAa3HBIX
nepelaHHblX UMIYJAbCOB ¢ TpU odeHb Manbix z < 0,1 Ha puc.3l obyc/oB/aeHo
KBAHTOBO-XPOMOAHHAMHUUECKUMHU 3D (heKTaMH.

* droT pucyHok B3sAT W3 cratbu Particle Data Group (Zyla P.A. et al.) (Prog. Theor. Exp.
Phys. 2020 (2020) 083CO01).



15. IAPTOHHAA MOJEJIb

B 3Toii rnaBe MBI OymeM HCMOJMb30BaTh MUKPOCKOMHMUECKYIO KapTHHY, Kak
6osiee UHGOPMATHUBHYIO, ueM MeTon CKoOok Jlupaka, IJig OmHCaHUs B3aUMOAeH-
CTBUSl HEHTPHHO ¢ HyKJoHOM. OHa Ha3bIBaeTcsl MapTOHHOH Mojesbio PeliHMaHa.
CoryiacHO 3TOH MOAEJNH MapTOHBI * (q) SABJSOTCS CBOOOAHBIMH (HEB3aUMOIEHCTBY-
OLIMMH) 6€3MacCOBHIMH (pepMHUOHAMM CO CMHUHOM 1/2, Ha KOTOPBIX M MPOUCXOAUT
paccesiHHe HEUTPHUHO vy, + q; — i~ + qy. TlocKoMbKY KBajpar UMIyJsbca ? <0
SBJISIETCS MPOCTPAHCTBEHHOMOAOOHBIM BEKTOPOM, MBI MOXKEM BBIOPATh CHUCTEMY
go = 0. B 3Toii cucteMe npu Q — 00 U v — 00, €CJU TpeHeGpeub NoNepeuHbIMH
UMITYJIbCAMU P, UMITYJbCH ¢ U P NPUHUMAIOT OOJIbIINE 3HAYEHUS] U MTPOTHUBOIIO-
JIOXKHBI:

p, =0 o 2 Q*=2M v
My=—-q-p = \/QQ |p’; ’p’ :@MQ Zve 2M$M2>>M2v

_ 2
—¢* Pi=0 |g° _ q|
2(qp) 2|q||p|  2|p|

Ecau [IPOBECTH KHHEMaTUYeCKHUH aHaJ/J1u3 HadyaJbHbBIX @;- ¥ KOHEYHBIX qf-NTapTOHOB
C UMITyJbCAMH p; M Py COOTBETCTBEHHO

(15.1)

q= —2xp.

q+p;=py aiip, 19— il = |ps| = Ipi] = a=—2p; =

(15.1)

o om0, (15.2)
Py =0} 5 Ipil = |pyl ="' —2zp:p; = zp,

rmoJjiydyaeM CMBbICJI KHHeMaTH4YeCKOH nepeMeHHoﬁ T KakK O0JH UMIlyJbCa HYKJIOHA,
KOTOpbIM 06JIalaeT HauaJbHbIH MapTOH, yUaCTBYIOIIMH B paccessHud (puc. 32).
P = Tp q= —2zp pr= —ap
Puc. 32

PaccmoTtprMm paccesiHre HEHTPUHO Ha MapTOHAX — KBapKaX M aHTHKBapKax:

vpt+d—p +ule), vy+s—p +c(u), (15.3)
Vy+T = p” +dE), v +E— T +3(d), '

* HasBanue «TMMapPTOHBI» MPOUCXOOUT OT AHIVIMHACKOTO CJI0Ba part, W UX OOBIUHO OTOXKAECTBJSIOT
C KBapKaMu.
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npeHebperas HaJUuKeM b-KBapKoB B HyKJIOHe. Torna anpoHHbI# TOK B (14.1) umeer
BUJL . ~ 5
Joo = Vasaids(Pr)va(l —7°)a(pi),

Vud = Ves = cosc,  Viys = —Veq = sinfbc,

(15.4)

KOTOPBIH Mbl MOXKEM HCIOJb30BaTh [JI BBIUMAC/JAEHHUS CTPYKTYPHOH (QYHK-
nun (14.6). Torma st cTPyKTYpHOH (DYHKLHM paccesiHUs HEUTPHUHO Ha KBapKax
nosyyaeM

+ L7d
(Waﬁ>qfq J |kp ’ "/qf‘h
3

d
x 0 (py —p; — Q)%fqi(iﬁi)dfvi
f

Tr [pf'Ya(l — " )pirvs(1 =)

3

2 . 4 d by dx;
= J ’Vflfqz' [Laﬂ(pi’pf) + Zgoéﬁmpf] 5( )(pf —Pi — Q) po fqi (l’l) :L‘.l‘

f (2

3nech fq,(z;) ABnserTcs QyHKLUHeH pacnpenesneHHs MapTOHOB ¢; B HYKJOHe, Hecy-
LIHX UMIYJbC T;p, MHOXUTENb |kp|/|kp;| yUnTbIBaeT, UTO paccesiHUe MPOMCXOLUT
Ha MapToHe, a He Ha HYKJOHe, KaK B (opmynaax (14.5) u (14.8). UnrerpupoBanue
110 KOHEUHBIM HMITyJbCaM aJ[POHOB OCYILECTBJsETCS N0 (hopMmye

(15.5)

d®p
J5(4)(pf —pi— q)p—of = 2J5(4) (pr — pi — 0)5(p7)0(P)d*py
/
. 5( 5= o
P 95(2gpi + ) (2——pq) dai—z) (15.6)
|qp|
4yTO IIO3BOJIAET B ILaJ'IbHefIU.IeM JIETKO HHTErpupoBaThb MO HMITYJbCHOMY paclipe-
HeJieHHl0 mapToHoB. 3neck O(x) — crymeHuatas ¢yHkuusi Xesucaipa (Oliver
Heaviside, 1850-1925): | -0
’ T =
O(x) = { 0. 220 (15.7)
VIMnysibChl p; ¥ py BBIpaXKaloTcs Kak
n—q n+q
P = ) = , 15.
p 5 Py 5 (15.8)
rae ,
=—2p;
n=ps+pi=2pi+q" zpq2x< —%q) n*=—q. (15.9)

Torna crpykrypHasi pyHKuus (15.5) npuHUMaeT BUL

o 1 qp qp 2xM
W+ ) = af — g Qﬁ 270 a T 5 la - 9
( B) g0 [ (77 B¢ T \P gl ) \P8— 598 | =

.€aﬁpf12_M]‘ a2 Fa(@), (15.10)

+Z2M2
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KOTOPBIH Mbl MOXKeM cpaBHUTh ¢ (14.10), u, ucnonbsys (14.23), nosydaem
2z F\(z) = Fy(x). (15.11)

dra dopmyna HasbiBaeTcsi cooTHoueHueM Kasnnana (Curtis Gove Callan Jr.,
p. 11.10.1942) u I'pocca (David Jonathan Gross, p.19.02.1941).

Hcnonbsys TOT ke aapoHHBIA TOK (15.4) M COOTBETCTBYIOLUIHH MaTpPUUHBIH
371eMeHT U3 onpesesenus (14.6), 1y CTPYKTypHOH (YHKLHH paccesiHUsl HEHTPUHO
Ha aHTHKBapKax Mojydyaem

+ _ | _ _ 4a948 B o o .y
(Wa/3>§f§i N |: (nOé/B q2 > + M2 (pa q2 ch> (p/g q2 Qﬁ> -
.Eap 2M 9
- zWPST} Vaiay|” fa,(x). (15.12)

Jlnsi paccesiHusi aHTHHEHTPHUHO HA KBapKax
Uy+u—pt+d(s), v,+c—pt +s(d) (15.13)

nosiyyaeM CTPYKTYPHYIO (DYHKIIHIO

_ 4043 1 qp qp 2xM
W = | — af T 270 a T T o9la - 9
( aﬁ)qﬂ]i [ (77 g >+ M2 (p 2! > (p q2q5> v

f"‘ﬁ”qQ—M] Vaa, | fur(), (15.14)

2M? v
a [Jisd pacCesdHUsd aHTHHeﬁTpHHO Ha aHTUKBapkax
U,+d—pt+uk), v,+35—pt+2(@), (15.15)

COOTBETCTBEHHO,

_ 4a4qp 1 qp qp 2z M
” ) = - aB T T o9 + — a — "9 Ya - 9 -
(Wes 9T [ (n e > M2 (p 2 ) (pﬁ 2" ) v

.€afpq 2M 2
AﬂpOHbI, KOTOpbI€ COCTOAT U3 KBAPKOB U aHTHKBAPKOB B KOHEUHOM COCTOSHHUH,
He PEerucCTpUpyroTCd, IMO3TOMY HEO6XO,ZLI/IMO [IPOCYMMHPOBATH IO BCEM BO3MOXKHBIM

TUMaM KBapkoB B ceueHusx (14.5) u (14.8) uau B CTPYKTYPHBIX (YHKIMSIX
(15.10), (15.12), (15.14) u (15.16):

> Vara
qaf

4TO B CHJIy YHUTApPHOCTH MAaTpPHUIBl CMEIIMBAHHUS paBHO enuHule. PyHKIUM pac-
npeznenenus naproHoB (PDF) B HykJ/OHe ompenessiloTCsi OTHOCHTENBHO MX pac-

=S Vg P =1 (15.17)
ar
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1.0

NNPDF3.0 (NNLO)
zf(z, p? = 10 GeV?)
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oL Lol
1073 1072 w1t o, 1

Puc. 33

npenesieHUs] B MPOTOHe M 0003HAUAIOTCS COOTBETCTBYMOIleH OYKBOH KBapka HJH
aHTHKBapka (puc.33%):

foi(2) = ai(x),  fq,(2) = Gi(x). (15.18)

3Hauenue ¢;(z)dr ompepensieT KOJMYECTBO KBAPKOB ¢; B NMPOTOHE C OTHOCHTEJb-
HBIMH MMIYJbCAMH B JManasoHe OT x A0 « + dxr OT UMIyJbca MPOTOHA. TakUM
o6pasoM, (YHKUHMH pacrpeieseHuss Ha puc. 33 HOMKHBI YAOBJETBOPSTb MPaBUIY
CYMM [1/151 BaJleHTHbIX KBAapPKOB B IIPOTOHE!

(15.19)

—_

J Is(z) — 5(z)] da :Jl le(z) — &(x)] da = 0.
0

0

YuuteiBas npouecchbl (15.3) a5 npouecca paccesHHsl HEHTPUHO Ha MPOTOHE v, +
+p — pu~ + X, cTpyKTypHble (DYHKLHHM MOXKHO BbIPa3HUTb COOTBETCTBYIOLIMMH

* droT pucyHok B3sAT W3 cratbu Particle Data Group (Zyla P.A. et al.) (Prog. Theor. Exp.
Phys. 2020 (2020) 083CO01).
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(DYHKIMSMH TAPTOHHBIX pacnpeseneHrit B nporoHe (15.18):

F (@) = da) + (o) + 7(a) +7(a) = 3 [a:(2) +7,(2)],
Fy(z) = 2[d(2) + s(z) — U(2) — ()] = [g4(2) — 74 (2)].
Torna cootBeTcTBYyIOLIEe nU(epeHnnanbHoe ceueHre (14.21) npuHumaer BUI

d?oh
dxdy

(15.20)

= o0n a1 (@) + (1 - 92, (2)]. (15.21)

[ns paccessHMs HeHTPDMHO Ha HEUTpPOHe v, +n — i~ + X, B COOTBETCTBHH
C U30TOMHMYECKOH CUMMeTpHeH, He0OOXOIUMO MTOMEHSITh MeCTaMH (YHKIHUH pacrpe-
IeJIeHUs] MeXIy u- U d-KBapKaMmu u(x) < d (x) B cTpyKTypHbIX (pyHKUHAX (15.20).

Paccesinue anTuHelTprHO Ha kBapkax (15.13) m (15.15) maa mpouecca 7, +
+p — p" + X OPUBOIUT K CJIEAYIOUIUM CTPYKTYPHBIM (YHKIMSAM:

Fy (z) = u(z) + c(@) + d(z) +5(2) = t l9-() +7_(=)],

2 (15.22)
Fy (z) = 2 [u(@) + c(z) — d(2) - 5(z)] = [¢-(2) —7_(2)]
U 1uddepeHIMaIbHOMY CeYEHHIO
2 D
jx‘;; = o0 [(1— 94 () +7_ (). (15.23)

CooTBeTCTBEHHO, [JIsl paccesiHHsl aHTHHEHTPHHO Ha HelTpoHe Ty, +n — put + X,
B COOTBETCTBHH C HM30TONHUYECKOH CHMMeTpHel, HeoOXOIUMO MOMEHSTbh MecTaMu
(GYHKLUHM pacripelieieHus MeXAy u- U d-KBapkaMu u () <> d(x) B CTPYKTYPHBIX
¢byukuusx (15.22).

B ¢popmynax (15.21) u (15.23) Mbl BUupuM Ko3pduireHT nopasaeHus (1 — y)
KOTOpBIH TpebyeT NasibHeHIlero MosicHeHUs. PaccMOTpPHUM Mpolecchl B CHCTeMe
nokosi (aHTH)HEeUTpPHUHO U (aHTH)KBapKa

2

x 1% * * / my ~0 x 1.0% * 1%
k= (E* k"), pi=(E*—-k"), K = (E*K*), pr=(E* —k"). (15.24)
Torma nepemeHHasi y CBsi3aHa C YIJIOM paccesiHHsi B 3TOH cucTeMe 0 Mexny
umnyabcamu k* u k'

(qp) _ z[(kpi) — (K'pi)] _ 2" (15.25)

Y= )~ akp) 2

[Tpu 0* = 180° y = 1, noatomy MHOXKHUTeNb (1 — y)2 3ampeliaeT o6paTHoe paccesi-
HUe HeATPUHO Ha aHTHKBapkax (15.21) uau aHTHHEHTpUHO — Ha KBapkax (15.23).
DTo cienyeT U3 3aKOHAa COXPAHEHHs MOMeHTa UMMyJbca (puc. 34).

Benuuuna dQ; = xq;(x)dx onpenensier, Kakyo AOJIO MOJHOTO UMIYJbCa MPO-
TOHA MEPEHOCST KBAapKH ¢; B HHTEpPBAJe OT & [0 & + dx 10 OTHOLIEHHIO K HMITYJIbCY
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Yu 4q;

1% ar
— 5, =

Puc. 34

npoToHa. JlaBaiiTe onpenesuM WHTeTrpPaJbHble 3HAUEHHUS
1

Qi:qui(x)dx, Q=U+D+S+C, Q=U+D+S+C. (15.26)
0

Torma ux MOXXHO q.')I/ISI/ILIECKI/I WU3MEPHUTL MO YIJIOBBIM paclipefeJeHHUsAM pacCesdHUud
HeI;'ITpI/IHO )54 aHTHHeﬁTpHHO, HalnpuMmep, Ha I/ISOTOHH‘-IECKI/I-CI/IMMeTpI/I‘-lHOﬁ MHIIE€HH
(C paBHBIM KOJUYE€CTBOM IIPOTOHOB H HeﬁTpOHOB), TaKOM Kak »KeJie3Hasi MUILIEHb:

do, 1 [dol’,’ dol

dy 2

dy+dy

] = [Q+S—c+(1 —y)2@—§+6)}, (15.272)

doy 1 dag dog| 9 _
CooTBeTCTBYIOIINE TOJIHbIE CEUeHHs UMEIOT BHUJL
@:aﬁQ+S—C+g§—§+@} (15.28a)
oy = 0y E(Q—S+C’)+@+§—U]. (15.28b)

Ecsn 6bl HYKJIOHBI COEPKANU TOJBKO u- U d-KBAPKH M He COLEep:KaJju Obl Ipyrue
KBapKW W aHTUKBAapKH, TO OTHOLIeHWe R = 0y/0;, NOMKHO ObLIO Obl PaBHSATHCS
npumepHo 1/3. OnHaKo ero sKcrepuMeHTanbHOe 3HadeHHe Rey, ~ 0,5. JleTanbHbli
aHa/u3 M0Ka3blBaeT, UTo

U=~0,28, D=~0,15 U~x~D=~003 S~S=~001, C~C=~0.(1529)

KBapkH, oT/iHMYHBIE OT BaJleHTHBIX KBapkoB (15.19), Ha3bIBalOTCS MOPCKUMH KBap-
KaMH, MOCKOJbKY OHH BO3HUKAIOT M3 BaKyyMa B pe3y/JbTaTe KBAHTOBBIX (HJIYKTY-
auuii. [Tocuntaem, Kakyw 0010 0OIIEr0 UMIYJbca MPOTOHA HECYT BCe KBapPKH:

Q+Q=U+D+S+C+U+D+S+C=0,5l. (15.30)

HO.Hy’-IeHHOG HaMH 3HadeHHe O3HadaeT, YTO He TOJbKO KBAPKH B IPOTOHE IEPEHO-
CAT €ro UMITYJbC. OKa3bIBaeTCH, YTO T[JIFOOHBI HECYT OCTAJIbHYIO HaCTb UMITyJbCa
npotoHa (~ 50 %). Ux pacrnpenesnenue TakKe MpeacTaBieHo Ha pHc. 33 B yMeHb-
IIeHHOM MacliiTabe.



16. YIPYTOE PACCEIHHUE HEUTPHHO
HA 3JIEKTPOHAX

B sTo#t rmaBe Mbl paccMOTpUM Gosiee IPOCTOH U B TO Ke BpeMsl ropasno 6oJsee
CJIOXKHBIA NpoLecc yNpyroro paccesHHss HEHTPUHO Ha 3JEKTPOHAX vy, + e~ —
— v, + €7, KOTOphIH (haKTHUeCKH HaMeKaeT Ha Oynyluee oObeluHeHHe calbblX
U 3JIEKTPOMAarHWTHBIX B3aWMOAEHCTBUU. IDTOT Mpolecc
nporekaeT Ge3 H3MEHEHHst 3apsifla v [09TOMY HasblBaeTcsi v, \k k// v,
B3aMMOJIEHCTBHEM C HEHTpaAJbHBIMH TOKaMHU (pHc. 35).

HefiTpuHo yuacTByeT TO/MBKO B cJabblX B3aWMoOeH-

CTBHUAX (MCKJ/IOYasi, KOHEUHO, TPaBUTALHMOHHOE, B KO- » p
TOPOM Y4YacCTBYIOT BC€ YaCTHIbl), CTMHOPHYIO CTPYKTY- s \
py KOTOpPOrO MBI 3HaeM H3 3apsiKeHHbIX TOKoB (8.1). ¢ e
[Tpn 3TOM 3/1eKTpPOH yuyacTBYeT KaK B 3J1€KTPOMAarHUTHOM Puc. 35

(6.12), Tak u B csabom B3aumoneictBuu (8.2), nposiBisis

pa3JUYHYyI0 CTPYKTYPY CIHHOPHOTO B3auMmopnekctBusi. [losTomy 3amumem sarpas-
JKWaH HOBOT'O B3aUMOJEHCTBUS MO aHaJOrWu ¢ JarpaHxuanom Pepmu (7.2), rme
B 3JIEKTPOHHYIO YacTh BXOAAT HEU3BECTHble KOI(DGDHULHUEHTHI i, ¥ ¢5:

/

G o
LNC = _T;vﬂ%é(l — ) - e (g5 — 957°)e. (16.1)

[Tepenuiiem 3/1eKTpoHHBIH TOK B (16.1) ¢ momolbio omepaTopoB MPOEKTHPOBA-
uus (3.23), BBOAsS HOBble KOHCTAHTH gy, H gR:

e (g5 — 997°) e

gL:(g‘e/—l—gi)/Q 16.2
on= (g5 —gr)2 16D
Jlns pacueta KBaapaTa MOLYJISi MAaTPUUHOTO 3/€MeHTa YIPYToro paccesiHus Hei-

TPUHO Ha 3JE€KTPOHAX NMPOCYMMHPYeM M0 KHPaJbHOCTSM BCeX YaCTHL U yCpeaHsis
0 HayaJbHOMY 3JIEKTPOHY

=grey (1 —7°) e+ grey* (1 +7°)e:

-5 G ~ ~
DL = 52T [l = A )Rys(1 = 2)F

T (170 =)+ m (1 =) )]

+ ggrTr [1(1 = 7%)(B + m)r (1 +97) (3 + m)]
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+ grgr T |1 (1+4) (B +m)y (1 = 2°) (' +m)]
+ g3 Tr [ (L +97) B+ m)y (1 + %) +m)] }
— 16G2 [Log(h, k) + izapn] { 2 [L 0. + i

+ 29r.9rm* ™ + g%, [L"‘B (p,p)) — ieaﬂp”'} }

26462 { o (kp) ('D) — gugrm™(kK)) + gh () (kp') ). (16.3)

YcpenHeHHBbIH KBafpaT MOAYJAS MATPUYHOIO 3JeMeHTa YIpyroro paccesHus
AHTUHEHUTPUHO Ha JIEKTPOHAX UMeeT BH[

S M = 6462 { g () (K'p) — grgrm®(BE') + (k) (') } . (16.4)
Jnsi pacuera nudepeHIIHaNbHOTO CeUEHHsT PACCesTHUS
2
Z ‘Mu/ﬁ‘
4 |kp|

PK P
2V s () — p —
Em O = p = O foyog ey

do, s = (16.5)

He0oOXOAMMO M3Y4YMThb KHHEMAaTHKY Mpolecca, KOTopas MOUTH TOJHOCTbIO COBIa-
JlaeT ¢ KHHEMaTHUKOH mpoliecca ry6oKoHeynpyroro paccesHus (14.11) u (14.12),
pPacCMOTPEHHOTO B JBYX MpPeIbIAYILHX IMaBaxX. B maHHOM cjydae ympyroro pac-
CesdHHS ToCJie UHTErpUpPOBAHUA IO KOHEYHOMY HMITYJIbCY 3JEKTPOHA

d3 /
JW W -p-0q zf =2 J s (p —p—q)6(p® — m*)0(py)d*p’
0
— —miy 6(1 —
P2 95090 + 2) P B XL 1606
mEy
noJqydyaem, 4To r = ] 4 ceuyeHUs 3aBUCAT TOJBKO OT OIHOT'O IapameTpa y.:
dO'V . 2 2 ) m
4, =200 |91+ 9R(1 = )" ~19r () o). (16.72)
do'ﬁ . ) ) 2 m
4y =200 (9200~ + gk~ 919m () o). (16.7b)

e oo SIBJsieTCs XapaKTepHbIM ceyeHHeM cJalbblX B3aWMOIeHCTBUH paccesiHUS Ha
3/IeKTPOHAX

GQ
o9 =—EmE ~8,6-107* cm? - i. (16.8)
T I'sB

3nech cienyer oOpaTUTh BHHMaHHMe Ha TO, UTO XapaKTepHOe ceyeHHe pacCesHUS
HEeHTPUHO Ha 3/IEKTPOHAX [axKe MO cpaBHeHHUIO ¢ (14.22) moyTu Ha yeThIpe TOPsiAKa
MeHblLe.
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[lepemennas y, onpenenennas B (14.12), cBsg3aHa ¢ HayaJbHOH M KOHEUHOU
SHEPrusiMM HeHTPHUHO B J1aGOPAaTOPHOH CHCTeMe MOKosIerocs: ajaektpoHa. OgHako
HEUTPUHO B KOHEYHOM COCTOSIHUM He perucTpupyeTcs, M IO3TOMY HaM HAMIo
BBIPA3UTb NlepeMeHHYI0 y yepe3 ApPYyTrue MepeMeHHbIe:

(ap) a=p—p (Be —m)m _ T3"

(kp) E,m E,’
3nech E, — Haua/jbHasi 3Heprusi HelTpuHo, a E, u TN — mosHas U KUHETH-
Yyeckasi SHEPTUU 3JEKTPOHA B KOHeuHOM coctosiHuu. M3 (14.15) u (14.17) cpasy
noJiyyaeM Mpenesbl IepeMeHHOH Y

(16.9)

O<y<— 1+
SYST o meE,

[Ipu sHepruu HaseTamLIero HEHTPUHO, MHOTO OOJbLIEH MacChl 3JeKTPOHA
FE, > m,, nonydaeM MoJiHble CeYEHHUS B BUIE

(16.10)

p— . [g%+g%z/3}, (16.11a)
ov = 200 [g3/3+ %), (16.11b)
KOTOpbI€ Mbl MOXKE€M CPAaBHHUTL C UX IKCIIEPHUMEHTaJbHbIMU 3HAYEHHUAMHU
o = (1,6 +0,1)- 1074 CMQ-I,aiB, (16.12a)
E
oS = (1,4+0,1)-107% CMQ-ra—B. (16.12b)

Jlnist ompenesieHust KOHCTAHT ¢7, H gr BOCIOJb3yeMCsl 3KCIIEPUMEHTaJbHbIMU 3Ha-
yenusmu (16.12):

oy —0/3 = 16009%/9 g% = 0,074 £+ 0,009,
oy —0,/3 = lﬁaog%/9 ” g% = 0,057 £ 0,009,
KOTOpble TIPUBOASIT K UETBIPEXKPATHOH HEONHO3HAUHOCTH (puc. 36 *)
(9%)% = 0,260 + 0,025 ~ (+0,5)?,
(95)% = 0,001 + 0,002 ~ 0,

(16.13)

(16.14a)

(¢5)%= 0,001 + 0,002 ~ 0,
(99)*= 0,260 + 0,025 ~ (+£0,5)2.

DKcrepuMeHTalbHbBle pe3y/bTaThl, NMpeacTaBieHHble B (16.13), mokasweiBaoT, UTO
B OTJHUKE OT JIEBOIO B3aWMOJEHCTBHUS 3aps>KeHHBIX TOKOB 3JEKTPOHHBIH HeH-
TpasNbHBIH TOK CONEPXKHT W MpaBylo cocTapisoilyo. OTBET Ha BOMPOC, MOYEMY
3TO TaK, OyeT HaliJieH Tocje MoCcTPoeHus: 06'beJUHEHHON MOJiesId c1aboro U dJeK-

(16.14b)

* DTOT pUCYHOK B3AT U3 ctatbi Vilain P. et al. (CHARM II Collab.) (Phys. Lett. B 335 (1994)
246).



72 Crabole s83aumolelicmeus dAeMEHMAPHLLY HACMULY,

1.0 prr e

94 F App(ete — efer)
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Puc. 36

ve — ve

CHARM-II

V
<—

TPOMAarHUTHOTO B3auMoneicTBUH. [loka MBI JIUIIb MOXKEM YMEHbIIUTh HEOJHO3HAU-
HOCTh B pelieHusx (16.14), ucnonb3ysi Apyrue NPOLECCHl PACCesHUS HEUTPHHO.
PaccMmoTpuM Temeph mpoliecc YIpyroro paccesiHUsi 3JeKTPOHHOTO HEUTPHHO
Ha 2JIEKTPOHAX Ve + € — Ve + € . 10T rnpouecc, B OTJIMYHE OT TOJBKO YTO
pPacCMOTPEHHBIX, BKJOYaeT B cebs 2 auarpaMMbl — HeHTpaJbHoro (puc.37a)

¥ 3apsiKEHHOTO TOKOB (pHc. 376) COOTBETCTBEHHO:
\/ l/e\/e
/\ e/\\ye

Puc. 37a Puc. 376

COOTBETCTBYIOINH TOJNHBIN JarpaHKHAH UMeeT BUJL
L= 40— Sl g (1= P er(gh — g e
Vo .
=S (1= e e (1 = )
\/5 e /fa e
Fierz G# —

——7=VeVa
\/5 7

B nocsienHeM paBeHCTBe MBI MCNOJb30BaMu ToxkaecTBo Pupna (4.12) nis Bropo-
r0 CJ1araeMoro ¢ y4eToM aHTHMKOMMYTAaTHBHOCTH CIIMHOPOB. DKCIepHMeHTaJ/bHble
JaHHBlE NOKa3bIBAIOT, UTO

(1 —75)1/e'[(gL +1)ey* (1 =) e+ grer*(1—")e|. (16.15)

917 <0 = gy+g3<0 (16.16)
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U TOJMbKO ABa u3 pewieHui (16.14) Ha puc. 36 SABJSIOTCS BO3MOXKHBIMU:

¢ ~ —0,5, v =0,
Iv . HJIH egv
g4 ~0 g4 ~ —0,5.
3aberasi Brepes, OTMETHM, YTO TOJBKO OIHO W3 pelieHH# B (16.17)

g7 =-0,035+0,017, ¢5* =—0,503 +0,017

(16.17)

(16.18)

COOTBETCTBYET COBPEMEHHBIM 3KCIIEPUMEHTAJIbHBIM JAHHBIM, KOTOPbI€ MbI O6Cy,ZII/IM

B . 21.



17. KAJINBPOBOYHAA CHUMMETPHUA
CJABBIX U 3JJEKTPOMATHUTHBIX B3AMMOJEVICTBHUHU

Jnis 06bsicHEHUS] KOPOTKONEHCTBYIOLLETO B3aUMOAEHCTBUSA CabblX CHJ C MPO-
MeXYTOYHBIM HOcHTeseM (CM. puc.24) HaM MOHanoOMTCS MacCHBHAsi BEKTOpHAs
YacTHla, KOTOpas 00ecrneyuT paauyc B3aumonedcTBus nopsiaka 1/Myy (12.25).
BesmaccoBast BekTOpHas udacTuua (OTOH (CM. pHC.3) MPUBOAUT K OECKOHEUHO-
My paguycy OeHCTBHUS, UTO SIBJSETCS CJAEACTBHEM KaJuOPOBOYHO-MHBAPHAHTHOTO
JarpaHxuaHa. Eciau Mbl 106aBUM MacCOBBIH uJjieH K KaJlnOPOBOYHO-UHBAPHAHTHO-
My JlarpaH:KHaHy, KanubpoBouHasi CUMMeTpus OyleT HapylleHa:

1 M?
Ly(@) = =3 Fop(@) ¥ (2) + =5 Va(2)V* ()
o (2)=0a o) (@ ]\[2 :
P RN L@,V @°V) + S(0aV P+ Ve

Vo =V, = Vo — 0\ (1)

(17.1)
LY. = 'y # LY,

Hcnonbays ypaBHenusi Jlarpanxa (Joseph-Louis Lagrange, 1736-1813), mMoxHo

TMOJYYHUTb YPaBHEHHUS NBUKEHHUs, H, AUPPepeHIUpys UX, NONydaeM TaKxKe yCJo-

Bue Jlopenna (Ludvig Valentin Lorenz* 1829-1891)

Ly o (LM _o - o 9078 — 9Pg0y VP =0 % 9,v8) =0
Vs “\30aVs * i ’ |
(17.2)

4TO OCTaBJ/ISIET TOJNBKO TPU HE3aBUCHMBIX CTeNeHH CBOOOAbI AJs MacCHUBHOH BeK-
TOPHOM YaCTHLBl U3 YETBIpeX [/ BEKTOPHOTo noteHuuana V,. YpaBHeHHe IBUXKe-
Hus (17.2) B UMIY/JIbCHOM MIPOCTPAHCTBE SABJSETCH aareGpanyecKuM:

[(q2 — M?)n* — ¢°¢%| Vu(q) = 0, (17.3)
¥ QyHKUHMIO [pHHA MOXKHO JIErKO MOCTPOMTH M3
_inaﬁ - QaQB/MQ

q2 _ M?
(17.4)

(=30 ] st =45, Pt -

* MHorna ero nyratot ¢ Xenapukom Jlopenuem (Hendrik Antoon Lorentz, 1853-1928), B yectb
KOTOPOTO Ha3BaHA IPyIiia CHMMETPHH PEJSITHBHCTCKUX NPeobpasoBaHuil.
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OTa (DYyHKLUHS, K COXKAJNEHMIO, IIPU ¢ — OO CTPEMUTCS K KOHCTAHTe U He MOXKeT
Urpatb poJib peryasipusaund B (12.26). Bosee Toro, Takoe moBeneHHe (YHKIHMH
['prHa mpUBOAMT K HenepeHOPMHUPYEMOCTH KBAHTOBOH TEOPHUH MOJS [J/151 MAcCHB-
HBIX BEKTOPHBIX NoJsiefl. OTBeT Ha BONPOC, KaK 3TOro U30exKaTb, Mbl OTJIOKHUM 10
crenywooulel raaebl. [loka GyneM cuuTaTh, YTO BEKTOPHBIE YACTHULBI ONHCBIBAKOTCS
6e3MaccoBEIMH KaJHOPOBOUHBIMH BeKTOpHBIMU mojsiMu fxra (Chen-Ning Yang,
p. 1.10.1922) u Muasnca (Robert Laurence Mills, 1927-1999).

[TonpoGyem BBeCcTH HX B3aUMOLEHCTBHS C 3apS’)KEHHBIMH TOKAaMH JIENTO-
HoB (8.1) u kBapkoB (13.4):

Jo=Jh+Ja= Y Wl =) di+ Y Tra(l =7°)¢

1=1,2,3 l=e,p,T
=2 Y QT QiL+2 > Liyar L, (17.5)
1=1,2,3 l=e,pu,T
UCIOJIb3YS JlarpaHKHUaH o
L£C¢ = =L gt ge, 17.6
L (17.6)

rae 71 aBasercs noswlmaomuM onepatopoM (10.9) B nmpocTpaHcTBe JeBbIX My6-
netoB Q1 ¥ Lyp:

uy, cr, tr, Vel vur VrL
() () () () ()

Kanu6poBouHble nosisi, AeHCTBYyIOLIME HA 9TH NyOJeTHl, IpHHAALeKAT Heabe1eBoH

rpynne (¢ HeKOMMyTHpyloluMH reHepatopamu) SU(2)r: W, (z) - g Henua-

roHambabie o SU(2); mona (Wlirl +W2r2)/2 = (Wirt +Wor7)/vV2, tne
WE = (W) FiW2)/v/2, BsaumoneficTByoT ¢ 3apsikeHHBIMM TOKAMU B BHIe
gW5 J1® + gWFJ%, spech g — KoHcranta Baaumopeiictsust rpynmbl SU(2);.
K cokasienuio, inaroHasnpHOe HeHTpasbHOE MOJie He MOXKeT BBINOJNHATb POJb JIeK-
TPOMAarHUTHOro nosist A, (), MOCKOJBKY OHO B3aHMOLEHCTBYET TOJBKO C JIEBBIMH
(hepMHOHAMH.

Yro6el 00befAMHUTL c/1a00e M 3JeKTPOMAarHUTHOE B3aMMOJEHCTBHS, CJeAys
nnee [smoy, Heo6XoouMo N06aBUTh abeseBoe KalHOPOBOUHOe mose B, () H3
rpynnel U(1)y, KoTopoe OyneT B3aMMOAEHCTBOBATh C (DePMHOHAMH, HMEIOIIUMH

TUNep3apsn
Y:2<Q—7-3/2), (17.8)

¢ KOHCTaHTOH B3aumonedctBust ¢'. CHauasa MOCTPOUM OOBEIHHEHHYIO JIENTOH-
HYI0 MOJeJb, MCHOJb3ys Kanaubposounyio rpynny SU(2), x U(l),.. Has storo,
MOMHUMO NYyO/EeTOB JIeBbIX JenTOHOB (17.7), yd4acTBYWOIIHMX B 3apsiKEHHBIX TOKaX,
HeoOXOAMMO BKJ/IOYHTb €llle W TpaBble JIENTOHbI, YYaCTBYIOIIHE B HeHTpaJbHBIX
Tokax (16.1) ¥ B 3/eKTPOMarHUTHOM TOKe, KOTOpbIE SIBJISIOTCS CHHIVIETAMH TPYTI-

mel SU(2),: vor
L=("") v (17.9)
L
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Yro6kl MOMYYUTD MOMHYIO CHMMETPHIO, Mbl TaKKe 100aBU/IM NPaBoe HEHUTPUHO.
OHo sBnseTcs cuHriaetom mo rpynne SU(2); W Mo3TOMy He B3aHMOLEHCTByeT
¢ KanubpoBouHbeiMu nosisimu W ,. CornacHo dopmyiie (17.8) ero runepsapsin paBeH
HYJIIO:

Y (»r) =0, (17.10)

U T03TOMY OHO TOXKE He B3aUMOIEHCTBYeT ¢ KaJMOPOBOUHBIM mnojeM B,. MmenHo
MO3TOMY Vyp Ha3blBaeTCsl CTepUJbHBIM *. ['mmepsapsiabl aybjeTa WU 3apsKeHHOTO
JIEITOHA, KOTOPBIH SIBASIETCS] CHHIJIETOM, PaBHBI

Y(L) = (—1){( ;Eg;i/f/)m ) Y(lg) = (-2). (17.11)

Ka.HI/I6pOBOLIHaH KOBapuaHTHas IPpOU3BOAHAsA, KOTOpas 3aMEHSeT O6bILIHyIO,
yToOBI CHeNaTh TEOpHIo Ka.HI/16pOBOLIHO-I/IHBapI/IaH’I‘HOI‘7I, HMeEeT BUL

Oath)  —  Doth = (aa - ig% W, — ig/§3a> . (17.12)

Torna nns pasubix nosed (17.9) Mbl mosyuuMm pasHble (OPMbI KOBapUaHTHOM
TPOU3BOJIHON:

D,L = (aa - ig% W+ ig/%Ba> L (17.13a)
DQER = (8a + ig/Ba) ER, (1713b)
Daver = OaVers (17.13c)

a COOTBeTCTBy}OLLlI/Iﬁ JlarpaHXXHaH UMeeT BU[
E‘iEW =iLDL + ilrDlr + igrDvir = iLOL + ilROLR + iViROVi R

+ z,yoz (g% -Wa — gléBa> L— g/@'yaBagR- (17.14)

3aMeTuM 3/eCh, UTO MACCOBBIH UJieH, CMEILMBAIOIIMHN JIeBbIH U MPaBblH CIHUHO-
pbl (9.18), sampeuten B (17.14) nmo coobpakeHHsIM CUMMETPUH. JleUCTBUTEBLHO,
JlarpaH>KUaH NOJKeH ObITh MHBAPUAHTEH OTHOCHTE/bHO KaJWOPOBOUHOH T'PYTIIHL,
T.e. OBITh CUHIJIETOM, a TIPOU3BeJleHHe JieBoro ny6JeTa U npaBoro cunraera (17.9)
npeo6pasyeTcsi Kak oy0Jer.

JlaBaiiTe paccMOTPUM CHadaJ/a B3aUMOJeHCcTBHE KaluOPOBOUHBIX H030HOB C 3a-
pS’KEHHBIMH TOKaMH, cjaenyioulee u3 (17.14):

Ly = STy (War! +W2r)L = —\/95 Iy (Wart + Wyr) L
g _ « 5 + 9 Z a 5 —
= L oy (1 =) Wi+ LT (1 =P Wy (1715
53 =) 5vg A= (17.15)

CooTtBetcTBylolMe auarpaMMbl PellHMaHa NMpeacTaBieHbl Ha pHC. 38.

* dro HaspaHue BBes Dpyno Maxcumosuu [lontekopso (Bruno Pontecorvo, 1913-1993).
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w5 Wa
ig a 5 v ig o 5
¢ Y1 =) ¢ Y1 =)
20/2 2/2
Puc. 38a Puc. 386 Puc. 39

Tenepn, ecnu Mbl BOCMOJIb3yeMCsl MAaCCHBHBIM IIPONAraTopoM BEKTOPHOTO T10-
as (17.4) v yudreM, 4TO JIENTOHBl HA NAHHBIH MOMEHT CUHUTAIOTCH (Ge3MacCOBBIMU
YyacTUIlaMM, U3 OUarpaMmbl Ha puc.39 mosydaeMm cooTHouieHue (12.25) mexnmy
KaJHOGPOBOYHOI KOHCTAHTOH g, Maccoil W*-6030Ha U 3heKTHBHOH KOHCTAHTO#H
pacnana miooHa G,

(=) (Mg — 4ags/Miv) _ g

N g 2
[/CC:__‘Q Y — a1_5 1_56
Fo= (=15 (2\/5> 7yt (1 =" 200, ey (1 =)
ce 9 Cu (171
8MZ, V2

BsaumoneiicTBre KaauOpOBOUHBIX O030HOB ¢ HEHUTPaJbHBIMH TOKaMH
1— — |
L = sL° (97°W2 — ¢'Bo)L — g'lry*Bolr = 57" (9W2 — ¢'Ba)vr,
1— _
= 5l (9We +9'Ba) . — g'lry* Baln (17.17)
HEMHOTO CJIO’KHEe, OfHAKO TPEACTABJ/SET MOJHYI0 KapTHHY 00beIHHEHHS Caa0bixX
¥ 3JeKTPOMarHUTHBIX B3auMonekicTBui. Hanpumep, us (17.17) caenyer, uto neBoe

HEUTPUHO B3aWMONEUCTBYET TOJBKO C ONpeleseHHOM KOoMOWHaluel ng u B,,
KOTOpast COOTBETCTBYET HOBOM HeHTpasibHOU uacThle — Z-0030HY

_ Qm/g B g/Ba

/92 +g/2
g=Vg+g? (17.19)

BblOpaHa TakUM 00pa3oM, 4YTOObl COXPAaHHTb HOPMHPOBKY BOJIHOBOH (DYHKLHH
Z-6030ona. Torma yacTb JarpaHxuaHa B3aumomeiictBusi (17.17) njis HeATpuHO
MMeeT BUJL

Za (17.18)

HOpMI/IpOBO‘—IHaH KOHCTAaHTa

NC_ 9
,CV = § Vyr, ’yanL : Za. (1720)
EcTecTBeHHO NPEANONOXKUTh, UTO APYras OPTOrOHaJbHAs KOMOWHALMS ng
U B, [OMXHa COOTBETCTBOBATb 3JME€KTPOMArHUTHOMY MOJIIO

_ g W3 +gBa

/92 + g/2

A, (17.21)
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Toraa Mbl MO2K€M BBECTH OPTOT'OHaJIbHYIO MaTpHLy CMellHWBaHUA

Zo \ [ cosby —sinfy WC%
(Aa ) o ( sinfy  cos By > ( B, ) (17.22)

W rapaMeTpbl CMEIIWBaHUA

~

Q

cosby = =, sinfy ==, (17.23)

SIS
@l |

3necb Oy siBaAsieTcs  yrioM  cMewuBaHus BaiinGepra (Steven Weinberg,
1933-2021). 3anuiiem Tenepb 4acThb JarpaH:kuaHa Bzaumoneictus (17.17) mas
3apsKEHHOT0 JIENTOHA C MOJAMU Ly U Ayl

/

1 — _
‘CZNC: —2—§£L’Ya [g (g/Aa_|_ gZa) +q (gAa—g/Za)]ZL— %ﬁR’YQ (gAa—Q/Za)ER

/
= —g ol Ay — (E’y"‘ZL — 2sin® GWZW"‘E) - Zg
g

NI

= ey Aa + %%a(ga — G\ Za. (17.24)

[Tocnennee paBeHCTBO o6ecrneunBaeT MONE3HYIO CBS3b MEXKAY ABYMS HEH3BECT-
HBIMH TapaMeTpaMH, ¢ Y sinfyy, U U3BECTHOH KOHCTAHTOH 3JeKTPOMarHWTHOIO

B3auMozeficTeud e (1.2): e = gsin Oy . (17.25)

[Ipu atom koHcTaHTbl (16.1) HelTpasbHOrO TOKA 1Ji 3apsi?KEHHOTO JIENTOHA BbI-
paxatotes u3 (17.24) kax

1

—. (17.26)
2

CpaBHHUBAsi 3T BBIPaXKEHHS C dKCIIEPUMEHTaNbHBIMU AaHHBIMU (16.18), mosmyuaem
3Ha4YeHHe BTOPOrO HEHM3BECTHOTO MapaMeTrpa 0O0beAHHEHHOH MOAeNH

sin® 057 = 0,2325 + 0,0085. (17.27)
TeopeTuueckoe mnpeackasaHue A5 gg coryiacyeTcsl ¢ ero 3KCIepHMEHTaJbHbIM
3HAUeHUEM.
UroO6bl mosyduTh 061y (GOPMYJy I/ BEKTOPHOH W aKCHAJbHOM KOHCTAHTHI
OJHOTO M3 KBapKOB
QL= (

1 :
gf/ = —§+281n29w, g4 =—

“L>, up,  dg (17.28)
dr,

uau JentoHoB (17.9), Bocrosibayemcst onepaTopHbiM paBeHcTBOM (17.8). 3anuiiem

B3aumozeicTaue (17.17) Kaau6poBOYHBIX GO30HOB ¢ HEHTPAJbHBIMH TOKAMHU JJIS
MPOU3BOJIbHOTO NoJs ¢ = u,d, v,

3

NC _ 77—« T

Lew =YLy <9—

Y — oY
W+ g’—Ba> UL+ 90r" 5 Batr

2

) 1 — 3 3
(L9 ?ma [9 (9 Aa+97.) % + 9 (9Aa — 9 %) (Q — %)] YL

! — « -« g— ar ) v 5
+ %wm (940 — 9'Z0) Qg = ey Q) - Aa+§m (9 — 947 )Y - Za-
(17.29)
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Torna u3 mocienHero paBeHCTBA MOJIYYaeM
o _ T 2 ¥ ’

gV:7—2Q81n 0w, 94= 5 (17.30)
BaaumoneiicTBre CIHHOPHOrO MOJIA ¢ C HeHTpasbHBIM
6030HOM Z 3aBHCHUT OT €ro KBAaHTOBBIX YHMCEJ U MOKAa3aHO
Ha puc.40, a ¢ 3neKTpoMarHuTHeIM mnojeM A, — Ha
puc. 2, e B3aUMOJIEHCTBHE B MOCJAEHEM Cyuae 3aBUCHUT
0T coOCTBEHHOr0 3HaYeHus omneparopa Q: iey*(). Hampu-
Mep, AJsl KBapKa Mbl mosiyuaeM B3aumoneiicteue B (10.7),
a JIJIs OTPHIIATeJIbHO 3apsKeHHOro jJenToHa — B (17.24).
¢IBHBI BHMI KOHCTaHT HelTpasnbHoro toka (17.30) nns
BCEX YAaCTHIL TPeJICTaBJeH CAeNyIOMUMH GOpPMyaaMu:
1 v o __ 1
§7 gA - §7

1 . 1
9{/ —§+281n29w, gﬁ;:—? g{d/

% 2 sin? Oy, g% = %;
| (17.31)

3 sin? Ow, gff1 =5

<e

g

<x

g

—_—

3
1,2
3



18. MEXAHHU3M IIPUOBPETEHHA MACCHI
AJEMEHTAPHBIMHA YACTHIIAMH

HayneMm ¢ HHTepecHOH TeopeMbl, MpeACKasblBaiollled MosiBIeHHe Ge3Macco-
BBIX YaCTHL B pe3y/bTaTe CIIOHTAHHOTO HapyLIEHHsI HeNpepbIBHOH CHMMETPUHU H
Hocsmed ums lonpcroyna (Jeffrey Goldstone, p.3.09.1933). Ee cdopmynnpoBka
tTakoBa: «Ecju jarpaHkuaH WHBapUaHTEH OTHOCHUTENbHO HENPEPBIBHOTO TPeod-
pa3oBaHHUsi, TO JKOO BaKyyMHOe COCTOSIHHE TaKXKe MHBAapHaHTHO OTHOCHTEJNbHO
3TOro MpeoOpa3oBaHusi, JUOO B CIEKTPe AOJKHbI MOSBUTHCS GeCCIMHOBHIE 4Ya-
CTHILbl HYJeBOH Macchl». Hampumep, cyliecTBoBaHHe TPHILIETOB MHOHOB C OYeHb
MaJIol Maccoi, paBHOH Hyn0 B ciaydae Ge3maccoBeix kBapkoB (10.21), siBasiercs
pe3y/ibTaToOM HapylieHHs KUpaJbHOH cUMMeTpruH. Mbl mpoBeneM 10Ka3aTeJqbCTBO
TeopeMbl [0/IACTOyHA, UCMOMB3Ysl CAEAYIOLINH JarpaHKHaH [J/isi CKaJspPHOTO KOM-
TJIEKCHOTO TIOJIS:

L= ((%soT)aacp - V[cpT, go], V= )\(goTcp)Q — 2ot (18.1)

KOTOPBIF MHBAapHaHTEH OTHOCHTesbHO npeobpazoBanus U(1):

_ ©1+ 19 . <pew: (1 cosl — posin®) + i(¢) sinf + @9 cos@). (18.9)

V2 V2
[Tepenuuem narpankuan (18.1) B TepMHHAX ABYX AEHCTBUTENbHBIX MOJEH —

©1 U 9 (18.2):
1 (6%
L=35 Z (Datpi) 0%pi = V [1, 2],

i=1,2 (18.3)

_ Ao 212 ﬂQ 2 2

V= Z(% +¢3) —7( [ +93), A>0.

KoHcTaHTa B3anMONEHCTBUSA CKAJSIPHBIX TOJEeH A JOKHA OBITh MOJIOKUTENbHOH,
gTOOBI 06€CMeYNTh MUHUMYM MOTeHIHaMa V. MUHIMYM 3TOTO MOTEHLMANa MOXKHO
OTpPeNieIUTh U3 PelleHUH A/ ero JOoKaJbHbIX 3KCTPEMYMOB
oV
_ 2 2 2
5o = (vl +e) — e =0,
#1
(18.4)
oV

— = A9 2-1— 5 — 2220.
90s ©a (] +93) — pp

Ecmu p? <0, 1o cucrema (18.4) uMeeT TOMBKO TPHBHATBHOE CHMMETPHUHOE

pellleHue
(p1)o = (¥2)0 =0, (18.5)
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4TO COOTBETCTBYeT MHUHHMyMYy. OHO, KOHEYHO, HHBAPHAHTHO OTHOCHUTEJBHO TIpe-
obpasoBanus (18.2), u CHeKTp CHCTEMBI COCTOUT H3 IBYX CKAJSIPHBIX YaCTHIL

C OIMHAKOBBIMHU MaccaMH
My, = My, =/ —p2. (18.6)

Eciu p? > 0, 1o cucrema (18.4), xpome TpuBHanbHoro pemenus (18.5),
KOTOpOe Ha 3TOT pa3 COOTBETCTBYET JIOKAJbHOMY MaKCHUMyMy, UMeeT GeCKOHEUHO
MHOTO JIPYTMX HETPUBHAJbHBIX pellleHHH, COOTBETCTBYIOUIMX MUHUMYMY. M3 Bcex
BO3MOXKHBIX pEeLIEHWH MOXKHO BBIOpaTb ONHO, KOTOpPOe (PUKCUpPyeT HapylleHHe
cummMetpuu (18.2):

<2+ 2 _N_Q N — oy ﬁ 0 ¢ =0 18.7
©1 802>()_ Y — <5"1>0_U7 Y # ’ <5‘92>07 : ( )

Takoe HapyIleHe Ha3bIBAETCS CIIOHTAHHBIM. [l HCCIeIOBAHUS CTIEKTPA CUCTEMBI
C HapylIeHHOH CUMMeTpHel BaKyyMHOI'O COCTOSIHHSI HeoOXOAMMO BbIOpaTb HOBOE
1noJie ¢| C HYJeBbIM BaKYyMHBIM CpPeIHUM

pr=¢1—v — (P1)y=0. (18.8)
Torpa narpanxuan (18.3) npuHUMaeT BUA

1 a ~ \ Qo ~ 1 . aYe’
5 (0a01) 9°3) — 123F + 5 (Oatp2) %o

)
A e ~ ~
- 2@+ 03+ 4@ (21 + B) — o], (189)

M3 4ero MO2KHO CAeJiaTb BbIBOJ, YTO OAHA HAaCTHL A ABJIAETCA MaCCHBHOﬁ, a apyras

6e3MacCcoBOH:
mg, =\2p> =V2X v, my, =0. (18.10)

BeamaccoByio yacTuly HasbBaloT 6030HOM [0JICTOYHA, 2 MACCHBHYI0 — GO30HOM
Xwurrca (puc.41).

L=

Puc. 41

OnHa creneHb CBOOOAB JBMXKEHUSI B ByMEPHOM IOTeHLHaJbHOM Tosie V' co-
OTBETCTBYET KPYroBoMy ABMxKeHHIO (18.7) ¢ omHOU M TOH »Ke 3HEprueH, a 3HAUMT,
OHO TPUMEHHUMO K 6e3MacCOBOH TOJICTOYHOBCKOH YacTHlle. A cTemeHb CBOOOJHI,
CBSI3aHHAsl C TOTEePeUHbIMH KoJeGaHUsIMH, OMUCHIBAET MAacCHBHBIH 0030H XHrTCa.
Taxum o6pa3om, Mpy CIOHTAHHOM HapylIeHWH CUMMETPHUH BO3HUKAIOT KAK MAaCCHUB-
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Hble, TaK U 6e3MaccoBble CKaJsipHble yacTUlbl. [Ipo6sema B TOM, UTO B IPUPOLE He
cyuiecTByeT 6e€3MacCoOBBIX CKaJSPHBIX YaCTHIl Y, corsiacHo Teopeme [osactoyHa,
CMIOHTAHHOE HapyllleHHe HeNpPepbIBHOM CHUMMETPHUH MPHUBOAHWT K He(PHU3UUeCKOH
peanbHOCTH.

C npyroél cTOpOHBI, KanuOpPOBOUHAs CHUMMETPHUSI He IO3BOJISIET BBECTH Mac-
CUBHOe BeKkTOpHOe mosie (17.1), He Hapyas ee. PellleHure 3THX IBYX pa3JHYHBIX
npo6saem Hauiu bpayT (Robert Brout, 1928-2011), Durnep u Xurrc. [Toctpoum
U3 cKaJsipHoro sarpaHxkuana (18.1), B c/ydae CMOHTAHHOTO HapyLIeHHS CHMMET-
pun (18.7), KannOpPOBOUHO-UHBAPUAHTHBIH JarpaHKHaH, 100aBUB K HEMY Kajub-
pOBOUYHOE moJie A:

I
L= (Dap)! D% ~ V]! g~ g FasF*7, (18.11)

rge
Do = (Ba—icAa) @ U Fog = 0uAs — 0540 (18.12)

— KOBapHaHTHasl MPOM3BOAHAs U KaJIUOPOBOYHO-UHBAPHAHTHBIA TeH30p mosst A,
COOTBETCTBEHHO.
Bbipasum Tenepb KoMmiieKcHoe node ¢(x) B Jarpankuane (18.11) uepe3 HoBbIe
nosst h(z) u 0(x):
_h(@) +v o0

Torna narpanxkuan (18.11) Gyner umeTh B

_!

(18.13)

£ = 5 [0uh =i (h+0) 0,0 + e (h+0) A [0+ (b +0) 0°0 — ie (b + v) A°]
1 ) V;y:Au_aa()/e 1 . .
— VIh] = ~F,3F = N h Vo 1[0%h —ie (h 1%
V [h] gtos b s D [Oah +ie(h+v)V,][0 ie (h+v) VY
1 .
V(b -
1 « 1 ! raf3 ()’2 1"2 « 2 h’Q «
= 5 (Qah) °h = V [B] = FLoF" + VoV & (vh+ o | VoV

(18.14)
[IpumeyaTesbHO, YTO TOC/ENHEe Bblpa’KeHHE He COHEp:KUT mouas #(x), KoTopoe
norJiouaetcs nojeM A, B pe3y/abTaTe KaJuOPOBOUHOTO NpeoOpa3oBaHUs
1,
Vo = Ag — —0,0. (18.15)
e

Kanu6poska (18.15), npu KoTopo#l Bo3HHKaeT HOBOe BEKTOPHOE MoJie C Maccod 1/,
My = ev, (18.16)

a 6030H [osnncroyHa /() ucye3aet, Ha3bIBAaeTCsl YHUTAPHOH.

HHTepecHO mocyuTaTh cTeneHH cBobGoibl JarpaHxkuaHoB B (18.11) u B mo-
cnenneit ctpoke (18.14). Jlarpauxkuan (18.11) comep:kuT 2 cTemeHH CBOOGOABI
IJ1s CKaJISIPHOTO ToJis ¥ 2 CTeleHH CBOOOAB /S KaJUOPOBOYHOIO 6€3MaccoBOro
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BEKTOPHOTO TOJs *. DTOT JarpaHKMaH 3SKBHUBAJIEHTEH JarpaHKHaHy B YHHUTap-
HOH Ka/JHMOpOBKe, COMepKAllMH TOJBKO ORHY CTeNeHb CBOOOMBI CKAJSIPHOTO IMOJIS
Xurrca h(z) u 3 cTeneHu CBOGOABI MacCHUBHOrO BeKTOpHOro mnoss V. IlocienHee
cnaraemoe B (18.14) cooTBeTCTBYeT B3aUMONEHCTBHIO MOJst XUITCa ¢ KaauOPOBOY-
HBIMH TIOJISIMH (puc. 42).

V, o V.,
,h ,,,,, 22'621)770‘[} - 22'62,'7(1[1
b
Vs Vi
Puc.42a Puc. 426

IuarpamMma Ha puc.42a oTBeyaeT 3a mpoliecc pacrnanga 6030Ha XHrrca Ha 1Ba
KaJUOPOBOUHBIX 6030HA. DTOT MpPOLECC OblM OIHUM M3 OCHOBHBIX TMPU OTKPBITHH
6o30Ha Xurrca B 2012 r. 8 LIEPH.

* Kak HU3BECTHO, B CHJY KaJ'II/I6p0BO‘-IHOﬁ CUMMETPHH 6e3maccoBoe BEKTOPHOE€ I10Jie UMEEeT [Be
rnoriepedHble CTEIIEeHH CBOOO/IBI.



19. CTAHIAPTHAY MOIEJb
TJIAIIOY-BAMHBEPTA-CAJIAMA

Upes Tnswoy o mo6asneHun abeseBa KaaubGpoBouHoro nogs By (x), KoTopoe
OyneT B3aUMOJEHCTBOBATh ¢ (pepMHOHAMHU, MMeWIUMU runepsapsan (17.8), omu-
CBIBAET TOJIbKO KaJMOPOBOUHYIO I'PyNNy 00belWHEHHOH MOAEJH, HO He OOBbSICHSET
Macchl 3afeHCTBOBAaHHBIX B HeHl yacTull. MexaHM3M, KOTOPBIH Mbl 00CyXKAand B
npeablayIled TaBe, Mpeajaraet crnoco® NproOpeTeHHsT MacChl 3JeMeHTapHBIMU
gacTuiamMmu 6e3 HapylleHUs] KanuOPOBOYHOH cUMMeTpUn. UToObl peann3oBaTh 3TOT
MexXaHM3M s JarpaHxuana (17.14), Heo6xonuMo n06aBUTh K HEMY JlarpaHKHaH
KaJUOPOBOUYHBIX MOJIEH

3
1 1 o
Lomge = —7FapF’ = 2D WogW'™”, (19.1)

i=1
rage
Fop = 0uBg — 03Ba, Wiz =0,Wi — 9sW. + geT*Wiwk (19.2)

ABJSIOTCS TeH30paMM KaJMGPOBOYHBIX Tosell B, u Wi, a Takxke JarpaHxkuan
KOMIJIeKCHOro Ay6J/eTa cKaJ/sipHbIX Mosel

Ly = (DoH) DH -V [HT, H} V=) (HTH)2 —2HYH,  (19.3)
TIe Tunep3apsiasl 1y6/eToB
[ HYY B 2(1 - 1/2)
= < H° > . Y(H)—(+1){(2(0+1/2)>, (19.4)
Hf = (H— EO) C Y(HT) = (=1)

OnpenesISIIOT UX KOBapHaHTHbIe Mpou3BoaHble (17.12)

Do H = (aa - ig% W, — ig’%Ba> H,
(19.5)

2

3anuuem tenepb H-ny6ser (19.4) B TepMuHax HOBBIX nosedl h(z) u 0(z) =
= (01(x) (), 03(x)):

1 Loy T
Hw =15 ( h(:c)o +u > 0. (19.6)

- r o I
(DaH)T =H' (aa +ig% - Wa +ig/_Ba>-
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B yHHTapHO# KaJHOpOBKe TPU CTEMEHH CBOOOMBI TOJICTOYHOBCKHX 6030HOB (1)
JOJKHBI UCUE3HYTb U TOJIbKO Mosie Xurrca h(z) U BaKyyMHOe cpefiHee

<H>0:L<0> (19.7)

v

OynyT ompenesisiTb TUHAMUKY chcTeMbl. Hanprumep, Maccel Kaan6poBouHbIX 6030-
HOB MOXKHO OIpe/ie/IUTh U3 OflHOH M3 yacTel JarpaHxuana (19.3)

T o 1 T 1
Ly = <HT>0 (9§ - Wa +g/§Ba> (95 -We +9/§Ba> (H)o

v2

g [QQW(X' Wa _ 299/W3B04 +g/2BaBa:|

922

_ g I wrw—e +TZ W29 (19.8)

4

D10 BbIpa)KeHHe obecreyrBaeT (e3MacCOBOCTb 3JEKTPOMAarHUTHOro mnoas A, u
npenCcKa3blBaeT MacChl KaJuOPOBOUHBIX OO30HOB WajE U Z, U UX OTHOIIEHHE
Ma=0, My=% wm,=% o Mv_ ep<i (199
2 2 My

dto o3Hadaer, 4yto cummerpusa SU(2); x U(l)y Hapymaercsa 10 CcHMMeT-
pur U(1),,, 371€KTPOMarHMTHOrO B3aMMOJEHCTBHS, B Pe3yJbTaTe Uero OCTaeTcs
TOJIBKO OJIMH 6e3MacCOBBIH KaJHOPOBOUHBEIE G030H — (POTOH, OTBETCTBEHHBIH 3a
coxpaHeHue 3apspa (). [elictButesbHo, M3 2 + 3 X 2 = 8 cTemneHell CBOOOMIBI
6e3MaccoBEIX KaJUOPOBOUYHBIX 0030HOB M 4 CKa/lsSpHBIX CTeneHeld CBOOOMAbI
B pe3ysbTaTe CIIOHTAaHHOTO HAapylLIeHHs CUMMETPUH B YHHMTapHOH KajHOpOBKe
octaeTrcsi ofuH 6e3MaccoBblil ()OTOH C IBYyMS CTeleHsIMH CBOOOIBI, 3 MaCCHUBHBIX
BEKTOPHBIX 6030Ha KaXKIbl C TpeMsl CTeleHsSMH CBOOOABI W OIMH 6030H XHrrca
C OJIHOU CTEIIeHBbI CBOOOMEL.

Hcnonbays dopmyant (12.25) u (19.9), nonyuaem cooTHoleHHe Mexny 3¢-
(ekTHBHOH KOHCTAHTOH pacnaja MoHa G, U BaKyyMHBIM cpeHuM v (19.7):

2
Cu_ 9 1 1 94692TsB. (19.10)

2 2
V2 8 My, 2v /\/§Gu

Wcnonb3ays 3HadeHus mpenckasaHHbix Macc (19.9), mbl Te-
nepb MOXKEM MOJY4YUTb 3(P(EeKTHUBHBIH JarpaHKHaH Heu-
TpaJibHbIX TOKOB (16.1) U3 nuarpammbl Ha puc. 43 B MOJHOM
aHaJIOTUH C OUarpaMMoH [J/s1 3apsKeHHbIX TOKOB, TpHUBe-
IeHHOU Ha puc. 39:

. 1 Z? 2— «a 5 “7 B
L3 = (-i)5 <5> 7y (L= 2" Plg5 — gar°)e.
(19.11)

Puc. 43
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st MasplX mepefaHHbIX UMIYJbCOB 110 CPABHEHHIO ¢ MacCOl Z-6030Ha MoJydaem,
uTo 3(p(peKTHBHASA KOHCTAHTa HEHTpasbHBIX TOKOB (16.1) coBmanaer ¢ addeKkTHB-
HOH KOHCTaHTOH pacnana miooHa G,:

NC —92 NC
Cu _ T _ G
= 5 = p=
V2 o 8ME G,
[TocnenHee paBeHCTBO AIB/ISIeTCS OYeHb BaXKHBIM, M T103TOMY JaKe BBOAWUTCS CIle-
IMaJbHBIE apaMeTp p, KOTOPBIH B npubamxeHud bopua (Max Born, 1882-1970)

paBeH enunuie. HMcrosnbsys coorHomenus (19.9), (19.10), (17.25) u (17.27),
MOXKHO TNpecKasaTh Macchl W¥- u Z-6030H0B:

= 1. (19.12)

g:sine o lx 37 28 F B
My = % g % oz %2; ~ 77 T'sB,
a=2 sin i
= 74W5 . S tw (19.13)
M
My = W ~ 1496 T8 og I'sB,

1 — sin® Oy sin20w
KOTOpble OueHb OJH3KM K HMX 3KcIepuMeHTaJbHbIM 3HaueHusMm (1.4)*. Maccy
6o30oHa Xurrca Hesb3s mnpenckasatb mo ¢opmysne (18.10), He 3Hasg KOHCTAHTHI
B3aUMOIEHCTBUS CKaJISAPHBIX mosied A. OnHako, 3Hasi 3KCepHMeHTaJ/bHOe 3Hade-
HHe Macchl 6030Ha Xwurrca (1.5), Mbl MOXeM, HA000POT, OLEHUTh €ro KOHCTaHTY
caMofieHcTBUSI A B JarpaHxuaHe (19.3):

A:%(%)QmO,IQQ. (19.14)

DepMHOHBl TaKKe MNPUOOpPETAIOT Maccy 3a cyeT BAaKYyMHOIO CpPeLHEro Io-
as Xurrca (19.7). Hanpumep, nnsi 3apszkeHHBIX JIEITOHOB Macca BO3HHKAeT H3
SU(2); x U(1)y nHBapHaHTHOro JlarpaHKMaHa
h+wv

V2
— mll + ? h- 70 (19.15)

. = (0
Lj=gLHlRg + gllgH'L = %(VLEL) (h+v>€R+h.C.:gg

(=

Maccbl KBapKOB MOJMYYalOTCsl aHAJMOTHYHO. TakuM 06pa3oM, Mbl T0JyYaeM eIHHOe
OmnHcaHHe CJabbiX W 3/JeKTPOMAarHHUTHBIX B3aMMOIEHCTBUH CO MHOTMMH TEOPETH-
YeCKMMH MpeicKazaHUsMH. Takoe omucaHHe Ha3blBaeTCsl CTAHAAPTHOH MOJEJbio
[nswoy-Baitn6epra—Canama (Mohammad Abdus Salam, 1926-1996).

* Pasnuna o6ycnosﬂeHa KBAHTOBBIMHU IOTIPABKaMH.



20. CBOVICTBA 3APHI2KEHHBIX BEKTOPHBLIX BO30OHOB

B 5Toii raBe Mbl M3y4yHM cBoiicTBa W T-6030HOB, CBA3aHHEIE C MX pacrnafaMH
1 poxaeHueM. M3 nuarpammbl Ha puc. 386 mosyyaeM MaTPUYHbIH 3/J€eMEHT pacrnana
W~=-6o3ona W~ — [~ +7;:

_ 2\9@ en(p) - To(k)y* (1 —°)vu (g),
(20.1)
Ml = T2 () Ty (1= 7)elb)

TJie COOTBETCTBYIOIIME HMITYJIbChl KMEIOT TaKHe »Ke 0003HaueHHsi, Kak TpU pacraje
nuoHa B (9.14):

p=(Mw,0), k= (Ek), q¢=I( q). (20.2)

YT06Bl BEIYHCAUTb KBaApaT abCOIIOTHOrO 3HAaUeHHsl MaTpuyHoro sjementa (20.1),
HeoOXOAMMO MPOCYMMHpPOBAaTh MO BCeM KHpaJbHOCTAM. ENMHCTBEHHas HOBH3HA
3[1eCb COCTOUT B TOM, YTO MOMHMO CYMMMPOBAHHS MO KHPAJbHOCTSAM (hepMHOHOB
Mbl JIOJI2KHBl CYMMHPOBATb M M0 KMPAJbHOCTSIM MAacCCHBHBIX BEKTOPHbBIX 0O030HOB:

* pOép
> e (p) = —nap + Mf , (20.3)
A=1,2,3

roe npaBaH 4yacTb paBeHCTBa (i)aKTI/ILIeCKI/I ABJSETCA YUCJIUTEJEM CI)YHKLIHH FpHHa
B (17.4),

Pap ~ 4 _
Z!M! ( Mo + M25>T1" By (1 =377 (1 - +%)]
pap fe%
—_ (_W + o ﬂ) Lk, q) = ¢*M3E,. (20.4)
w

31ech Mbl TIpeHeGperad MaccaMM JIENTOHOB 10 CPaBHEHHIO ¢ MaccaMu WT-6030-
HoB. Torma mapiyMajbHasi BEPOSITHOCTh pacraja Ha (hepMHOHHYIO Mapy paBHA

d°k d’q
(2m)32F (27)32qp’

po ZIME By, By = (2w>4J5<4>(p—k—q)

5 Moy (20.5)

roe mas y |/\/l|2, B COOTBETCTBHH ¢ (8. 14) noJiyyaeM 3HaueHHe

S IMP = LS MP (20.6)
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a &y (9.16) mis nBYyX4acTMYHOTO pacrnaja MpH m12 < Mgv UMeeT BUJ
1

8’
Wcnonb3ys npenpiayinue (GoOpMyJibl IJsi BEPOSTHOCTH pacrana 3apsi>KeHHOTO Bek-
TOPHOTO 6030HA JIENTOHHOH Napsbl, NOJAyUYaeM

By (20.7)

Ty =T (W™ -0 7) =T (W —ew)=T(W —u7,)
2 3
B L\ 9Mw  GuM,
=T (W™ = 77r) === = Ty ™ 227,2 M3sB. (20.8)

Tenepb HaM HyxHO 0000uMTh JarpaHxkuaH (17.15) Ha cayuail B3aumomei-
CTBUH C KBapKaMH:

CC—L co
Eq _2\/5 Z

lor f
c=1,2,3 4,57=1,2,3

[Uf’y"‘(l — VS)Vuidj d; - Wi

amily

+ Ay (1 =P Vg uj - Wy | (20.9)

Aot JlarpaH>KHaH OMKCbIBAET paciaibl
D(W™ —d 1) =3V’ Ty, T (W™ —sa) =3V Iy, 20.10)
T(W™ = b71) = 3|V Tl '
I(W™ = d2) =3Vl Ty, T(W —s70)=3Vul’ T},
(W™ —b7e) =3[Vy* Ty,

re Ko3puuneHT 3 BO3HUKAET W3-3a CYMMHPOBAaHHU 10 1BeTy. Pacran Ha t-KBapk
3amnpelleH, MOCKOJIbKY ero Macca 6oJibiiie Maccehl W-6030Ha. Mcenonb3ys cBoiicTBa
YHHATapHOH MaTpuubl cMemmnBanus Vexm (13.7)

Vaal® + [Vas? + [V = 1,
Veal? + Ve + |Va|* = 1,

noJiyyaeM, 4To MapuyaJjbHasi BeposTHOCTb pacnaga W-6030Ha Ha KBapkKd paBHA

(20.11)

(20.12)

q d/:Vudd+VusS+Vubb _ S _ . ‘
= I d r(w =2.3T%. (20.13
W 1= Vgd Ves s+ Vb (W - u) T ( S C) w )

Orciofa MBI MOXKEM OIIEHHUTbh TIOJIHYIO BEPOSTHOCTD pacnana
Ty = (3+2-3) T} ~ 2,05 I'sB, (20.14)

YTO XOPOLIO COIJIaCyeTCsl C SKCMepHMeHTalbHbIM 3HadeHnem I = 2,085 +
+ 0,042 I'sB.

JlaBaiiTe Tenepb 06CyIMM pOXKIEHHE U JeTeKTUPOBAHHE 3aps’KEHHBIX BEKTOP-
HbIX 0030HOB Ha aAPOHHOM KoJlJ1alaepe, C MOMOLIbIO Yero Mbl CMOXKeM IOATBEp-
IWTb UX CylllecTBOBaHHe. BrIGop anpoHHOro Kosnaiinepa (BCTpeuHble My4KH: C.1M.)
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BMeCTO yCKOpHUTess ((puKcHpoBaHHAas MulleHb: lab.) Obl1 crenan Py66ua crenu-
aJibHO 1151 oOecrieyeHUs] MakCUMaJbHOH 3¢ (deKTHBHOH aHeprun M:

cm. ky=(Ek), k,=(E,~k) - M = V@2 =2E,

lab. kp = (E.k), k, = (m,,0) - M = /Q* ~ \/2m,E
(20.15)
OJis POXKAEHHUA HOBbIX MAaCCHBHBIX YaCTHL[ B pe3dyJ/ibTaTe CTOJKHOBEHHSA aHTHUIIPO-
TOHOB M INPOTOHOB IIPHM BBICOKMX 3Heprusx. Ho Bce UMeeT CBOW0 LeHy, U AJs
obecreyeHus OOJIbIIOTO KOJHMYECTBa COOBITHH, TaK Ha3biBaeMOH CBETHMOCTH, Ha
aZlpOHHOM KoJlJakepe HeOOXOAUMO UMeTb OUeHb UHTEHCHUBHBIE NTyUKH. B pesyiib-
TaTe afpPOHHBIX CTOJKHOBeHWH p + p — W + X, nomumo W-6030Ha, poxkaaeTcs
MHOXeCTBO APYTHX YaCTHL, KOTOpble HAaC He MHTEpPecylT, U Mbl 0003HAUYUM HX
OykBOM X, Kak NpH IyOOKOHEYNIPYroM pacCesHHH.
Hanpuwmep, nas poxnenuss W™ ceueHue ajnponHoro mpouecca o(p +p —
— W™ 4+ X)) MOXHO BbIpasHTb uepe3 cedeHue o(u; + dj — W ™) mapToHHOro
npouecca u; (k) + dj(k') — W~ (q)

k‘p—Fk‘;:Q

olptpP—= W+ X)= ZJdafld@?qui(ﬂfl,qQ)fdj (22,¢%) x (W +dj — W),
1,J

(20.16)
Tle napamMeTpel T U X9 0003HAYalT YacTu ummyabca (15.2), KoTopble HOCAT
B aHTHIIPOTOHE U MPOTOHE OJMH M3 BEPXHHUX aHTHKBapKoB u; (k = x1kp) U onuH
M3 HMXHHMX KBapkoB d; (k' = ka;,), a fui(azl,qQ) 7 fdj(.fCQ,qQ) ABJSIOTCA HX
CTPYKTYPHBIMU (PYHKLIMSIMH COOTBETCTBEHHO. UTOOBI 00HAPYXKUTb POXKIEHHE 3apsi-
YKEHHBIX BEKTOPHBIX 0030HOB Ha aJIPOHHOM KoJlJakepe, HaM He0OXOAUMO BbIOPATh
CrelHasbHble KaHaJbl WX pachajga, uyToObl Mbl MOTJIM OTJIHUYHTb 3Ty CHUTHATYPY
OT MHOXKeCTBa APYruxX yactTul X. DTO BO3MOXKHO, €CJU HMCIOJAb30BaTh MPOLECCHI
pacmaga B JentoHHble mapel W~ — I~ + 7; (I = e, ), Hocsamume ums penna
(Sidney David Drell, 1926-2016) u fna (Tung-Mow Yan, p.1937). B nanHom
cJlyuae CUrHaTypa COOBITHS BBITVISAUT TAKUM 00pa3oM: Cpey BCeX POXKIEHHBIX Ya-
CTHIL 0JIKeH ObITh OMUH BHICOKOIHEPTeTUYeCKHH 3apsi?KeHHBIH JIENTOH ¢ GOJbIIUM
TMOTePeYHBIM UMITYJIbCOM U He TOJIKHO OBIThb 00HApPYKEeHO HUKAKHWX YacTHIl B MPO-
THUBOTIOJIOXKHOM €My HampaBJeHWH, KOTOpble, OHAKO, MOJ2KHBI TMPUCYTCTBOBATH
COTJIACHO 3aKOHY coXpaHeHHsl hMmmynbca. [logpasymeBaercsi, 4TO 3TOT MMMYJbC
MepeHoCUTCs HeoOOHAPYKeHHBIM HeHTPHUHO. _

MaTpuYHbIA 3JEMEHT Npolecca pPOXKIAEHHS U JeTek- a

i v PEmAEE W
thupoBaHuss W ™-603oHa: ©w+d — W™ — |~ 4+ 7; MOXHO k\ /p
3amucaTth U3 AuarpaMMbl, H300paKeHHOH Ha puc. 44: / -

K I

Puc. 44

Ve

L ig 5
M= (—Z) (ﬁ) Viud Uu(.(kf)'Ya(l -7 )ud((k)

(—i) (0™ — q*¢°/MG,) 5
I =), (p). (20.17
@M Ty e = el G010
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B snamenarene gyHkuuu I'puna BekTopHOro 6o3ona B (20.17) ydreHa ero HecTa-
OUJIBHOCTD, WCIOJB3YIOLLAs TOJMHYI BeposATHOCTh ero pacmazaa (20.14), corsac-
Ho Qopmyne Bpeiita (Gregory Breit, [puropuii Anbdpenosuu bpeiit-IHaiinep,
1899-1981) u Burnepa (Eugene Paul Wigner, 1902-1995). UneH, nponopiuo-
HaJbHBIH TepelaHHOMY HMIYyJbCy ¢ B UHCAWTes]e (YHKUHH [pHHA BEKTOPHOTO
603oHa B (20.17), MpUBOAUT K HE3HAYUTEJBHOMY BKJIAAy B MATPHUUHBIH 3JE€MEHT,
M0 OTHOILIEHHIO K Macce 3apsikeHHOro 6o3oHa (1.4):

¢ Tu(k)va (1 — VP ua(k') = Ty (k) (k + K)(1 — 7°)ua(k')
= muTu (k) (1 — Y ug(k") + mau(k)(1 +~°)ua(k'), (20.18)

T )15(1 = )0, (p) = T @) B+ 5) (1 —2°)vu (p) = me@e(p') (1 — 7°)vu (p).
CyMMupYysi 110 LBETY KBAPKOB M KHPAJbHOCTSIM BCeX (PEPMUOHOB, MOJyYaeM

3% Vu - -
S mpP =2 | i {k%(l — ")k ys(1 —75)} xf?
X Tr [79°(1 = )5y (1 = 7))
= 39" [Vual* [Lag (k. k') — i€agm] [Laﬁ(p,p’) +ieaﬁpp'} xf?

= 12¢* [Voal® (k") (K'p) - IXI*,  (20.19)

roe x o6o3HauaeT ApoOb CO 3HAMeHaTteseM (YHKUUM ['prHa BeKTOpPHOTO 6030HA
B (20.17): 1

¢ — M, +iMwTy

Ha puc. 45 HOKaSaHO pe3oHaHCHoe pacnpefiesnenre W-6030Ha MWF |X| B 3a-
BUCHMOCTH OT \/’ [IIuprHa pe3oHAHCHOTrO MUKa Ha MOJIOBHHE €ro BBICOTHI

V& -\ = \/M3V+MWFW — \/M;ZV—MWFW ~Tw

npu My > I'yy npuMepHO paBHa MOJHOM BEPOSTHOCTH pacnaja.

X = (20.20)

= 1,0+
=
r
0,5 fe W\
0 T T T T

78 79 80 81 82 83
V¢, TsB
Puc. 45
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[Tpu pacyere cedyeHus: 3TOro mpoiecca HeOOXOIUMO YUUTHIBATh YCPeLHEHHE He
TOJIBKO 10 KMPAJbHOCTSIM HCXOAHBIX KBAapKOB, HO U MO MX LIBETY:

N 1 S MP
_ ®
0 =5553 ape
d3p d3p/
(2m)32po (2m)32p
HpI/I BbBICOKHUX 9H€pFI/IHX CTaJIKUBAUIIUXCA aﬂ,pOHOB E > mq, m; B CUCTEMe ueHTpa
Macc

k= (ko,k) = (E.k),  p=(po,p)=(E,p),

K = (ko k') = (B, k), p'=(pyp)=(E, ~p)
MBI MOXKEM paccMaTpuBaTh ()epPMHOHBI KaK 0e3MaccoBble Ya- B
ctuubl, F ~ |k| = |p|. Yron paccesiHusi B 3T0O# crcTeMe MOKa- Puc. 46

3aH Ha puc. 46.
dazoBbiil 06beM B (20.21) MoxkHO paccuuTaThb, Kak B (16.6):

(20.21)

dd = 2m)*'W ' +p—q)

(20.22) P

I dp 5(q* — 2qp) d°p
dd = - 5(4),’ _ 9/,(5’/2—’/2d4’/:
e | 000 - 00613 — wjaty = XL
c.m. 0(4kE — 4kopo)podpo d cos 0 dcos 6*

= 6 ko=po=FE. (20.23)

Torna u3 nuddepenunanbioro cedenus (20.21) nosyuum mosHoe ceueHue

9 A2 4 2 2
aw =" 2. 2%3 3 12387r (2 - LVQIV‘;U;L%W%/F%/ Jl (et deostr
_ 1 o g* [Vudl® ¢
2.-2-3-3 167w ((I?—Mgv)QﬂLMng%v
rwerty 1 g*Vaal Mw

5(q® — M), (20.24
52.3.3 1oLy, @ M) (20.24)
e B MOCJENHEM YPaBHEHHHM Mbl HCIIOJb30BaJH MPUOJIMIKEHHE HYJNEBOH IIMPHUHBI
pacnaza. Mbl MoxeM 3anucaTh nosHoe cedenue (20.24), takxke ucnosabsys (20.8)
1 (20.10), BbIpasuB €ro TOJbKO uepe3 HabJMIonaeMble:

3

N 2J+1 Ar 4MZ,Ti, T, rweMy 472 TYTh o
ow = 2 (2 212 2 12 = 3 d(q” — Miy)
QQSSMW(Q —MW) +MWFW 3 Mwl'w
_ V2rG M,

2 a2
57 d(¢° — M), (20.25)

rae J — COMH mpomexyTouHoro 6osoHa, a I'y, u I'l;, — ero wupuub pacnana
B Ha4aJbHOM M KOHEYHOM COCTOSIHMSX.
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Ceuenue npouecca p+p - W™+ X — 17 +7; + X MOXHO BBIUUCIUTH TI0
dopmynam (20.16) u (20.25):

clp+p =W~ =117y =

V2@
= Y50 | Saray = ) [o1fulor, M 0o | [ futen, My ] (20.26)
Ile MBI Y4/, UTO A/ 6e3MaccoBBLIX KBAaPKOB — MapTOHOB ¢° = x1x9(Q)%, U BBe/H
nepemennyto 7 = M2, /Q% U3 (15.29) Mbl 3HaeM TONBKO MHTerpajbHble 3HaUEHHs]
U u D, Ho He 3HaeM 3HaueHHe uHTerpasa B (20.26). [Tostromy BBOgHTCS KO3(PU-
LIUEeHT

K= U%J5($1$2 —-7) [xlfu(l‘l,Mt%V)dl‘l} [$2fd($2,Mv2v)dfﬂ2}

r=zizy | J 1 fulzy, M) o fa(we, M)

= de, (20.27
g::m‘iEZ U.D ; A /52 +47' f ( )
— +’T
U TOJTHOE CeHeHHEe PaCCUUTBhIBAETCHA Kak
217G
c(p+P oW = T) =K - %UD ~ K - 33 16. (20.28)

M3 (20.27) BuaHO, UTO MaJjoe T yBeJHUUUBaeT KO3 GHIMEeHT K U MOJHOe ceve-
uue (20.28). Hanpumep, n/1s sHepruu B cucteMe LeHTpa Macc 540 ['sB Ha Super

Proton Synchrotron (SPS) pp-konnaiinepe 8 LUEPH nnsa 7 = M%,/(540 I'3B)? ~
~ 0,022 nonyuaem K ~ 6. FIMeHHO Ha 3TOM KoJnaiiepe ¢ MUKOBOH Lpeak A2 O X

x 10% em=2- ¢! u [ Ldt ~ 20 u6~" unrerpanbhoii ceeTumoctsmu B 1982 . Gblu
oTKpbiTel W-6030HHb1. [Ipu nmosHOM ceueHuu
osps(p+7 — WE = eFr.) ~ 400 16 = 4 - 1073* cm? (20.29)

kosnabopanuu UA1 u UA2 netektupoBanu 6 u 4 codbiTuii pacnanos W-6030H0B
COOTBETCTBEHHO.



21. CBOMICTBA HEUTPAJIbHBIX BEKTOPHBLIX BO30OHOB

W3 puarpammel Ha puc. 40 mosydaem MaTpU4HBIE JeMeHT pacnaja HeHuTpaJb-
HOro Z-0030Ha Ha MPOU3BOJIbHBIE (PEPMUOH-aHTU(PEPMUOHHBIE MTAPHI, OTTHChIBAEMbIE
CIIMHOPHBIMU TIOJISIMH ) U :

A — 5 /
M = Ze5(q) Uy (P)y* (9v — gay”)vp(p'),
(21.1)

l\DIQI l\DIQI

= 5
M= SeMq) -0y (007 (9v — 947 )uy (p),
rie napameTpel gy M ga npuseneHsl B (17.30), a c)(q) omuchBaeT MOJSpPH-
3al[MOHHBIH BEKTOP HEUTPaJbHOIO MACCHBHOTO BEKTOPHOro 6o3oHa. Berunciaum
KBaJpaT MOAYJ/sl MaTPUUHOTO 3JIeMEHTa B MPUOIMKEHUH My, K Mz, cyMMUpys 10

KHUPAJbHOCTAM BCE€X HaCTHLL.

> Myl = ( 5+ W) Tr [m (9v — 9a7)DV" (9v — 9a7®)

_ qaq o _
=7%(g2 + ¢2) (—%5 + Mf) L%p,p) = G2 (g% + g4)MZ. (21.2)
Z

[TapunasibHasi BepOSITHOCTb pacraja paBHa
DY IMv,zz!2

21.3
39My, - 8x (21.3)

Tl MHOXKUTeb 1/3 COOTBETCTBYET yCpeNHEHHIO 10 CIUHY BEKTOPHOro 6030HA, a
(hasoBbiii 06beM Gepercs U3 dopmysasl (20.7). Torma nas pacnaga Ha HEHTPUHO
nosiyyaem

I'(Z =) =

9>M;  G,M;
96 12\/_7T

BeposiTHOCTB pacnaza Ha 3apsKeHHBIE JIETITOHBI paBHA

') =Ty =I}=T7 = ~ 166 M>sB. (21.4)

I =15 =1% =17 =2 (96)" + (9)°| %

=2 —l+25in29 Q—i-l
B 2 W 4

Y ~ 83,3 MaB, (21.5)
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4TO XOPOLIO COTVIACYeTCSl C IKCIepPUMEHTA/bHBIM 3HaUYeHHeM *
"% = 83,91+ 0,12 MsB. (21.6)

IIJ'IH pacriaga Ha HU2KHHE KBAPKHU TOJyHaeM CJIeAYIOUIYI0 BEPOATHOCTD!:

Py =1y =r% =2 [(g4)" + ()" %

— 1 2. 2 ? 1 Vg 13 Ve
=3-2 <—§+§sm 0W> +Z FZNFFZ' (21.7)

Pacnau Ha BE€pXHHE€ KBAPKH BO3MOXKEH TOJbKO OJSA U- U C-KBAPKOB, IMOCKOJbKY
Macca t-KBapka 6o0Jibllle Macchl Z-0030Ha:

u T — 9 [(gw + (9}3)2} Iy

I 4 5, Vo U w5, .
=3-2 §—§Sln 0W +Z Fzﬁgl“ , mt>MZF =0. (218)

Takum o6pasom, BEPOSITHOCTh pacraja Ha aJpPOHbI paBHA

5 13 59
F?dz<2§+3g>F?:FF?, (219)
a ee OTHOIIIEHHE K JIENITOHHOH BEPOSATHOCTH pacliaga
Fhad
Ry = —2— ~ 19,7 (21.10)
Fﬁ
Z

MO2KHO CPaBHHUTBb C 9KCHepI/IMeHTaJIbeIM 3HAUYeHHUeM
R = 20,804 + 0,050. (21.11)

B kKoHeuHOM HTOTE, TeopeTHUeCKas MOJHAs BEPOSTHOCTb pacnana Z-6030Ha

43
FtOt%?-F;"zQA I'sB (21.12)

XOpoLIo corJiacyeTcsa ¢ 3KCIIEPUMEHTAJbHBIM 3HAYE€HUEM

TSP = 24952 + 0,0023 I'sB. (21.13)

3Hasl MOJHYIO BEPOSTHOCTb pacrana Z-0030Ha, Mbl MOXKeM OIPeNeJUTb ero HeBH-
IMMYIO 4acThb, CBSI3aHHYIO C pacmaaoM Ha HeHTpuHo (21.4), KOTOpBIE YCKOJMB3AOT

*B panbHeidiiieM Mbl GyfeM CpaBHMBaTb 3HAUeHHs TOJBKO B OGOPHOBCKOM MpPUOIHXKEHHH 0e3
panHalMOHHBIX TIONPABOK.
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2v

ALEPH
DELPHI
L3
OPAL

30

20
¢ Average
measurements,
error bars
10 -+ increased
by factor 10

Ohad> nb

0|I|||I|||I|||I|||I

86 33 90 92 94
B, GeV

Puc. 47
He3aMeueHHBIMH (puc. 47 *):

thot — F%IV + BFKZ + Fhad’

pinv 1 T 21.14
—Z| = —~3-20804~59~3-2%| —N,=3 (119
T |op 00337 Y |sar
[TocnenHee skcrnepuMeHTanbHOE 3HAYEHHE AJIS YUC/AA THUIIOB HEHTPUHO PaBHO
NP® = 2,9963 = 0,0074. (21.15)

PoxneHue U IeTeKTHPOBaHHE HEHTpPAJbHBIX KaJUOPOBOUHBIX OO30HOB C HaH-
JIydlled TOYHOCTBIO MOXKET OBbITb OCYIIECTBJEHO Ha JIENTOHHBIX KOJJIaiaepax.
CeueHue npolecca MOXKHO Ha#Tu no dopmyne (20.25):

3
_25+1 4r AMET T,

- Ul : 21.16

7T T M@ ML+ VTS —
KOTOpoe B peaoHche HUMeeT 3HaueHHe
2=n2 127 T

T2 5127 6. 10732 en. (21.17)

MZTy

B 1989 r. B8 LIEPH nauan pa6orate Large Electron-Positron (LEP) xosnaiinep
C THMKOBOH CBETUMOCTBIO Lpeak ~ 10%% cm™2 - ¢!, uto osmauaer mpoussomcTBo
mecTu Z-6030H0B B ceKyHAy. [loatomy LEP HaswiBator hadpukoit Z-6030HOB.

B »sTo# rnaBe MBI paccCMOTPUM JOMOJIHUTENBHO HWHTepdepeHIHio (oToHA
v Z-6030Ha A5 mpouecca ete” — putpu~ (puc. 48), npuBoaAmYy0 K P-HedeTHBIM

* DToT pUCYHOK 3auMcTBoBaH W3 crtatbd ALEPH, DELPHI, L3, OPAL, SLD Collaborations,
LEP Electroweak Working Group and SLD Electroweak and Heavy Flavour Groups (Phys. Rep.
427 (2006) 257).
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/kz p\ w e /k p\N wo
Puc. 48a Puc. 486

3(1)(1)eKTaM U CHI/IMaIOLU,YIO HeOHpeILe.HeHHOCTb B OHpeIIEJIEHI/II/I KOHCTaHT (](L
i g, (16.17).
HpI/I BBICOKHUX E)HepFI/IHX CTaJKHUBAUIIUXCA JICIITOHOB FE > me,mu B CUCTeMe
HeHTpa Macc
k= (E k), p=(E,p),
k' =(E,~k), p'=(E,~p)
MOXKEM CUHMTATh (hepMHOHBI Ge3MaccoBbIMU YacTullaMu, E =~ |k| ~ |p|. MarpuuHblit

3J€eMeHT CYMMbI MNPOLECCOB ABYX AMArpamm, M3oOpaxkKeHHBIX Ha puc.48, nmeer
BUJL

(21.18)

M = (i) (—z’e>2m(k’muew(;—j)m@w%u(pv

+ (—i) (%26 (K)7a(gy — 947" )ue(k) (=)
9 e Ya\gv — gAY e q2 _ M% T iMyT,

X @, ()7 (v — 947°)vu (D)
P

— %[ﬁe(k’)%ue(kﬁ) -, (p)Y v ()

+ X Te(K )Valgy — gar)ue(k) - T (p)v* (9v — gmf’)vu(p/)}, (21.19)

re Mbl BBEJIU PE30HAHCHYIO (DYHKIIUIO

1 2
X=—s o . (21.20)
sin® 20w q* — M7 + 1Mz
Torna kBagparT MOMYJsT MAaTPUUHOTO 3JEMEHTa IMOC/]e yCPeIHEeHHs] MO0 KHpPaJbHO-
CTSIM HayaJbHBIX YaCTHI[ U CYMMHPOBaHHUSI 1O KHPAJbHOCTSIM MPOMEXKYTOYHOH U
KOHEUHBIX Y4acTHI[ OyIeT UMeTh BUI

S = 35 [Frafos] 7 7]
- Tr [Ew?va (9v — gmf’)} Tr [ﬁ Yy (gv — gm‘f’)}
T [Fakvs(ov — 947%)| T [By°57 (9v = 9477)]
I Tr [Fa(gv = 947" Rvs(ov — 947°)]

x Tr [ﬁva(gv — ga)P Y (gv — gmf’)} }
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4et '
= qT{Laﬁ(k, KL (p,p') + 2Re x [gv Lag(k, k') + igacasrn]
X [ng"‘B (p.p) — igAE"‘Bm"} + x]? [(g%/ + 931) Log(k, k') + QingAEaﬁkk:’}

X [(g%/ + 9124) L (p,p)) — QigngE"‘Bm"} }

P=4p? e

2 o] ) + 6w

+2Re x (ng/ [(kp)(K'D') + (kp')(K'p)] — ¢4 [(kp)(K'D') — (k') (Kp )])

(21.21)
Ckansipuble npousBeneHus B (21.21) MOXHO BBIUHCIHTb Kak
(kp) = (K'p') = E2(1 —cos0*), (kp') = (k'p) = E2(1 + cos 6%);
(kp)(K'p") + (kp')(K'p) = 2E*(1 + cos? %), (21.22)
(kp")(K'p) — (kp)(K'p') = 4E* cos 07,

TIe yros paccesiHusi §* B cHCTeMe IeHTpa Macc omnpejeseH Ha puc.46. Takum
06pa30M, MBI II0J1y4HaeM OKOHYAaTeJIbHBIH BUI OJid KBaApaTa MOAYJIA MAaTPpHUYHOI'O
sneMenTa (21.21)

Z IM? = 64{ (1 + cos? 0*) + 2Re x [9\2/ (1 + cos? 0*) + 264 cos@*}

2
+ x| {(9\2/ + 9,24> (1 + cos® 9*) + 847 g% cos 9*} }, (21.23)

rjie MepBoe cjaraeMoe B CKOOKaX COOTBeTCTByeT oOMeHY ¢ (hotoHOM (puc.48a),
BTOpO€ YUHTBIBaeT MHTep(epeHUHUI0 (POTOHA ¢ Z-0030HOM, a MOoCc/eJHee COOTBeT-
CTByeT 00MeHy ¢ Z-6030HOM (puc. 486).

HuddepennnanpHoe ceyeHue npouecca UMeeT BUJL,

do = |kk/| d 1 QdCOSG ( )

rie (asoBbii 06beM Obln BbiuuciaeH B (20.23). Jna HaxoxneHHs P-HeueTHBIX
5((}HeKTOB ONpenesUM CedeHHs paccestHus et e — pT T Brepen:

1

do .
op = J Teos O dcos

0

71'0[2

3g
= 652 {1 +2 {9{/4‘ T} Re x + [(92v+gA) +3gng} !X!Q} (21.25)
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U Hasam:
i d
g *
op = J TeosO" dcos0
|
a2 5 393l 5 92 5 o )
= {1 +2 [QV - T} Rex + {(9{/4-914) — 3ngA] || } (21.26)

Torma Mbl MoXxKeM OnpeneJ/uTb P-HequHYIO ACUMMETPHIO

2
Ay = TE =08 _3 g3 Rex + 20765 x|
= = 5 ,
or+op  214+2¢2Rex+ (g7 +93) Ix[*
KOTOpasi MoKa3zaHa Ha puc.49* B cpaBHeHUU C 3KCIEPUMEHTAJbHBIMH JaHHBIMH

¥ B 3aBUCHMOCTH OT JIOPeHI-MHBAapHaHTHOH NepeMeHHo# Manpesbiitama (Stanley
Mandelstam, 1928-2016) s = ¢*. 13 cpaBHeHHUs ¢ 3KCTIEPUMEHTa/bHBIMU JaHHbI-

MH TIOJly4aeM HepaBeHCTBO g > 9‘2,, YTO TI03BOJISIET OKOHYATENbHO BBIOPATh OHO
pemienue (16.18) u3 nByXx Bo3MOXHBIX B (16.17).

(21.27)

a 0.8 C SPEAR PEP PETRA TRISTAN  LEP
<< 0.6 F O MARKI + HRS O CELLO  ® AMY ® L3(1993)
- #MAC  OJADE 4 TOPAZ
04 * MARKIl 4 MARKJ ¥ VENUS
C o PLUTO
0.2 @ TASSO
0 S
—-0.2F
—-04F
—0.6
— RN RN RN RS RN FREEE RS FRE NSRRI R

"0 10 20 30 40 50 60 70 80 90 100
Vs, GeV
Puc. 49

* DTOT pUCYHOK 3aMMCcTBOBaH U3 cratbd Mnich J. (Phys. Rep. 271 (1996) 181).



22. CBOMCTBA BFO30HA XHUITCA

B aroli nocnenHei riaBe Mbl pacCMOTPUM HeOOBIYHbBIE CBOMCTBA MOCJEIHEH OT-
KPBITOH 3J1eMeHTapHOH YacTHilkl — 6030Ha Xurrca. CorsacHo opmyJe (19.14) ata
YacTHIlAa B3aUMOJEHCTBYeT ¢ (pepMHUOHAMHU C CHJIOH, MPOMOPLUHUOHANBHON HX Macce
m/v, tne v — BakyymHoe cpenHee (19.10). Hampumep, HanGosbliee 3HaueHHe
MMeeT B3aMMojeHcTBHe 6030Ha XHITCa ¢ t-KBapkoM, my/v ~ 0,7 ~ 1/v/2. Takum
06pa3oM, aHHUTHJISILKS nap tt ¢ GOJIBIIOH BEPOSITHOCTBIO MPUBOAUT K BO3HHKHO-
BeHHIo 6030Ha Xurrca (puc.50a). Kak Mbl y3Hasnu B KoHLe TJI. 15, TIOJIOBHHY HM-
TyJIbCa MPOTOHA HOCST IJIFOOHBI, KOTOPBIE MPH GOJBIIUX SHEPIUSAX MOTYT MOPOAUTH
BUPTYyaJ/bHble t-KBapKH. J[aHHBIH Tpollecc SIB/SIETCS NOMMHHPYIOIIAM MPOLECCOM
poxnenusi 603oHoB Xurrca Ha Large Hadron Collider (LHC) B LIEPH.

9 q i w/Z 9
wW/Z
000000 h
W/Z
g q g
Puc. 50a Puc. 506 Puc. 50r

Huarpamma Ha puc.42a onucbiBaeT Kak poxaeHHe 6030Ha XHWrTca Mpd aHHH-
THUJISIMK KaJUMOPOBOYHBIX 0030HOB (pHc. 506), Tak W HcCrmycKaHWe 6030Ha XHrrca
(puc. 50B) Ka/nMOPOBOUHBIM MOJIEM, aHAJOTHYHOE TOPMO3HOMY H3Jy4eHHI0 (OTO-
HOB. DTH NPOLECCH HMEIOT MEHbBILYIO BEPOSITHOCTD, UeM IVIIOOH-TJIIOOHHOE CJIUSHHE
yepes neTio t-KBapkoB (puc. 50a). Kpome Toro, sHeprus npotoHHbix nmyykos LHC
[OCTAaTOYHA TaKXKe /sl POXKAEHHs, KpoMe 6030Ha XHrrca, elle U napbl ¢t KBapKoB
(puc. 50r). OnHako u3-3a MX GOJBIIOH MacChl 3TOT MPOLECC ellle MeHee BepOSiTEH,
yeMm mnpenpinymive. Ha ceromHs Bce 3TH mpouecchl poxaeHHs 6o3oHa Xwurrca
o6Hapy:keHbl Ha LHC n natot He3aBHCHMYI0 HH(pOPMALIHUIO O €r0 CBOHCTBAX.

[Tomumo poxxnaeHust 6030oHa Xurrca HaM HeoOXOIUMO TaKxKe H3yUHTb NPOLeCChHI
ero oOHapy»KeHHs Mo NpoayKTaM ero pacnazna. ITockosnbky macca t-kBapka 60Jblile
Macchl 6030Ha XHrrca, ero pacnaj Ha mapy ¢t KBapko 3amperied. [Toatomy ero
pacrnaj MpOMCXONUT B OCHOBHOM Ha napy bb KBapKOB, KOTOpPble HMEIT BTOPYIO MO
BeJIMUKMHE CUJy B3aUMOLEHCTBUS ¢ 6030HOM XHrrca. Beruncanm BeposTHOCTD Mpo-
ecca pacraza 6030Ha Xurrca Ha NPOU3BOJIBHYIO Napy ()epMHOHOB, ONHCBIBAEMYIO
noasiMu 1) U ). Pasymeercsi, Macca (pepMHOHA J0JKHA ObITb MeHblIe MONOBUHbI
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Macchl 6030oHa Xurrca. MaTpuUdyHBIH 3/€MEHT 3TOrO IpoLecca U ero 3pMHUTOBO
COTIPSI?>KEHHBIH UMEIOT OUeHb MPOCTOH BU]L

M= %ﬂ(p) v(p), M= =B ulp). (22.1)

Bepsi nx npousBeneHre U CyMMUPYSl M0 KUPAJbHOCTAM (DEPMHUOHOB, MOJyUYaeM

m?
D IMP = T [(p+ my) (7 —my)]

2m2m? 4m? 4m?
T - ) M B m2ml (1 2 ), (22.9)
v my, my

rae BO BTOPOM pPAaBEHCTBE Mbl HCIIOJb30BaJHM KHHEMAaTHYECKYI0 3aBUCUMOCTb

2 (pp') = m% — Qmi. Torna BeposiTHOCTh pacmanga ompenessieTcss (GOPMYJIOH BH-
na (9.15)

d3 p d3 p/

(27)32po (277)32;06’ (22.3)

2
ry= Mg 5, = (2m) [50a—pr)
th

rie ¢ — uMnyJbsc 603oHa Xurrca. [as nByX4acTU4YHOro pacrnajga pa3oBelil 06beM
SIBJISIETCS] KOHCTAHTOH, KOTOPYIO MOXKHO BBIYHCJHTb, HalpHUMep, B CHCTeMe MOKOs
6030Ha Xwurrca ¢ = (my, 0):

1 (a3 dp=4r|plpod
(I>2 = W J p_fé(‘l)(q —p _p/)e(p6)5(p/2 o mi)d4p’ p :\P\po PO

_ 1 [2 2 5(m2 _ 4m3,

Takum o6pa3oM, Mbl OKOHYATENbHO MOJydaeM

3/2
_ G”mfbmh B 4mi /

r,=-—-% "= (22.5)
v 421 m%
Orciona cienyet, 9T0 OCHOBHOH BKJIAJ B BEPOSITHOCTH pacrana 603oHa Xurrca

BHOCHUT b-KBapK:

mp=4,2 TsB
Tt~ T, =3-Ty " R 4,5 MsB, (22.6)

rae Ko3(pULHeHT 3 noJjyvaeTcs M3-3a CyMMHpPOBaHHUS Mo LBeTy. JlaHHOe 3Haye-
HHe SIBJISIeTCS] Ype3BblYalHO MaJslol BeJMUMHOHM M0 CpaBHEHHIO ¢ Maccod 6030Ha
Xurrca, U ee HeBO3MOXXHO HampsiMmyio usMmeputb Ha LHC wu3-3a HemocratouHOro
JHepreTHUYEeCcKoro paspelleHus. Bk/aa c-kBapka B BeposITHOCTb pacnajga 06030Ha
Xurrca cocrasisiet okoso 10 %.
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35.9—137 fb~1 (13 TeV)
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B HacTosiliee Bpemsi 3KCTepUMeHTAbHO U3MepeHa CHJia B3aUMOAEHCTBHS pas-
JUYHBIX (DEPMHOHOB ¢ 0030HOM XHITca MJs 3apsKEeHHBIX YacTHL, TPeTbero Io-
KoJieHus1 U MiooHa (puc.b5l*). I'paduk Ha puCyHKe SICHO MOKa3bIBAeT JIMHEHHYIO
3aBHCUMOCTb MeXAY MacCOd M CHJIOH B3aUMOLEHCTBHUS Pa3HYHBIX (PEPMHOHOB
¢ 6030HOM XHrrea.

[Tockosbky 6030H Xurrca uMeeT HauOOJBIIYID BEPOSTHOCTh paclajia Ha mapy
bb KBAapKOB, MPU3HAKOM €r0 POXKAEHHs IOJKHBI ObITb JBe b-CTPyM C 6OJIbIIMMH
sHeprusiMu. OfHaKo B mpoliecce poxKAeHHUs1 0030Ha XUITca B pe3ysbTaTe CAUSHHUSA
IBYX TJII0OOHOB Ha puc. 50a, KoTopoe siBisieTcsl HauOoJee BEPOSTHBIM IMPOLIECCOM,
Mbl He MOXKEM J0Ka3aTb, YTO 3TH JIBe b-CTPYH BO3HMKAIOT UMEHHO B pe3yJsbTaTe
pacrmaga 6o3oHa Xwurrca. [loaToMy HCHONb3YIOTCS APYrHe MpoLecchl, TakKHe Kak
Ha puc. 506, puc.50B nau puc.50r. B nmepBom ciaydae nBe b-cTpyd ¢ GOJBIIOHN
sHepruel u3 pacnaga 603oHa Xurrca JOJ/KHBI MOSIB/ASTBCS B aCCOLMALUU C ABYMS
CTPYSIMH JIETKMX KBapKOB, KOTOpble NOJ/KHBI ObITb TaKKe KHHeMaTH4YeCKH CBS-
3aHbl. Bo BTOpoM ciyuae poxkieHHe 6030Ha XHITCa CBSI3aHO C OJHOBPEMEHHBIM
poxpeHueM W- unu Z-6030Ha. M, HakoHel, B Moc/jeqHeM, HAUMeHee BEPOSTHOM
npoliecce poxkKaeHHe 6030Ha XHITCa, €ro MosiBJIE€HHe CBSI3aHO C POXKJAEHHEM Map
tt KBapKOB, KOTOpble Cpa3y »Ke pacrmajgaiTcs Ha b-kBapkd u W-6030Hbl. Bce
3TO O3HauaeT, 4YTo oOHapyxKeHHe Go3oHa XWrrca MyTeM ero pacrnaga Ha mnapy
bb KBapKOB He BJSETCS CaMbIM YHCTHIM MPOLIECCOM, T.e. MPUCYTCTBYeT 6OJbIIOH
(hOH IPYTHX MPOLECCOB, KOTOPHIH TOJNBKO MHOTA MOXKHO MOAABUTb 3(h(HEeKTHBHO.

* DTOT PUCYHOK 3aMMCTBOBaH M3 craTbd KoJssabopauun CMS (JHEP 01 (2021) 148).



102 Crabole s83aumodelicmeus dLeMEHMAPHLLX YACMUY,

Haubosee 9uCTBIM MPOIECCOM PETHUCTPAIlMH POXKAeHHS 0030Ha XHUITCa SBJISI-
eTcsl ero pacmajg Ha naBa Z-6030Ha (puc.42a), KOTOpBIH, OTHAKO, MOAABJEH IO
KMHEMaTHYeCKUM cooOpakeHusiM. JleHCTBUTEJNbHO, CYyMMa MacC ABYX Z-0030HOB
6oJiblle Macchl 6030Ha XUIrrca, U M03TOMY TOJIBKO OAMH U3 Z-0030HOB POXKAAeTCs
KaK peaJjibHasi 4yacTHI@a HA MacCOBOH MOBEPXHOCTH, a APYrOH — B BHUPTyaJbHOM
coctossHuU. Ecau peanbHBIM W BUPTyasbHbIH Z-6030HBI pacrnajaloTcs Ha Mapbl
3apsi’KEHHBIX JIETITOHOB, TO Macca 6030Ha XHUITca OfHO3HAYHO BOCCTaHABJIMBAETCS
U3 UMITYJIbCOB U HEPrUH JIENTOHOB.

TaxkoBo KpaTKoe omucaHue cBOWCTB 6030Ha XUITCa, KOTOPBIM MBI U 3aBeplIaeM
M3JI0’KeHHe Halllero Kypca.
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