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Yactuupbl
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* OJIEKTPUYECKUU 3aPA]
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LEPTONS

* MarHuTHbIM MOMEHT "

* .. E

J =

N =

Mass m = (548.57990946 + 0.00000022) x 10~° u
Mass m = 0.510998928 + 0.000000011 MeV
Im . — m _|/m< 8x109, CL =90%
|Go+r + go—|/e < 4x 1078
Magnetic moment anomaly
(g—2)/2 = (1159.65218076 + 0.00000027) x 10~°
(8.+ — 8.-) / Gaverage = (—0.5 £2.1) x 10712
Electric dipole moment d < 0.87 x 10728 ecm, CL = 90%
Mean life 7 > 4.6 x 1026 yr, CL = 90% [



KaK HanTu HOBble YacTuupbl?

* Kocmmnyeckue nyyvu

* YcKoputenu/Konnamaepboi:
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3aKOHbI COXpPaHeHUA U CUMMeETPUA

3aKOHbl coxpaHeHua | CummeTpua

Umnynbe [lpoCTpaHCTBEHHaA

JdHeprua BpemeHHasn

Yrnoson nmnynosc BpawaTtenbHas
MHBAPUAHTHOCTb

3apag, KM ¢a3a
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AP PEKTUBHOE NOIIEPEYHOE CEUEHHE

* dpdexkTuBHOE
mornepevyHoe
ceueHue (c) — 3TO
dusnyeckada BeJIMUKHA,
XapaKTePU3YIOMias
BEPOATHOCTD MepPeXoia
CHCTEMBI JIBYX
B3aNMO/IENCTBYIOIINX
YaCTHUII B
OIpeJieJIEHHOE

KOHEYHO€ COCTOAHIE.
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http://ru.wikipedia.org/wiki/%D0%A4%D0%B8%D0%B7%D0%B8%D0%BA%D0%B0

PeszoHaHC

 Pe3oHaHC — 3jieMeHTapHadA YacTUIlA C KOPOTKUM
BpeMeM KU3HU. OpenessaioTcsa KaK UK B
pacrpeaeIeHUuU S HEPTUU BTOPUYHBIX YaCTUII.
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http://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82%D0%B0%D1%80%D0%BD%D0%B0%D1%8F_%D1%87%D0%B0%D1%81%D1%82%D0%B8%D1%86%D0%B0

HemMHOro nctopum

1897 - 1>k. TOMCOH OTKpPbIN 3N1EKTPOH (e);

1905 r. - AnbbepT dMHWTENH Npeanonoxumn, 4to GoToH obbacHAET GoTo3IPPEKT.

1911 - DpHecT Pe3epdopa OTKpPbIN A4PO aTOM3;

1919 - SpHcT Pe3sepdopa obHapyKMa NpoToH (p);

1928 - Mo [upak nocTynmMpoBan CcyLLecTsoBaHMe NO3NUTPOHOB B pe3y/ibTaTe ypaBHeHUA upaka;
1930 - BonbdraHr MNayam noctynmposan HEMTPUHO ANA 0O bACHEHUA SHEPreTUYEeCKOro CrnekTpa
b6eTa-pacnagos;

1932 - Axkenmc YaaBuK OTKPbIN HENTPOH (N);

1932 - Kapna [1. AHAEpPCOH OTKpPbIA NO3UTPOH (e*);

1935 - Xuagekn KOKaBa npeacKkasan cyLecTBOBa 15y 1900 1910 1920
-HMEe MEe30HOB KaK HecyLmx 4YacTuL, CUIbHOM | R A R R A S

AOEPHON CUNbI; I_I | ‘rt |
1936 - Kapn . AHAepCOH OOHApYXMA MIOOH, 1920 1930 1940 1950
“3yyas KOCMMYecKoe nsnyyenue (u); I e I‘H‘I = '+' EEENEE '+'+|
1947 rop - Axopax AuKcoH Poyvectep um n et nt nt g*
Knnddopa batnep obHapyxumam kaoH (K), 'l*?lﬁﬂl o I'lTrﬂl .
NepByo CTPaHHYIO YacTuLy; YV YW VL VW
1947 - Cecun Nayann, Ue3sapb /1atTec u n'l]]nﬂg’—: PY%IIA) PV ...and many

K'A = n z0 oé¢n  more!
[xy3enne O4nanmHmn obHapyKMAU NUOH (T); Nt g

1955 - OyaH YembepneH, Imununo Cerpe,
Knanpg Burana n Tomac incnnaHTtuc
0bHapYKMUAM aHTUNPOTOH; 13



Knaccnpumkauma yactmy, (aapoHoB)

Meson
octet

Gell-Mann (Nobel Prize in Physics 1969) & Zweig

Baryon

octet

Baryon
decuplet


https://en.wikipedia.org/wiki/Murray_Gell-Mann

It has been pointed out' that among the multitude
OT K b I T M e ! !- M K B a K O B of resonances which have been discovered recent-
p p ly, the N,,,*(1238), ¥,*(1385), and Z,,,%(1532)
can be arranged as a decuplet with one member
still missing. Figure 1 illustrates the position
of the nine known resonant states and the postu-

lated tenth particle plotted as a function of mass
and the third component of isotopic spin. As

VorLume 12, NUMBER 8 PHYSICAL REVIEW LETTERS 24 FEBRUARY 1964 -
can be seen from Fig. 1, this particle (which
OBSERVATION OF A HYPERON WITH STRANGENESS MINUS THREE* we call Q°, following Gell-Mann') is predicted
V. E. Barnes, P. L. Connolly, D. J. Crennell, B. B. Culwick, W. C. Delaney, to be a negatively charged isotopic singlet with
W. B. Fowler, P. E. Hagerty,! E. L. Hart, N. Horwitz,T P. V. C. Hough, J. E. Jensen, strangeness minus three.* The spin and parity
J. K. Kopp, K. W. Lai, J. Leitner,TJ. L. Lloyd, G. W. London,! T. W. Morris, Y. Oren, .
R. B. Palmer, A. G. Prodell, D. Radoji¢ié, D. C. Rahm, C. R. Richardson, N. P. Samios, should be the same as those of the Ny,,*, namely,
J. R. Sanford, R. P. Shutt, J. R. Smith, D. L. Stonehill, R. C. Strand, A. M. Thorndike, 3/2°. The 10-dimensional representation of the
M. S. Webster, W. J. Willis, and S. S. Yamamoto : =
Brookhaven National Laboratory, Upton, New York grOUp SU, can be identi.ﬂed with ’“8' S\ICh a ?ec
(Received 11 February 1964) uplet. Consequently, the existence of the
has been cited as a crucial test of the theory of
L"‘ d N e e . unitary symmetry of strong interactions.®* The
! S e S mass is predicted® by the Gell-Mann—Okubo mass

formula to be about 1680 MeV/c?. We wish to
report the observation of an event which we be-
lieve to be an example of the production and decay
of such a particle.

KBapKku 6b11n obHapyKeHbl
B 3KCMepPUMeEHTaxX No
rnybokomy Heynpyromy
paccesHuIo B

CtaHdOopACKOM IMHEMHOM
YCKOPUTE/IbHOM LLEHTPE B
1968 roay...
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‘pesonoumnn

Computer reconstruction of a psi-prime |
decay in the Mark | detector
Riordan, Michael.
The Hunting of the Quark.
1987. p. 313

HosbpbCcKa

610 ‘?@)ﬂGpﬂ 1974 r. ®uankn Mapka | gsaxkabl

“;nposepunn 1o, 4To OHK CUUTANN
HEe3HaYMUTe/IbHbIM CTAaTUCTUUYECKUM .
HeCOOTBeTCTBMEM B CBOUX AaAHHbIX. )KypHan
nouasblsaeT ABa rpadukKa B % ¢
norapmbmuqecxom macwrtabe. MeTku Ha ocu
y FAacar: o (H6), (up / ee) / (up / ee) K34
Ha ocu x HaumeHbLuee Yyncno pasHo 1,55,
Hanﬁonbu.lee -1,57.
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https://www.slac.stanford.edu/spires/find/photoindex/www?rawcmd=FIND+NEGATIVE-NO+slide747
http://www.symmetrymagazine.org/article/september-2005/j%CF%88-particle

KBaHTOBaA anekTpoamHammka (K3/)

YpaBHeHUe LLpegunHrepa

Co3paHa B 1940-x rogax B pabotax PemHmaHa, LLBnHrepa,
TomoHarun, lancoHa.

ObbeaeHseT KBAHTOBYHO MEXAHWUKY, CMeLnasibHYO TEOPUIO
OTHOCUTE/IbHOCTU U INEKTPOMArHeTU3M

YpaBHeHUe [Inpaka

“9, +im )y =0, {w,yv}:

OnucbiBaeT B3aMMOAENCTBUA C y4acTUEeM FraMMa-KBaHTOB
(poToHOB)
— BCAKOE B3aMMOJENCTBME HOCUT
0bMeHHbIN XapaKTep.
— [1nAa KaxXaoro Tmna B3aunMoaencTBus ecTb
* 4acTULbI - 06BEKTbI B3aMMOAENCTBUA
* 4aCTULUbI - NEPEHOCYUKN B3aMMO4enNCTBMUA

29*"
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https://ru.wikipedia.org/wiki/%D0%A4%D0%B5%D0%B9%D0%BD%D0%BC%D0%B0%D0%BD,_%D0%A0%D0%B8%D1%87%D0%B0%D1%80%D0%B4_%D0%A4%D0%B8%D0%BB%D0%BB%D0%B8%D0%BF%D1%81
https://ru.wikipedia.org/wiki/%D0%A8%D0%B2%D0%B8%D0%BD%D0%B3%D0%B5%D1%80,_%D0%AE%D0%BB%D0%B8%D0%B0%D0%BD
https://ru.wikipedia.org/wiki/%D0%A2%D0%BE%D0%BC%D0%BE%D0%BD%D0%B0%D0%B3%D0%B0
https://ru.wikipedia.org/wiki/%D0%94%D0%B0%D0%B9%D1%81%D0%BE%D0%BD,_%D0%A4%D1%80%D0%B8%D0%BC%D0%B5%D0%BD

Bpema *XnU3HM yactuy,

Strong  Electromagnetic ' Weak
T N\ N7 ‘ A -~
Resonances
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Cnhabblie n JIEKTPOMAlrHMUTHbIE NPOLUECChI

o=

crnaboe : :

. :% q_MW
W 477:V Oy -
u

u

» TsaxKenblin NpepeHoCUYMK -> ManeHbKM pagnyc B3aMmoaencTeBmns

M,, =80.4 GeV = Range zl\/li ~0.002 fm

W

» [lepeHoCUYMK HeceT 3/IeKTPOMArHuUTHbIN 3apAaa
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HenTtpanbHble TOKU

€ &

[lepBbIn NpuMep npouecca HENTPasribHOro Toka.
OJIEKTPOH MPOeLNpPYeTCs C SHeprnen
400 MaB nog yrnom 1,5 = 1,5 ° K nyuy,
BXOASLLEMY cripasa.
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OTKpblTME Z 6030HA

TR 30/5 /33
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. 9 b0 /2'.-\'3 At
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3. F423/100) ete )
w~ 93 GV i vecovded 12 wewades apart ;

Hi - pdme | ete
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HapylieHue sanekTpocnabou
CUMMETPUN

c
+

S8 = BB
-) =09
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HapylieHue sanekTpocnabou
cummeTpum (MoteHuman nonsa Xurrca)
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HapylieHue sanekTpocnabou
cummetpun (MoTteHumnan nona Xurrca)

Th much
energy! | think I'll
hang out down there.




OTKpPbITMA NPOAO0NKAOTCA

The Quark Idea
(up, down, strange) (char [:ll;nﬁﬂm}

1960 ¢ 1970 v l 1980

A4 484 A4

Iy tDT ANB Wiz

(top) N D.
1900 l 2000 v Tog =,
I | I I I I | I | I N | L1 1
A4
Es t H

Ap

150
IIIIIIIIIIIIIIIIIIIIlIIIIIIIII|
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CTaHOapTHaA
Moaenb (CM)

1968: SLAC

up quark

1968: SLAC

down quark

1956: Savannah River Plant

e

electron neutrino

1897: Cavendish Laboratory

electron

1974: Brookhaven & SLAC

charm quark

1947: Manchester Univ..

strange quark

1982: Brookhaven

muon neutrino

1937: Caltech & Harvard

1995: Fermilab 1979: DESY

g

1977: Fermilab 1923: Washington Univ.

top quark

bottom quark

2000: Fermilab 1983: CERN

W

T

tau neutrino

1976: SLAC 1983: CERN

L

2012: CERN

H

Higgs boson




Mup BOKpYr HacC

ATOM IIPOTOH
Kuciaopoaa

HEUTPOH

27



CTaHOapTHaA
Moaenb (CM)

102 —
10° Bottom quark
Charm quark
10° Tou
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S 10" .
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£ 10 '
’ ‘
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o0
= _Up quark
= 10
n
= Etectron
10 -
T Sl R UASSTEER
102 3 BOSONS
Muon-
neutrino Tau:
10" Electron- o' neutrinog
neutrning
1% Q‘

|

FERMIONS®
First Second Third

Generation Generauon Generation

Top quark

~——— BOSONS

) Photon

. Gluon

1968: SLAC

U

up quark

1968: SLAC

down quark

1956: Savannah River Plant

Ve

electron neutrino

1897: Cavendish Laboratory

e

electron

1974: Brookhaven & SLAC

C

charm quark

1947: Manchester Univ..

S

strange quark

1982: Brookhaven

Vi

muon neutrino

1937: Caltech & Harvard

1995: Fermilab

top quark

1977: Fermilab

bottom quark

2000: Fermilab

V

tau neutrino

1976: SLAC

T

T

1979: DESY

g

1923: Washington Univ.

1983: CERN

W

1983: CERN

L

2012: CERN

H

Higgs boson

N



Bsanmogencrsua B npupose

I'paBUTAaIIOHHOE

Graviton?

rpaBHTOH (G) ? B systems

Galaxies

C a

Gravity Force

up
_ u?@ quark
g d ) down Mesons
<

I Electromagnetic force

9.71 eI{TpO- Hydrogen atom
MArfmrHoOeEe

Water molecule

dPoTon
Oxygen atom
(974 \ VA RN
Photon

CuiabHOe
Gluons (8) %
i
uarks
] ) 8

I's1ir00H (g)

quark  Baryons Nuclei
proton

- down

@ quark
up i'3 down
quark quark

neutron  Particle Burning of the sun

neutron Strong force
Weak force
| C1a0o0e
Bosons (W,Z)
Y
neutrino ‘ .
%glectron ~y b
\@ ‘4‘/‘
\ @J@ Neutron decay
W force Beta decay
proton

carrier Neutrino interactions
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B3anmoaencrsma B npupoae

B3aumo- TeKyLwee onncaHue Yactuua- Ksagpar 3aBucmmocTtb
aeuncreme Teopuen NepeHOCYUK KOHCTAHTbl OT PACCTOAHUA

O6buwan Teopua
Mpasutauua OTHOCUTENbHOCTU
o710

[paBUTOH
(runotetnu.)

1040 1/r?

Teopus
W+ W- Z° 6 _
Cnaboe aneKTpocnaboro 10 e™My,"/r
< 6030HbI ’
B3aumogaeincreusa (TIB) -

KBaHTOBaA
31IeKTpoANHAMMUKA doToH 1/137 1/r2

(K34)

KBaHTOBas 4 g
Cunbhoe xpomoauHamuka (KX/) [nioo 1 B g 7 + kr

INNeKTpoMarHu
THOEe

CrangaptHasa Mojiejib OIIMCHIBAaeT CUJIbHbIE, CJIa0ble U

IJICKTPO-MarHUTHbHIC B3aHMO}IEﬁCTBHH
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https://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%B0%D0%B2%D0%B8%D1%82%D0%B0%D1%86%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%9E%D0%B1%D1%89%D0%B0%D1%8F_%D1%82%D0%B5%D0%BE%D1%80%D0%B8%D1%8F_%D0%BE%D1%82%D0%BD%D0%BE%D1%81%D0%B8%D1%82%D0%B5%D0%BB%D1%8C%D0%BD%D0%BE%D1%81%D1%82%D0%B8
https://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%B0%D0%B2%D0%B8%D1%82%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%A1%D0%BB%D0%B0%D0%B1%D0%BE%D0%B5_%D0%B2%D0%B7%D0%B0%D0%B8%D0%BC%D0%BE%D0%B4%D0%B5%D0%B9%D1%81%D1%82%D0%B2%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D1%81%D0%BB%D0%B0%D0%B1%D0%BE%D0%B5_%D0%B2%D0%B7%D0%B0%D0%B8%D0%BC%D0%BE%D0%B4%D0%B5%D0%B9%D1%81%D1%82%D0%B2%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/W-_%D0%B8_Z-%D0%B1%D0%BE%D0%B7%D0%BE%D0%BD%D1%8B
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D0%BC%D0%B0%D0%B3%D0%BD%D0%B8%D1%82%D0%BD%D0%BE%D0%B5_%D0%B2%D0%B7%D0%B0%D0%B8%D0%BC%D0%BE%D0%B4%D0%B5%D0%B9%D1%81%D1%82%D0%B2%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%9A%D0%B2%D0%B0%D0%BD%D1%82%D0%BE%D0%B2%D0%B0%D1%8F_%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D0%B4%D0%B8%D0%BD%D0%B0%D0%BC%D0%B8%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%A4%D0%BE%D1%82%D0%BE%D0%BD
https://ru.wikipedia.org/wiki/%D0%A1%D0%B8%D0%BB%D1%8C%D0%BD%D0%BE%D0%B5_%D0%B2%D0%B7%D0%B0%D0%B8%D0%BC%D0%BE%D0%B4%D0%B5%D0%B9%D1%81%D1%82%D0%B2%D0%B8%D0%B5
https://ru.wikipedia.org/wiki/%D0%9A%D0%B2%D0%B0%D0%BD%D1%82%D0%BE%D0%B2%D0%B0%D1%8F_%D1%85%D1%80%D0%BE%D0%BC%D0%BE%D0%B4%D0%B8%D0%BD%D0%B0%D0%BC%D0%B8%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%93%D0%BB%D1%8E%D0%BE%D0%BD

CtaHaapTHaA
Mopaenb (CM) u | C

up quark charm quark top quark

1979: DESY

1968: SLAC 1947: Manchester Univ.. 1977: Fermilab 1923: Washington Univ.

S /4

down quark strange quark bottom quark photon

1956: Savannah River Plant 1982: Brookhaven 2000: Fermilab 1983: CERN

Ve | Vu | Vo | W

electron neutrino muon neutrino tau neutrino

Electromagnetic force

Hydrogen atom

1897: Cavendish Laboratory 1937: Caltech & Harvard 1976: SLAC 1983: CERN

e T | £

electron

Protons and
Neutrons Electron

2012: CERN
Atoms
Light {
Chemistry

Electronics

Higgs boson
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CtaHaapTHaA
Mopaenb (CM)

anti-

\f)

neutron

electron

neutrir:% e

W force
carrier
particle

Weak force

Bosons (W,Z)
¢ f ’
O
< J

y

Neutron decay

Beta decay

Neutrino interactions
Burning of the sun

1968: SLAC

U

up quark

1968: SLAC

down quark

1956: Savannah River Plant

Ve

electron neutrino

1897: Cavendish Laboratory

e

electron

1974: Brookhaven & SLAC

C

charm quark

1947: Manchester Univ..

S

strange quark

1982: Brookhaven

Vi

muon neutrino

1937: Caltech & Harvard

1995: Fermilab

{

top quark

1977: Fermilab

bottom quark

2000: Fermilab

Ve

tau neutrino

1976: SLAC

T

1979: DESY

1923: Washington Univ.

1983: CERN

1983: CERN

L

2012: CERN

H

Higgs boson
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CmewmnBaHue Yyactumu

CKM PMNS
d > b Vi V2 V3
U L] 'VE o

arXiv:1212.6374 33



CmewmnBaHue Yyactumu
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CPT-MHBapPUAHTHOCTb

Fundamental symmetry transformations:
Charge Parity

Individual symmetries violated

Product of all three— “CPT” symmetry— preserved

35



CtaHaapTHaA

Moaenb (CM)

up
quar

up
quark

@D =
k quark

proton

P

PN

quark

Gluons (8)
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CtaHaapTHaA
Mopaenb (CM)

KBapku He CyIIeCTBYIOT

B CBOOOJITHOM COCTOSAHUU
OHU QPOPMUPYIOT
«OeciBeTHbIE» APOHBI:

Me30HBI

bapuroHbI
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CTaHOapTHaA
Mopaenb (CM)

Q MaccC 4aCTUIJ

4 TIapaMeTpa

MAaTPUIbl CMELTHBAHUS
KBapKOB

2 rapaMerpa mnoJsid Xurrca

3 KOHCTaHTHI
B3aUMO/IEHICTBUA

3 Macchl HEUTPHUHO

4+2 mmapamMeTpa MaTpPUIlbI
CMeIINBaHUA HEUTPUHO
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https://ru.wikipedia.org/wiki/%D0%9F%D0%BE%D0%BB%D0%B5_%D0%A5%D0%B8%D0%B3%D0%B3%D1%81%D0%B0

Yactuupbl

Bce yacTuubl pacnagatoTcs, ecam sTomy

He NPenATCTBYIOT 3aKOHbI COXPaHEeHUA:

3HEePrMn-MMnynbea
MOMEHTA MMMY/IbCA
3apAaga
6apMOHHOro Yyncna
NeNTOHHOTO Yncna
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Yactuupbl

CtabuabHbIE YACTUIIBL: ©
(snmexTpon), v (poToH),
HeuTpuHo, p(uud) mporon

J1OIrOKUBYIIIHE

yacTunpl: | (oo ), nt(ud)
nroH, K*(usS) xaon, n(udd)
HEUTPOH...
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Figure 15.1: SU(4) weight diagram showings the 16-plets for the pseudoscalar (a) and
vector mesons (b) made of the u, d, s, and ¢ quarks as a function of isospin I, charm C, and
hypercharge Y = B + S ~£. The nonets of light mesons occupy the central planes to which
the ¢z states have been added.
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Figure 15.4: SU({4) multiplets of baryvons made of u, d, s, and ¢ quarks. (a) The 20-plet
with an SU(3) octet. (b) The 20-plet with an SU(3) decuplet.
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The Standard Model of Particle Physics
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KuUpasibHble KBAPKU U 1IENMTOHDbI

The WEAK interaction distinguishes
between LEFT and RIGHT-HANDED
states.

The weak interaction couples
preferentially to

LEFT-HANDED PARTICLES
and
RIGHT-HANDED ANTIPARTICLES




B-decay: parity not conserved!
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