CMS

BbBeaeHue BbB pU3MKaATa HA
eJIeMEHTAapPHUTE YaCTUIlH

MapuaHa lllonoega
HUAUAE, bsazapcka akademusi Ha HayKume
Ilnroeduscku Ynusepcumem , Ilaucuti XusneHdapcku”



[loa pyHAaAMEeHTA/IHU 06E€KTHU HUE
“MMaMe npeABHJ, 4Ye Te HAMaT
CTPYKTYpa U He Ca CbCTABEHU OT
APYr4 NO-MaJIKM 00€EKTH.



http://www.particleadventure.org/standard-model.html
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du3ukKa Ha CJICMCHTAPDHUTE YaCTHULH

-
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Matounuk: https://www.sciencephoto.com/media/669750/view/structure-of-matter-illustration

n3ydyaBa QyHAaMEeHTAJHUTE CbCTaBHM YaCTH Ha
MaTepUATa M B3aUMOAEUCTBUATA MEXKAY THX.



CuMmeTpusATa KaTO 00eAUHABAL IPUHIIUII

Bpbp3ka Mexay TIJI00a/IHUTE CHMETPUM H
3aKOHMTe 3a 3alla3BaHe

* IIpocTpaHCTBEHU CUMETPUH

XOMOT'€HHO U HM30TPOIIHO IPOCTPAHCTBO-BpEeMe -> MacCa, CIIMH,

e 33E, 331, 33MU

Emu Hhotep * BbTpelHu CUMEeTpUHU
(Emmy Noether)
3aKOH 3a 3ama3BaHe Ha 6aUuOHHOTO YUCJIO, JIEITOHHO YUCJIO, ...

* TIJ106a/1HU CHUMETPUH

3aKOH 3a 3ama3BaHe Ha €JIEKTPUYHHUA 3apAd, UBETa, ...

 JIOKa/IHH /Ka/JIuGPOBbYHH CHMETPUH O —— G
HpeHOCHTeJIH Ha BBaHMOﬂeﬁCTBHe ’
- ”. ‘#\}
« JMCKpPEeTHH CHMETPHUH . X v/r

HpOCTpaHCBEHO OTpaxKeHue . ”
[Fl=6—== Symmetry [F]= =2

i r sics\"_ime translation invariance) an‘le i r &
[IpocTpaHCcBeHO OTpaXkeHUe et ‘“—l—--/ e el

Conservation Law

3 apHA OBO CII pﬂ rage (Energy conservation) € Noether's theorem



HenpeknbCHaTH CUMETPUHU

TpaHc/anysa B IpOCTPAHCTBOTO BbpTeHe B IPpOCTPAHCTBOTO

HEIIPpEKbCHATA

HEeIIPpEeKbCHATA

‘AKOCHMprHﬂTaOCTaEaHHBapHaHTHa=§33H83B3HCIHLHMHYHGHH
MOMECHTA Hd UMIIYJICA



JAUCKpPEeTHHU CUMEeTPUH

0°0Q

Particle Antiparticle
4—°— P s
Spin Spin

Time Time

»,C" - 3apsiA0Ba YETHOCT,

peobpa3oBaHUE HA 3apSAJUTE Chargelnversion = @] P

»1 ' —BpeMeHHa YeTHOCT,

»,P“ - MpoCTpaHCTBEHA YeTHOCT, Ipeobpa3oBaHUeE
Ha  KOOpPJAWHATHTE, OTIJeJaJHO  OTpakeHUe,
aKCMaJIHUTE BEKTOPH 3ama3BaT I[ocoKaTa CH,
JIOKaTO MOJIIPHUTE 5 IPOMEHST NPOTUBOIOJ0KHO

- Particle-antiparticle
mirror

Inversion

00pbllaHe Ha MOCOKAaTa HAa BPEMETO Spatial

mirror

-
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Hapymelme Hd CHUMETPpUHUTE

Oomara CPT ce 3anna3Ba

Ci1a6uTte B3aumMoAeicTBUA Hapymasar P, a
ChII0 M KOMOMHUpPaHaTa CP HNHBapUaHTHOCT.

~

credit: Chris Parkes http://slideplayer.com/slide/774084/
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http://slideplayer.com/slide/774084/

dyHAaMeHTa/IHU B3aUMOAEeUCTBUS

EnekTpoMarHuTHo: Hati-uzcaedsaHomo  83aumodelicmeue,  C8emJlUHda,
e/leKmpu4ecmeo, e/1eKmpoHUKd ..., 8 0CHO8AMA HA NOYMU 8CUYKU MEXHO/102UU.
CuaHo: Bsaumodelicmguss HA NpPomMoHuUme U HeympoHume 8 s0pomo,
g3aumodelicmaust Ha KeapKume u 2/lyOHUme;

Cna6o0: EHepzust Ha casHYEemo, paduoakmu8Ho pa3naodaHe;

paBUTALMOHHO: 3adspica HU Ha 3emsama, CasHYe8d cucmemad,...

BBaHMOAEﬁCTBaHLI/I CH YaCTHUIIM + IPEHOCUTEJIN HA BBaHMOAeﬁCTBHe

CraHgapTeH MoJeJ I HA eJIEMEeHTAPHUTE YaCTUILHA
CM He BKJ/IIOYBA rpaBUTanuA!




Cra”HaapTeH MoJeJl

Tpu nokosieHus pepMUOHU:

@)

O

KBapku

JlenToHU

YeTrpu pyHJaMEeHTATHU
B3aMMO/JENCTBUS U TEXHUTE
IpPEeHOCUTE/IU

@)

©)

©)

©)

Macu Ha yacTuuuTe - Xuac 6030H (H)

HMa BBIpoCH,

I'tyoHu - CuiHo

PomoHU - EJIeKTPOMarHuTHO

W+, W-uZ - Ciabo

'paBUTOH - rpaBUTALIMOHHO
m He ce pasriex/a B CM
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https://www-f9.ijs.si/~lubej/
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Bcuuko 866 BcesieHama om 2asiakmukKume 00 nJidHUHUmMe u
MOJ/IEeKyJ1ume e usapadeHo om KedpKu U jsienmoHUu.

Ho daau moea e ecuyko?

AHTHYACTUIIUTEe UMAT CBIIUTE CBOMCTBa
KBapkuTe M JIeNTOHUTE Ca pas/IMYHU. KaTO CHLOTBETHHUTE YacTHMLM, HO HMaT

OcBeH TOBa 3a BCEKHM THI HqacCTHU L a NPOTHUBOIIOJIOXKHU 3apAaMU.
CblIE€CTBYBA U dHTHUYaCTHUILA.

THE MIRRIR DD RIT S££m+ T
BE OPERATING PRODPERL\Y.

up

b W=
@ @

anti-up annihilation gluon anti-top

http://www.particleadventure.org/antipreface.html

KoraTto B3auMoenCcTBAT YaCTHIA M AHTUYACTHIIA T€ AaHUXUIHUPAT.


http://www.particleadventure.org/antipreface.html

KBapKkoB cTpoex Ha aApOHUTE

B cpemaTta Ha MHUHaA/IUA BeK, YYEHUTE OTKPHUBAT CTOTHIM HOBM YaCTHIHU.
Mbpu l'en-Man (Murray Gell-Mann) u /xopmx LiBanr (George Zweig)
M3rpaXkJaT TeopUusiTa 3a KBAPKOBHUS CTPOEX HA aIpOHUTE, KaTO Mpearoarar,
ye BCUYKM Te3M 4YaCTUMIM MoraT Jla 0bJaT 00SICHEHM KaTO KOMOMHAILMA
€eJUHCTBEHO Ha TpUu GYyHAAMEHTA/IHU YaCTHULU, KOUTO Te HapuyaT
KBapKHU. Te nocTysiMpat ApoO€EH eJleKTPUYEH 3apsi/Jl Ha KBapKuTe. Pa3jinyHu
KOMOMHALIUM OT TPM KBAapKa M3rpakjaT OapUOHHUTE, a KOMOMHALUUTE
OT ABAa KBapKa U3rpakjaT Me30HH.

Murray Gell-Mann

‘ Atomic Nuclei = Combinations of Quarks|

Barvons = particles made of 3 quarks

/—@Jroton charge = +1 (2/342/3-1/3)
up quark down quark
@ neuiron —— charge =0 (2/3-1/3-1/3)

Mesons = particles made of 2 quarks

(&) =
down antiquark

charge =+1 (2/3+1/3)

strange
What binds quarks together?
Ilo-HaTaTbUIHUTE €KCIIEPUMEHTH IMOKA3BaT, Y€ BCbIIIHOCT . W .
AdAPOHUTE Ce U3IrpaxKadT He OT TPH, 4 OT 6 KBdpPKa. up quark gl down quark

the sirong force carried by gluons



KBapKu, rijiyoHU4 U IIBETEH 3apAaj

Cu/IHMTe B3aMMOJEWCTBUA 3a4bpP>KAT KBAapKUTE 3aeJHO B aJAPOHHUTE.
[IpeHOCUTENIMTE HA CUJHWUTE B3aUMOJEWCTBUS Ce HapuyaT TIJIyoHU (OT
aHTJIMUCKaTa AyMa glue - senuso).

 KBapkuTe U IrJ/IyOHUTE UMAT LBETHHU 3apPs M.

« KomMno3uTHuTe YaCTHUIHU, U3TPaAAECHHU OT KBAPKH Cd IBETOBO HEYTPAJ/ITHU.

° ]_lBeTHI/ITe 3apaAan H BBaHMOﬂeﬁCTBHH ce AbpXKAaT PpPa3JiMdHO OT
€JIEKTPOMAIrHUTHHTE. KBapKI/ITe HE MOraT Aa CbIIE€eCTBYBAT MHAWBHUAYAJJHO.
HpH OIIUT Jda pa3jgajeduM JBa KBdpPKd, CHJ/JIHATA Ha OBETHOTO
BSaHMOﬂeﬁCTBHe HapaCTBa HW 3dJbpPxKa KBAPKHTE B TadKad HaApPE€4Y€HHUA
KBAPKOB 3a4TBOD.



CHJIHM B3aMMOAEeMCTBUSA
KBaHTOBa XpOMOJAHHaAMHKa

Q00000000 "™
. ' ‘ ‘ ‘ . . ' . - Ksapkute uma 3 nBsATa

YyepBeH, CUH U 3eJIeH
* TIs1iyoHuTe (MpeHOCUTE/NHN HA

B3aMMO/JEeNCTBUETO) CbIO UMAT ‘ $ 3 0 D ‘ ‘ ‘
IBAT - 8 uBATa

Eessssm—— Strong ——

Q\g/

* TJs1iyoHMTE HAMAT Maca

g g g g
* 3ama3Ba apoMaTa Ha KBapKuTe
9
g 9 9 g

 AcMMOTOTHYHA CBOOOJA

Range ~ 10-"* m, relative strength = 1



KBaHTOBa XpOMOJAMHaAMHUKAa
yAbpxkKaHe (confinement)

YA'BPXKAHE: uBeTHUTE YaCTHUIM Ca OrPAaHUYEHHU B paMKHTE HAa Oe3lBEeTHU
aJpPOHU NMOpaJU NMOBEeJEHUETO Ha IBETHUTE CUJIU IIPU roJieMH Pa3CTOSHUSA

CusaTa Ha MpPHUBJHWYAHE MEX/JU IBETHUTE 4YaCTUIM HapacTBa C
pa3CTOSIHUETO —> HapacTBaHe Ha MOTeHlLMa/lHaTa €eHeprus -
pakJaHe Ha KBapK-aHTUKBAapPKOBH IBOMKH, KOETO HeyTpaJIu3upa
1BeTa — GopMUpaHe Ha Oe31BETHU a[JpOoHH (aAPOHU3ALMA)

ene old
’ T8y encrgy
. newly
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C Hadron Jet >
Qurypurte ca oT

https: h.cf2.quoracdn.net/main-gimg-5f56c16ebb060ddd52eaf60dd456b527.webp u https://en.wikipedia.org/wiki/Color confinement

ol

YA'BPKAHE, AIPOHU3AIIUA: cBOMCTBA, 3aK/JII0YEHHU OT HaoawaAeHue. /lo cera,
CBOMCTBAaTA HA LIBETHUTEe CUJIM HA ToJIeMHM Pa3CTOSAHUA HAMAT TOYHO
MaTeMaTu4ecko onucanue B KX/1


https://qph.cf2.quoracdn.net/main-qimg-5f56c16ebb060ddd52eaf60dd456b527.webp
https://en.wikipedia.org/wiki/Color_confinement

KBapKu - 0OCHOBHH XapaKTepPUCTUKH

https://pdg.lbl.gov/2023 /listings /contents listings.html

Mass 2.16 MeV 4.67 MeV 1.27 GeV 93.4 MeV 172.69 GeV 4.18 GeV
Q-charge in unites of 2/3 -1/3 2/3 -1/3 2/3 -1/3
(e)

B-Baryon number 1/3 1/3 1/3 1/3 1/3 1/3
C-charmness 0 0 +1 0 0 0
S-strangeness 0 0 0 -1 0 0
b-bottomness 0 0 0 0 0 -1
T-topness 0 0 0 0 +1 0

S-spin 1/2 1/2 1/2 1/2 1/2 1/2
I-isospin 1/2 1/2 0 ] 0 0
I, - isospin in z- 1/2 -1/2 0 0 0 0

direction

P-parity +1 +1 +1 +1 +1 +1



https://pdg.lbl.gov/2023/listings/contents_listings.html
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https://phys.org/news/2008-09-fermilab-physicists-doubly-strange-particle.html
https://www.open.edu/openlearn/science-maths-technology/particle-physics/content-section-4.1

JAUCKpPEeTHU CUMEeTpPpHUH

BbB (l)I/IBI/IKaTa Had €JICMEHTAPHHUTE YdCTHULH — 06p'bmaT Ceé BbTPCIIHUTEC
KBAHTOBH YHUCJIA.

3apeae1m ChbCTOAHHUA

e- (eJ1IeKTpOH)

< e+ (MO3UTPOH)
p (mpoToOH) <
&>
&>

P (QHTUIIPOTOH)

T- (oTpHULAaTE/IEH TMOH)
U (aHTH U KBapK)

T+ (M0J102KUTEJIeH MUOH)

u (u KBapkK)

HeyTpa/IH4 CbCTOAHUA

n (HeyTpoH) ©

N (AHTUHEYTPOH)
K° (x-Hys1a Me30H)

< KO (anTH K-Hy/1a ME30H)
n® (HeyTpa/ieH nHMoH) n’ (HeyTpa/ieH NHOH)



EnekTpoc/siadbu B3auMoAeuCTBUS

* [IIpenocutenu - W+, W-, Z0 6030HH, GOTOH

m Electromagnetic m

Nyl

e q
e’ \ / e*
<

S ¥

Range =, relative strength < 102

He 3ana3BaTt C-4yeTHOCTTA,
P-yeTHOCTTA
1 CP-yeTHOCTTA

Morar aa nDpoMeHAT
apoMaTa Ha KBapKuUTe

Range ~10-'® m, relative strength 10-'¢

 (C/raouTe B3aUMOJAENCTBUA - MHOIO Ma/'lbK pajguyC Ha JelcTBUe -
IPEeHOCUTEe/JIMTEe UMAT Maca

* EjeKTpoMarHMTHUTEe B3aMMOJENCTBUS — 6e3KpaeH paauycC Ha AelcTBUe
- IPeHOCUTe/InTe HMAaT Maca



CraHaapTeH MoJeJ1 Ha
eJIeMeHTapHUTEe YaCTUIlU

— {. qm; . _
Lr= P, (’&'}"“3 — M — ) W Higgs Interactions
Z ¢ B o9 My ¢
Z lII{y 1 — T"‘W"’ + T~ W )lII Weak Charged Interactions
— € Z qid)%-’y f,bz i Electromagnetic Interactions
5
2 oS 9W Z 'f)z')’ dﬂv dzA'Y )% Electroweak Neutral Interactions

http://pdg.lbl.gov/



http://pdg.lbl.gov/

Bces1eHaTa, KaKBaTO 51 IO3HABaMe

TeXKH eJIeMeHTH
0.03 %

HeyTpuHa
- 03%

3Be3au
0.5%

CB0OOAEH
BOAOPOA U
XeJnu
4 %

TbMHa MaTepusd
23 %

TbMHa eHeprusa
72 %




OTBOpeHHU BBIpOCH npe CTaHZaApPTHUA Mo el

. 3awjo umame 3 NnOKo/1eHUs eleMeHmapHu yacmuyu ?

. CeomHoweHue mamepusi/aHmumamepusi 868 Bcesienama u
8pe3Ka c CP HapyweHue 8 CmaHdapmHust Moden?

“ ” Dark Energy
° Om Kakeo e cocmaseHd “memMHama mamepus u 739,

“memHama enepaua” 66 Bceaenama?

. Ceoilicmeama Ha Mamepusmad 8 N'speume Mu208€ Hu
Bcenenama? (keapk-2/1100HHA naa3ma?)

. Cewjecmaysam a1u donsaHUmMeN e usmepeHus?

Atomic Matt()
4.6% \

Light / Neutrinos

UL 0.0034%

0 Hma nau Hoea cumempus? SUSY?

CumMyJianug Ha KBapK IJIDOHHA
IJia3mMa npu 2 tpujanoHa K

Quark Gluon Plasma

High Energy coliision creates a g
mixture of quarks and gluons
such as existed at the very early

Supersymmetric “shadow” particles SRS




ExcriepyuMeHTa/IHA NpOBepPKa
Ha CtanaapTHusa Moaes u
HOBHU eJIeMEeHTAPHH YaCTUILHA
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S/(S+B) Weighted Events / GeV
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Figure 1: Mass spectra obtained in the 2016 CMS Higgs search using the di-photon (left) and four-lepton (right)

decays channels. The significance of the observed signals around 125 GeV is larger than 5 standard deviations in

both channels. The analysed data correspond to an integrated luminosity of 13 fb~!, collected with the CMS

detector at a centre-of-mass energy of 13 TeV. 24



[leHTaKBapK

https://home.cern/news/news/physics/lhch-experiment-discovers-new-pentaquark

In July 2015, the LHCb collaboration reported the

P (4450)* and P (4380)* pentaquark structures.
The new particle is a lighter companion to these
pentaquark structures and its existence sheds
new light into the nature of the entire family.

2019

The LHCb collaboration has announced
the discovery of a new pentaquark
particle. The particle, named P (4312)*
decays to a proton and a J/{y particle
(composed of a charm quark and an
anticharm quark). This latest observation
has a statistical significance of 7.3 sigma,
passing the threshold of 5 sigma
traditionally required to claim a discovery
of a new particle.



https://home.cern/news/news/physics/lhcb-experiment-discovers-new-pentaquark
https://home.cern/science/experiments/lhcb
https://home.cern/news/press-release/cern/cerns-lhcb-experiment-reports-observation-exotic-pentaquark-particles

Xurc 6030H pa3naj Ha iBa MIOOHA

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/ 2 O 2 O
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/

OaepoH

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.062003 2 O 2 1
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.062003

TeTpakBapk

https://home.cern/news/news/physics/Ihcb-discovers-three-new-exotic-particles

The second kind is a doubly electrically
charged tetraquark. It is an open-charm
tetraquark composed of a charm quark, a
strange antiquark, and an up quark and a down
antiquark, and it was spotted together with its
neutral counterpart in a joint analysis of decays
of positively charged and neutral B mesons.
The new tetraquarks, observed with a
statistical significance of 6.5 (doubly charged
particle) and 8 (neutral particle) standard
deviations, represent the first time a pair of
tetraquarks has been observed.
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The first kind, observed in an analysis of “decays”
of negatively charged B mesons, is a pentaquark
made up of a charm quark and a charm antiquark
and an up, a down and a strange quark. It is the
first pentaquark found to contain a strange quark.
The finding has a whopping statistical significance
of 15 standard deviations, far beyond the 5
standard deviations that are required to claim the
observation of a particle in particle physics.
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https://cms.cern/news/flavoured-mysteries-searching-tau-leptons-3-muon-decay

CMS Experiment at the LHC, CERN
Data recorded: 2018-May-23 18:28:20.730112 GMT
Run / Event/ LS: 316766 / 2775245984 / 2002
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