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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”
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The Standard Model
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Zahvaljujem

e U FEC smo naudili suradivati

e Jedan dio slajdova, ideja, prikaza sam “ukrao”
od:
— Rolf Landua
— Marie-Helene Schune
— Ivica Puljak
— Bill Murray
— Caroline Collard
— i puno drugih...
— Oni losiji su vjerojatno moji ©

e Sad ste dio CERN-ove kulture: mozete ih dalje
koristiti, kopirati, prilagoditi...
— pptx Ce biti na raspolaganju

V. Brigljevic 6



Fizika: eksperimentalna znanost

R. P. Feynman

V. Brigljevic

“Physicists learned to realize that
whether they like a theory or
they don’t like a theory is not
the essential question. Rather,
it’s whether or not the theory
gives predictions that agree
with experiments”

Richard Feynman




Koji su gradivni
elementi svijeta?

Kako se
ponasaju?
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Fenomeni: u laboratoriju

GATLAS

)il EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC

V. Brigljevic 13



Kako eksperimentalno pristupiti EC

Sve informacije o elementarnim Cesticama potjecu iz triju
Izvora:

1. Rasprsenja
Cestica na metu ili sudar dviju snopa

Informacija o interakciji se dobiva iz mjerenja Cestica koje proizlaze iz
rasprsenja (masa, energija, pravac, impuls, spin, ...)

2. Raspadi %

Mjerenje ostataka spontanog raspada Cestica
Od svih poznatih Cestica: gotovo sve nestabilne!

3. Vezana stanja A
Mjerenje svojstava objekata slozenih od vise Cestica (masa, spin, ...)

15



Fizika na kraju 19. stoljeca

e Cijela fizika opisana kroz:
— Mehanika (Newton)

- Termodinamika
- Elektrodinamika (Maxwell)

“There is nothing new to be discovered

William Thomson in Physics now. All that remains is more

(Lord Kelvin) and more precise measurements.”
(Lord Kelvin, 1900)

e Samo nekoliko oblaka na inace

R i
BB vedrom nebu fizike:
e — Materija sastavljena od atoma?

o] Th] Pal U [Np] Pl Em{ Bt 1 E: [Pt No
— Spektar zraCenja crnog tijela?
— Michelson-Morley Eksperiment?

V. Brigljevic
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Elementarne cestice: do 1897.

*Lanthanide
Series

+Actinide
Series




1897., prva elementarna cestica:

Elektron

Elektroden D+E : Elektrisches
Feld
Spulen: Magnetfeld

------------------------------------------------

— Eksperimenti s katodnim cijevima
J.J. Thomson
1893. - 1897. Otkrice elektrona (J.J. Thomson)

(Struje u katodnim cijevima se sastoje od Cestica)

m, ~ M,,/1836

“Could anything at first sight seem more impractical than a body
which is so small that its mass is an insignificant fraction of the
mass of an atom of hydrogen?” (J.J. Thomson)

‘ ATOMI NISU ELEMENTARNI!

V. Brigljevic 18



Otkrice atomske jezgre:

Rutherfordov eksperiment

Ernest Rutherford (r) und Hans Geiger (l)

: w1 ..
(o] . i i
= e,
aA () -
a .
e ;
4
ollimator/shield .
PR (lead) Zn st in Manchester

Bitni elementni eksperimenta

* Snop

 Meta

» Detekcija

* Izbor podataka (u nasem zargonu: triggering)




Modeli atoma:

Thomson vs Rutherford

Thomson
+ naboj
homogeno
raspodjeljen u
cijelom atomu

Rutherford

Sav + naboj
Koncentriran
u maloj jezgri
R <<R

jezgra atom

Kakve eksperimentalne rezultate predvidaju jedan i drugi model?
U kojem ce slucCaju a Cestica vidjeti vecu odbojnu silu jezgre:
Ako prode van radiusa atoma?

Ako ude unutar radisua atoma?? )1
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Thomsonov model atoma
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Elektroni izmijesani s ostatkom atoma.

Atome ne mozemo vidjeti... ali mozemo traziti dokaze da su tu
Kakve eksperimentalne rezultate predvida model?




Rutherfordov model atoma
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Rutherford model:

| dalje ne mozemo vidjeti atome...

Negativni elektroni oko malog, gustog pozitivhog centra
Kakve eksperimentalne rezultate predvida ovaj model?

Jezgra atoma je 100 000 puta manja od promjera
atom!



Otkrice atomske jezgre

Source

. — Ernest Rutherford (r) und Hans Geiger
(Zn sulfur) (I)

in Manchester

“SCollimator/shield
(lead)

" It was quite the most incredible event that has ever happened to me in my life. It was B
almost as incredible as if you fired a 15-inch shell at a piece of tissue paper and it came g <] Electron cloud
. back and hit you. On consideration, | realized that this scattering backward must be the - ) >
result of a single collision, and when | made calculations | saw that it was impossible to :?_ﬂ 5 -
get anything of that order of magnitude unless you took a system in which the greater part “’i’“‘:‘;_::____::_‘“‘f“:_
of the mass of the atom was concentrated in a minute nucleus. It was then that | had the ° - 5
idea of an atom with a minute massive centre, carrying a charge. " 5
—Ernest Rutherford!'®! —-—9\\

Gotovo cijela masa atoma koncentrirana u jako maloj jezgri : < 27 X10 m



2 revolucije u ranom 20. stoljecu

RELATIVNOST KVANTNA FIZIKA
Fizika visokih energija Fizika najmanjih dimenzija
brzine ~ C

(
. Masa / Energija Val / Cestica

E= M c2 p=h/L
Einste.ij Bohr
(1905.) | (1913.)
Stvaranje Ispitivanje strukture

novih Cestica materije



Relativnost: postulati

1. Zakoni fizike su isti u svim inercijalnim
sustavima

2. Brzina svjetlosti (u vakuumu) je
konstantna i ista za sve promatrace

 Nema apsolutnog
vremena ni prostora
 Dilatacija vremena -
duljine

V. Brigljevic
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Masa i Energija

e Masa:
- Spremiste energije Cestica
— Ne ovisi o brzini

- “definirana” [M204 — F?% _ pzcﬂ

— U miru: E =M c2

- M je Lorentz invarianta: ista u svim
sustavima (E i p opcenito nisu)

- c velik: mala masa= velika koliCina
energije

V. Brigljevic 29




Jedinica za masu (Sl): kg

masa elektrona =10-30 kg
masa covjeka = 100 kg
masa Sunca = 1030 kg

Jedinica za energiju (Sl): J
Cesto se koristi u fizici:

eV (elektron volt)
1eV =16x10"1)
1 GeV = 109 eV
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E = mc?

¢ = 300 000 km/h = 108 m/s

c2=9 x 10" m2/s2 =101 m?/s?

. o NURAER! REND «
Wi\ /11,
\\\ 7
. \

o 100 //;’”2 .

m = 100 kg

E=mc2=10"J




in Data

Global primary energy consumption by source

B Table K Chart & Settings

—1- Other renewables

q‘ — Modern biofuels

160,000 TWh Solar
Wind
140,000 TWh Hydropower
: Nuclear
— Natural gas
120,000 TWh
100,000 TWh
80,000 TWh — Qil
60,000 TWh
40,000 TWh
— Coal
20,000 TWh
—— Traditional biomass
0TWh
1900 1920 1940 1960 1980 2000 2022

2022: 178899 TWh =6.44 - 1020 J = 7155 kg - ¢?
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100,000 TWh
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U fizici visokih
energija

E = mc? = [M] = GeV/c?

C=lwmpE=m == M]=GeV




|

Ocuvane velicine

e OCuvane veliCine u svakoj reakciji:
- Energija, kolicina gibanja
e Npr. reakcija 1+2 -> 3 +4 +5

3
2 — 5
By + FEy =Fs + E, + E-
p1 + P2 =p3 + Py + D5

~ Vrijedi

— Ali opéenito: My + My = M3 + My + Ms

Masa nije ocuvana velicina!
V. Brigljevic¢ 37



Sudari na LHC-u: Masa nije ocuvana

proton proton sudar na LHC-u
‘ ‘ CMS Expenment at the LHC, CERN

0B 0225 50 830k 11 GMT(04.2458 CESTY

U KEMIJI

“Ukupna masa tvari koje ulaze u kemijsku reakciju jednaka je ukupnoj masi tvari koje
nastaju tom reakcijom.
Ta se zakonitost naziva zakon o o€uvanju mase i temeljni je kemijski i Mzakon.”

NE VRIJEDI ZA FIZIKU NA VISOKIM ENERGIJAMA!

38



Relativnost | raspadi: Test

e Mase:
— Proton: 938 MeV
- A\ barion: 1116 MeV
- Pion [*: 140 MeV

e Ako proton miruje, je li dopusten

raspad
p— AT

a) DA
b) NE

V. Brigljevic 39



Relativnost | raspadi: Test

e Zbog oCuvanija energije se proton u miru ne

moZe raspasti na nadin D ; A7T_|_

- M(p) 938 MeV, M(A): 1116 MeV, M(O*): 140
MeV
e Na koju kineticku energiju moram ubrzati
proton za omoguciti taj raspad:
a) 318 MeV
b) 1256 MeV
c) 2512 MeV
d) Nikad nece biti moguce

V. Brigljevi¢ 40



Kako identificirati nevidljive cestice

/ Nije mjerena \ / El,ﬁ \
@ \ Mjerimo
5 EZ,E y : E,, P, /

Oduvanje bz = Ey + E
energie rimpusa  p, = p1 + Po Invarijantna masa

Vjezba: dodajte nedostajuce c faktore

(dimenzionalna analiza!) i



|zbor sustava

Mozemo promatrati raspad u viSe mogucih sustava

Raspad u letu Raspad u mirovanju
Py
— 1: M1
E. Py ,
> E;’:MZ
p— E:V/::l‘ 7\_» o) Z:O
EZ’ pZ - p
21 M2 —_— —
E'5 p2=-p,

Opcenito: E; i E’; nisu jednaki
U kojem sustavu racunati inv. masu za dobiti pravu masu Cestice?

1)U sustavu laboratorija
2)U sustava mirovanja

3)U nekom tre€em sustavu
4)U bilo kojem od navedenih

V. Brigljevic 42



|zbor sustava

Mozemo promatrati raspad u viSe mogucih sustava

Raspad u letu Raspad u mirovanju ,
E E’l, p’l
éﬁéplj oo
— p =0
EZ7 pZ - p
21 M2 —
E', p2=-p,

Opcenito: E; 1 E’; nisu jednaki
U kojem sustavu racunati inv. Masu?
Einstein : (B, + E2)* — (p1 + p2)* = (B} + E})® — (15;1 + 1?72)2

NIJE BITNO: INVARIJANTNA MASA NE OVISI O PROMATRACU
V. Brigljevic 43



Dogadaji sa 2 miona

CMS Experiment at the LHC, CERN

Data recorded: 2009-Dec-14 03:46:50.815379 GMT
Run: 124120

Ewvent: 5686693

Lumi section: 19

Orbit: 19245141

Crossing:

(z) CERM 2009, All rights reserved.

V. Brigljevic




Ponovno otkrice SM na LHC-u

E Im E CMS Preliminary, \s = 7 TeV
S .
‘.g 10 Y(1,2,38) |
w10™E [uu] _
- [da] 18] | ol
10k [cc]  [bb]
10° !_ ~1960 1974 1978 e
102 5 3
= CMS Preliminary  proton H
10F _
= Ns=7TeV, L =40pb’ 1983
1=
E 1 | L | 11 3 aqld " | oo o oual

1 10 102
w*u- mass (GeV/c?)

40 pb collected in 2010
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Elementarne cestice: kvantni objekti

e Svim Cesticama
pripadaju svojstva
Cestica:

- Energija, koliCina
gibanja, masa
— Za svjetlo (fotone)

E=hv
e Sve imaju i valnu
narav:
A=h/p

V. Brigljevic

Louis de Broglie (1924)
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Kvantna neodredenost

= | ® KoliCina gibanja i pozicija ne
\J mogu biti istovremeno
‘F‘fﬁ precizno mjerene:

’
erg (1925) ﬂrﬂp :::‘ o
— 2

e Isto vrijedi za energiju |
vrijeme:

AEAE 2 D

V. Brigljevic¢ 48



Kvantna jednadzba gibanja

e Schroedinger:ponasanje Cestica
opisano kroz valnu jednadzbu

M6« Novost: valna funkcija nije vige
direktno mjerljiva nego predstavlja
vjerojatnost!

e Nigdje tako dobro vidljivo kao kod
elementarnih Cestica

V. Brigljevié 49



Primjer slucajnosti. Z raspad

Eksperiment
Sudaramo snopove elektrona i pozitrona na energiji od 91 GeV
Produciramo Z bozone i prouCavamo njihove raspade...

Ajmo to ponoviti...

V. Brigljevic Randomness in Particle Physics



Jos jedan raspad Z bozona




| jos jednom

Stvarno se radi o ISTOM eksperimentu...

V. Brigljevic Randomness in Particle Physics



| jos jedan

V. Brigljevic Randomness in Particle Physics



Sto nam teorija kaZe o Z raspadima

e Predvida koje su ; pre””‘iiag
vrste raspada 10

moguce | * co oo

. . 10 3? ::;_:qg (1_()()

e Predvida koliko 3 | .
cesto (%) ce se 5 10°)
raspasti u svaki 6
I jako toéno! 5"

. o | ® e'e sWW y

Ali ne kaze ' yeeez 'l

] eeo Wy |.|W:,_

nam apsolutno P .

hista o ... 80 100 120 140 160 180 200

\s (GeV)
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.. A 8to Ce biti
sljedeéi?

Ako kvantna teorija vrijedi to nije odredeno fizikalnim
zakonima, cisto je slucajno!

V. Brigljevic Randomness in Particle Physics




Kvantno svojstvo: Spin

e Cisto kvantna pojava: intrinzi¢na kutna

koliCina gibanja,
e Kutna kolicina gi

e Kutna kolicina gi
vrijednosti, u jec

SPIN
panja je ocuvana velicina
banja moze imati samo

inici Planckove konstante:

-0,1,2,3,...: Bozoni
-12,3/2, 5/2, ...: Fermioni
e \Vazno svojstvo kvantne teorije:

— 2 fermiona NE MOGU biti u istom stanju
— 2 ili vise bozona mogu biti u istom stanju

V. Brigljevic
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Bozoni 1 Fermioni

Standard Model of Elementary Particles

three generations of matter
(fermions)

f ff fit
2 2 2 7% 2
mass | *2.4 MeV/c %1.275 GeV/c %172.44 GeV/c 0 %125.09 GeV/c
charge | 2/3 2/3 2/3 0 4 0

spin | 1/2 ‘Lll 1/2 CJ 1/2 1t/ 1 ‘ 0 H
up J charm J top J gluon Higgs
i \ y
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0 Y
-1/3 -1/3 -1/3 0 ~i
‘OOt @
down J strange J bottom J photon
. ~ \ \
~0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c? %91.19 GeV/c?
-1 =il -1 0 d
- O O @| @[z
electron muon | tau Zboson | S
| (7]
J — J \—— o
2 <2.2eV/c? <1.7 Mev/c? <15.5 MeV/c? 80.39 GeV/c? [a0]
0 0 0 +1 . (T ]
E 12 VS’ 12 Vg’ 12 v}, 1 m O
0. - ‘ -
L | electron | muon | tau ‘| Wboson | =
& neutrino 1 neutrino neut% §| G

Fermioni Bozoni
SPIN 1/2 1 0
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|

Kutna kolicina gibanja

Vrsta kutne kolicine Simbol Dopustene
CLERE] vrijednosti

Spin (intrizi¢ni) | S 0,1/2,1,3/2,2, .. |

Ukupna kutna koliCina gibanja

- J=L+8

V. Brigljevic 58



Kvantna teorija + Teorija relativnosti

e Schroedingerova jednazba nije
relativisticka

e Spajanjem dvije teorije dobivamo
vazne nove pojave:
— Za svaku cCesticu postoji i anticestica

— Cestice se mogu stvarati i ponistiti:
Broj Cestica nije oCuvan

V. Brigljevic 59






Cestice i ... Anticestice! .["®

Y,
Relativnost i kvantna fizika zahtjevaju 5 A M. Dirac

Za svaku cesticu postoji i anticestica sa istom
masom i suprotnim kvantnim brojevima

“Otkrio” kao teorijski zahtjev Dirac (1928.)

Potvrda: Otkri¢e pozitrona (anti-elektron): C.D.Anderson (1932)
Magnetsko polje B

23 MeV positron s
L0 ! (\_\ a2 i, ’1

6 mm thick Pb plat :

63 MeV positron —— | cloud chamber




Antimaterija u medicini:
PET Tomografija

Coincidence
Processing Unit

.......

"N,
AR AW
\\\\\\\
\\\\\\\

sasA Ay

T

sy o BA %
: =2

Sinogram/
Listmode Data

o 1.8 |

Annihilation Image Reconstruction
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Example of antiproton annihilation at rest in a liquid hydrogen bubble chamber

P+p—s KO+ K™ +TT*4 0
'ﬂ‘op—b‘ﬂup B
K™ +p— A%:91°
Tep P

KOs TT* 491~
M"ov
etsvaiy




1932.: Svijet je jednostavan

Otkrice neutrona (Chadwick, 1932.)

Neutron: Neutralna Cestica sa masom W =
kao proton ;‘

Elementarne Cestice 1932. g.:
- proton: Q=+1¢e
— Neutron: Q =0
- Elektron: Q =-1e

Matter

L aaeneenree
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Prvi snopovi: padaju s neba

Kozmicko zracenje
Jedini izvor visoko energetskih

¢estica do ~1950.

Clabr ime of an
electromagnetic shower.
Pb plates, each 1. 27 cm thick

V. Brigljevic 67




Svijet se zakomplicira...

Four events showing the decay of a n*

U kamiékom Zraéenju coming to rest in nuﬂgllfar emulsj}?n

otkriveni 58 "/ |
u @ B
potpuno neocekivan 3
(Rabbi: “Who ordered that?”) .ff/ F
— Teski elektron

1Y

— Iz sudara zracenja sa
jezgrama

> uv

T UV

u 1



... Sve vise i vise

~ 1950.-1960.: puno novih cCestica otkriveno u
kozmickom zracenju i na prvim akceleratorima
(CERN, BNL, ...)
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Jesu li stvarno?

1
KQ\ S
“Strange particles” (Murray Gell-Mann)



Kvarkovi?

1964 (Gell-Mann, Zweig): Hadroni bi mogli biti
gradeni od 3 elementarnih Cestica:

Gell-Mann ih krsti “quarks”

u d S
Cunits e ) 29¢ +2/3 -1/3 -1/3
Baryonic number 1/3 1/3 1/3
Strangeness 0 0 -1

i 3 antikvarka (u, d, s ) sa suprotnim kvantnim brojevima



1964. se predlaze ideja kvarkova

Elementarne cestica s nabojom
manjim od elementarnog naboja
(elektrona) koje se pojavljuju u vise
vrsta ili okusa

Zweig

Gell-Mann @ @ @ @
(@ ()

proton neutron



Kvarkovi — moguce kombinacije

Mezoni Barioni:
= Kvark-Antikvark 3 kvarka ili

o ) ° 3 antikvarka

+2/3 e -2/3e
Nekoliko

pry +
poznatih o f) n ooe A

mezona *‘¥3e *l3e +2/3e -1/3e -1/3e

o i) @ - I
DDA

-2/3 e +1/3 e +1/3 e
= +
O: K

.. .. t2/3e +1/3e
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Kvarkovi postoje!

Otkrice kvarkova

Rasprsenje elektrona na protone
Proton

0.2 GeV
10 cm}

1956. Hofstadter: Mjerenje radiusa protona

1967. Friedmann, Kendall, Taylor (SLAC): ~ Rutherford eksperiment s elektronima
--> u protonu se nalaze 3 ‘tvrda’ (tockasta) centra rasprsenja

Proton

Mjerenja u skladu s prisutnosc¢u 2 up- 1 down-
- Kvarka u protonu

10-15 cm 20 GeV

V. Brigljevic¢ 4



Jaka sila vidi... BOJU!

Slaganje boja u nesto bezbojno

. — Mezoni

‘ ‘ ‘ — Barioni
‘ @ —> Anti-barioni

. ‘ e ‘ @ ——— Egzoticni barion




Nove rezonancije: novi kvarkovi!

E Im E CMS Preliminary, \s = 7 TeV
S .
‘.g 10 Y(1,2,38) |
w10™E [uu] _
- [da] 18] | ol
10k [cc]  [bb]
10° !_ ~1960 1974 1978 e
102 5 3
= CMS Preliminary  proton H
10F _
= Ns=7TeV, L =40pb’ 1983
1=
E 1 | L | 11 3 aqld " | oo o oual

1 10 102
w*u- mass (GeV/c?)

40 pb collected in 2010
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Enigma p raspada

Neke jezgre se raspadaju putem (3 raspada, npr.
14 14 ~ _

SPIN: O 1 1/2
Ocuvanje kutne -
koli¢ine gibanja???? -Q,$

i

L
— B spektrum ?

E', P,
Ocekujemo monokromaticni spektar
b) _>! _>,
E, p,=-p, g

V. Brigljevic
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Problem g raspada:

kontinuirani spektar

Problem sa 3 spektrom
(trebao bi biti monokromatican)

First measurement by Chadwick (1914) Kako se onda zamisljao
B-raspad: n > p + e

o=

2 N\ Distribution curve of Radium E: 210Bi,,

S \ﬁ-particles from Radium E . ) )

& (a radioactive isotope

§ / \ produced in the decay chain
5 N of 238)

25

=

=

Z

/ N v
AN Ocuvanje energije?

0 1.5 30 4.5 6.0 7.5 9.0 10.5
Energy in 105 Volts




Pauliovo pismo

December 1930: public letter sent by W. Pauli to a physics meeting in Tubingen

Zirich, Dec. 4, 1930
Dear Radioactive Ladies and Gentlemen,
...because of the “wrong” statistics of the N and 6Li nuclei and the continuous B-spectrum,
| have hit upon a[desperate remedy to save the law of conservation of energy.]Namer,
the possibility that there could exist in the nuclei electrically neutral particles, that | wish
to call neutrons,[which have spin ¥2 and obey the exclusion principle } The mass of the
neutrons should be of the same order of magnitude as the electron mass and in any event
not larger than 0.01 proton masses. The continuous p-spectrum would then become
understandable by the assumption that in B-decay a neutron is emitted in addition to the
electron such that the sum of the energies of the neutron and electron is constant.
....... For the moment, however, | do not dare to publish anything on this idea ......
So, dear Radioactives, examine and judge it. Unfortunately | cannot appear in Ttbingen

personally, since | am indispensable here in Zirich because of a ball on the night of
6/7 December. ....

W. Pauli




Rjesenje problema p raspada:

Nova cestica = Neutrino!

Pauli: u B raspadu se emitira jos jedna Cestica:
* Neutralna
* Nevidljiva (jako slabo medudjeluje)

* Polucijelog spina
WC—-"N+e

SPIN: O 1 ¥ % :OKl

P . rnow v
- 9 koristeci iskljucCivo
:_O% ‘{:-"'F_ J
.

i Sag)) Zakone oCuvanja
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Pauli: "I have done a terrible thing. I have proposed a
particle that cannot be detected. It is something no
theorist should ever do.”
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Neutrini pljuste sa svih strana

o Supernova iz nade galaksije: ~ Vellki prasak:
Sunce: 64 milijardi 5 milijardi po cm? svake U svakom cm? oko 300
po cm? po sekundi sekunde kroz 10 sekundi heutrina

Nuklearke:

Oko 100,000 po cm? svake Geofizicki i atmosferski neutrini:
sekunde na 200km od centrale 6 milijuna po cm? svake sekunde
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Spektar neutrina

Cosmological v
'Tm 1012 L 50|ar A" Zl;;"c’w'?@ 2
P a Supernova burst (1987A)
Q108 |
= X i Reactor anti-v
1 F Background from old supernovae
10—4 -
108 } Terrestrial anti-v
10-12 : Atmosphericv
107 i from AGN
10—20 =
Ll Cosmaogenic
1 0 24 : 5
1028}
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Neutrino energy
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Elementarne cestice, 2024.

— L cptoNS m—

Electric Charge N I S u Sta b I I n e
B\
>
\ N
Electron Q 1 0 Electron
Neutrino
s QUAarks m—
Electric Charge
'\
>
\ N
bown /3 23 g, Up
i P
eachquark: R, B, G 3colors




Koji su gradivni
elementi svijeta?

Kako se
ponasaju?




Pitanje sila / interakcije

e Cestice ne zive same: reakcije, struktura, ...

e U reakcijama, raspadima, vezanim stanjima:
— Koliko razlicCitih vrsta interakcija / sila?
— Koje Cestice osjetljive na koje sile?
— Ocuvane velicine, naboji, ...?



4 temeljne sile

Jaka sila

Gravitacija

Slaba sila




Jacine sila:

udarni presjeci, vremena zivota

Vremena Zivota nekoliko ¢estica Udarni presjeci na LHC-u

b ° LHC Ns=14TeV L=10%*c¢m3s™ rate qi\:/:e??r
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§ c inelastic LV1 input ?GHZ %10
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éﬁ” - TR nax =-_‘ 2 ;Ilput ; é1u 12
79 mezon 8.5101s b Lo max LV1 butput — e
e N JkHz J10 '°
TC+ mezon 26 10-8 S i - A“"‘;’ZAIV miax L\ ty 5 E 10 ®
oz R 5 I,
H 2.210%s nb g =TT qrr
_ T gg oG, R (SUEY qaragtag gH= g
Neutron 878 s (~14min) - *::; O ro°
pb [ —=aqHgy T \,\f\\ ] 41058
i E T~ 3 3
Higgsov 16102 s et T
F tanpB=2-50 7 ] 3
e / HSM%ZZ*);;;I\\ \ \\ = 3 10°
3 ® Z 3y I s¢alar LQ‘WVZ,{%F 5\§ pHz E 10
50 100 200 500 1000 2000 5000 1

particle mass (GeV)
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Sile: Izmjena cestica

Relativnost: nema djelovanja na daljinul

BOZON

FERMION

FERMION

R R e

Izmjena bozona je izvor sila izmedu fermiona

sila bozon primjer
jaka gluon (bez mase) atomska jezgra
elektromagnetska foton (bez mase) atomske orbite
Slaba Z0 W+ W- (teSke) radiaktivnost
gravitacija graviton (bez mase) ?? nebeska tijela
D0




Interakcije

Vrh interakcije

Fermion
electron recoils Nositel]
. : Naboj (vezanje)
A ot
virtual ) absorbs R. P. Feynman
photon 4 photon _
another recoils

electron

Feynmanovi diagrami

V. Brigljevic 91



Elektromagnetska sila

b) Compton scattering:

+ crossed

v ‘/\/\/\/\/\1

V. Brigljevic 92



Jake Iinterakcije

u u
q g
gluon
jet— lepton
d d g jet— Thad _

q

9

\

Naboj: boja

Gluon nosi boji!
g 9
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Slabe interakcije

A% A%

W nabijen Z0

N

VM
_ Nositelji sile: W i Z bozoni
M Ve Imaju veliku masu!
<:: W+/-; ~80 GeV, Z: ~91 GeV
e

V. Brigljevic 94
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Otkrice W i Z bozona

CERN (1983.)
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Carlo Rubbia, Simon van der Meer

W kandidat u detektoru UA-1
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Feynmanovi diagram nisu

samo igra

KoristeCi Feynmanova pravila, pretvaramo diagrame direktno u amplitude

k K k K

P P P P
(scattering) (annihilation)
= —ée* (Tpy"vy) L (T vuup) +€° (U7 up) Lt (dy Yovp )
(k— k') (k+p)?

|z (kvadrirane) amplitude dobivamo vjerojatnost interakcije

Ali ovo nije cijela prica...
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Procesi viseg reda

Puni racun treba uzeti u obzir SVE Sto bi se moglo dogoditi

T e
H?

(a) (b)
V. Brigljevi¢ 97
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Jacine sila

Elektromagnetska sila

RADIOACTIVITE BETA e [ant]
/ neutring
|
41

ELECTRON (=]

Noyau

. d'l0DE 131
jezgra n>p+e +v,

Jaka nuklearna sila Slaba sila d2u+e +v,



Stvaranje i izmjena Cestice nosioca sile
-> Energija nije oCuvana...

za kratko vrijeme! A A
At

“AE T me

U vremenu At Cestica moze pro¢i R = c At

hc
R~ —5
TmcC
Npr.:
e Nositelj sile nema mase (m=0): R = o
e Nositelj sile mase m=80 GeV: R=103fm
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Jaka sila: QCD

Teorija jake interakcije:
Kvantna kromodinamika (QCD)

e 3 razlicita naboja: boje
(crveno, zeleno plavo)

e Nosioci jake sile (8 gluona)

SAMO bezbojna stanja mogu
postojati: nema slobodnog
kvarka

V. Brigljevic 101



Nema slobodnog kvarka:

“"Confinement”

Zbog QCD potencijala:
isplativije energetski

37 ‘:Ig ) 4 I ;
2t B=g.
n 7 = u B A f
izvuci iz vakuuma 3 N ~
par kvark-antikvark £ -1/
za stvoriti bezbojne 7|/
hadrone N PR
0.5 1 1r/.;50 2 2.5 3
oo
e Posljedica:
__.':—I‘T—ZL— —{ Hadronski mlaz
— 0 -0 - “Jet”
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Kvarkovi - Jets

—_

CaloJets: Clusters
of Calorimeter
Towers

A :: ’
|Observable \\ l‘ ;:/\\/ // Genlets: made

I
I
| =
| //
.7 colorless states
- hadrons - Stable Particles
W Fzy from stable MC
S /1 S— truth particles
Hadronization

|
|

|

|

[/eragmentation process
Theory II k
and v AN
) Jt.":g%qrron Level Jets

outgoing parton
Hard scatter
Modeling A\
l-._,

104

Run 144112 Event 1189490855
ij-z.os TeV
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Ocuvano: broj bariona

Svakoj Cestici se pripisuje barionski broj:

Cestica e,u,T Neutrino Kvark antikvark
B 0 0 +1/3 -1/3
Barion: +1 Antibarion: -1 Mezon: 0

Cinjenica: barionski broj je ocuvan u svim
poznatim reakcijama

= Zbroj kvarkova i antikvarkova je konstantan

Npr. zabranjuje: raspad protona p 7'(‘0

V. Brigljevic 107



Ocuvano (?) svojstvo: "Okus”

e Svakoj vrsti Cestica se pripisuje
okus: ulcl|t]
-“u,c,t,d,s,b” okus Jd1s|h

— AntiCestica: suprotno

B down [strange) bottomn|

electron muon
e neutrinod neutring
e
electron

LiT
e Okus je oCuvan u svim jakim i
elektromagnetskim reakcijama:
— Ako se stvara u-kvark, mora i anti-u

Leptons Quarks

V. Brigljevic 108



Cestice Standardnog modela i

mass - =2.3 MeV/c?

charge = 2/3 u

=1.275 GeV/c*

213 C

=173.07 GeV/c*

2/3 t
1/2

spin - 1/2 1/2
up charm top gluon
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
113 d -1/3 S -1/3 b 0
1/2 1/2 1/2 1 »
KJAKA down strange bottom /photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 9.2 GeV/c?
-1 1 -1 0
112 e 12 l']' 1/2 T 1 b
E' M : electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
0 0 0 +1
1/2 -I)e 12 -I)IJ' 1/2 .I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

SLABA

V. Brigljevic

njihove interakcije

=126 GeV/c?

L
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Ujedinjenje sila
Zemaljska mehanika

Univerzalna gravitacija

Nebeska mehanika Inercijalna vs. Gravitacijska masa
(I. Newton, 1687.)

Elektricitet _
ektricite Elektromagnetizam
Elektromagnetski valovi (foton)
Magnetizam (J.C. Maxwell, 1860.)

Elektromagnetizam
Elektroslaba

Intermedijalni bozoni W, Z

Slaba sila (1970.-83.)
ﬁp'/f' n{pgtvler&n \{I\ha\'m'{nﬂan\

dublj/e pra\)\lanSN\
UJEDINJENI OPIS

V. Brigljevié, I. Puljak 116




Elektroslabo ujedinjenje

Elektroslaba teorija

e Zajednicki izvor za
elektromagnetsku i
slabu silu

e Elektroslaba teorija
temeljena na principu
simetrije izmedu 2 sile

Elektromagnetizam

Slabe interakcije

Beta-minus Decay
Nitrogen-14

Carbon-14

-

Antineutrino Electron

4+ o 4 o

6 protons 7 protons
8 neutrons 7 neutrons

‘ . ] ‘xl
IOF;F“’PH (it
+ Lrbﬁ +L. S

T %-‘ kﬂ(}f'}¢?‘k; b .. E
+lel V@)




Elektroslabi bozoni

e Nosioci elektroslabe sile ™ ‘ . .

Elektroslaba teorija
« svi bozoni bezmaseni
« Sile ~ jednake

Opazanja

e.m. Sila

Foton m=0
Slaba sila

W & Z bozoni: m~80-90 GeV
Slaba sila << e.m sila

Razlicite mase za fotona, W i Z:
lome simetriju i time i SM!



“"The great tragedy of science -
the slaying of a beautiful
hypothesis by an ugly fact.”

Thomas Henry Huxley



ldeja za spasiti SM

e Inovativne ideje za uvesti

mase bozona u SM, tzv. | BT <V —Lr
“Higgsov mehanizam” o g o
dolaze s vise strana u 60- R N N s
im godinama SR PN
Brout-Englert, Higgs ~ST

Guralnik-Hagen-Kibble

e Koristimo “Higgs” kao ime
za cijelu skupinu
(ukljucuje i Petera Higgsa)

e Polazimo od nicega: Vakuum!

— Klasicna fizika: Vakuum postoji u volumenu iz kojega se
odstranila sva materija



U Vakuumu: Higgs!

Osnovni postulat
“Higgsovog mehanizma”:

Postoji novo polje, Higgsovo
polje, koje ispunjava cijeli
svemir
Njegova je prosjecna vrijednost
postala razlicita od nule kad se
rani svemir ohladio



Higgsov mehanizam

Spontani
lom simetrije

Higgsovo polje u teoriji
e Ispunjava cijeli prostor
e Nije O na minimumu energije
e Lomi simetriju U MiniMumMu

e Wi Z bozoni poprimaju masu kroz
medudjelovanje s Higgsovim poljem



Glashow-Salam-Weinberg Model

Elektroslabe interakcije
_|_

Higgsov mehanizam

Teorija jake interakcije

(QCD)
= Standardni Model

e Simetrija (iako skrivena)
spasena

e Wi Z bozon dobivaju
masu od Higgsovog polja

e Fermioni takoder dobivaju
masu kroz medudjelovanje
s Higgsovim poljem




Standard Model

of Elementary Particles

Standard particles
ugd ci 1
al - [ Hiage Lows =Y (Ur(iv"p—ms)¥s —eQpUsy" UsAL)+

f

L@ LW b L W)+ an (I} —252Q5—I}7s) ¥ 2

WAL, — 0L A, —ie(W, W,F —Wiw, )P - §|aﬁ,,,1zv,:“ — Wi+

—ie(WA, — W, A +ig'cw(Wi2Z, —W}Z,|*+

1 . _ Y
£10uZ0 — 0.2, + ig'cw (Wi W — WHW, )P+

I Quarks ‘ Leptons . Force particles

1 gMz 3 zMz

__M2 2 _ n M W+ E, W+2
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Potraga
za Higgsovim bozonom

- |\

e
Z
£




TN ¢

(¥, The Nobel Prize in Physics 2013
@ Francois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

-t > —

Events / 3 GeV

Francois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englertand = . ;

Peter W. Higgs "for the theoretical discovery of a mechanism that e : : \ 3 160 180 \
contributes to our understanding of the origin of mass of subatomic - - g % 4 m, [GeV] §
particles, and which recently was confirmed through the discovery of the -
predicted fundamental particle, by the ATLAS and CMS experiments at

CERN's Large Hadron Collider"

Jedint SIgUrNO OP azg i
~__HiggsuCMs __ .-
“eksperimank .(/j‘o’ 20 24

Dr. Petep-:li;g/gs_" -

s/




STANDARDNI MODEL
JE KOMPLETAN | POTVRDEN

Discovery of the electron Discovery of the Higgs boson
LHC (2012)
FFF‘/ L A A

\
= _'; 1%

+ (P +he

Events / 3 GeV

T %i)ﬁ?)*kc.
+Re*-V(@)

160 180
m,, [GeV]

I objasnjava mnogo toga
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oZ= “7‘? F;,, FN/
+ (EP¢ +he

T % ‘5(} )"{,¢ +hc




J proton
Q neutron

Nuclear Fusion
The proton-proton chain

AN "!" gamma ray
—> v neutrino

positron

'HelH=2Ha




Na Zemlji i u cijelom svemiru

Stella spectra tell us stars
are made of the same stuff

we can study in an atomic
physics lab.

[ o :
rﬂf [ Ir ‘Wl'; g e,
3l i Y
’ ) d I 1 { f
. f___ﬂ_ﬁu/f Continuum =
z ™S
i@ f i,
-ig Absorption line I
ETGE 4aEe Cams EAEE 708
Wavelength
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Zasto vecina nas misli da SM
ne moze biti kraj price

There are things about
the known particles and forces
the SM does not explain
(or at least not satisfactorily)

136



SM NE objasnjava

« Zasto 3 generacije?

« ZaSto je tako fino podeseno?

« Zasto su mase Cestica tako razliCite
« > 20 free parameters

— masses, couplings, ...
 Where did all the antimatter go?

Ell“f ~ * Does the Unification go on?
L

Leptons

Quarks

EQE&

And most importantly:

« WHAT ABOUT GRAVITY?

V. Brigljevic 137



Fizika voli UJEDINITI

Ide |i to dalje?
SPEKULACIJA CINJENICE

e’ § Magnetism .\ V2
/ / TN A ‘\ ’ N
QED Electro Long range | . |
Magnetism s (=) /
Elegtroweak Maxwell Electrici )
Model Fermi
Grand o Weak Theo Weak Force
; ra.n (>I; Standard o Short range
Unification § = | | model
Quantum n .
Gravity QCD Strong Nuclear Force
Strings? Short range
Super .
Unification Kepler Celest?al @
Universal LGraV'tY ) .
ong range o
Gravitation .
Einstein, Newtocrz Terrestrial iy

\ Galiei Gravity

V. Brigljevic




Zasto ZNAMO da SM nikako

ne moze biti kraj price

Postoje opazanija u vidljivom
svemiru koje SM nikako ne moze
objasniti

V. Brigljevi¢ 139



Huge amounts of
invisible matter:

“DARK MATTER”

5 GlaSé‘So{S’; Matter. .
i > ,‘

6 20
Radius (kpe)

V. Brigljevi¢

30

-

'D'.a,rk.; Mafter

. s

Gravitational Lens
axy Cluster O
6-10 - ST Scl OPO - A;

The expansion of
the universe
IS accelerating:

dark matter

“DARK ENERGY”
140



What is the Universe made of?

“Normal matter”

Dark Energy
68%

I\

Dark Matter

What Is dark matter?
What is dark energy?




2015: Naznake nove Cestice?

CMS Preliminary 2.6 (13 TeV)

- _ T o e I
% L EBEE category § ATLAS Preliminary . =
o E E 103__ __
8 - E E —— Background-only fit E
= T t :of :
g 0 : 10 E=13Tev,3210" =
o E - .
G [ f Daa ) 10f- E
= — Fit model N - % .
- t1c it 'E O E
10" == 2 T B .
= Te0 -

- W R
- 15 —
= : - g 10F- + =
i 1A S TR 5E- H =
= 2 ok . lIL +i|1J.| b 4 P Y I
£ of i = b E
g 2F g of

T 4F 200 400 600 800 1000 1200 1400 1600
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Signifikantnost viska dogadaja izmedu 3 i 4 o u oba eksperimenta




\'4

201

#Run2Seminar and subsequent yy-related arXiv submissions

650

600

530

500

450

3
F o =

[PraerpuyaD) Aq] SUOTSSTIUQNS JO J2QUUNM ATIE[OINN.)

= = = = = =
7 =1 ] =1 7

100

50

-50

Feb 2017 Mar 2017

TJan 2017

Dec 2016

Tul 2016 Aug 2016 Sep 2016 Qct 2016 Nov 2016

Date and time of last update (UTC)

Mar 2016 Apr 2016 May 2016 TJun 2016

Feb 2016

TJan 2016

Dec 2015




_..1pak se staftistika poigrala s nama

12.9 b7 (13 TeV) 12.9 6" (13 TeV)
% II"'"'I"'I"'I"'ID".|':I"'I"'I %) g II"'I"'"'I"'ID"i':I"'I"'I
3 ¢ ata = ¢ ata
o108 EBEB  — Fit model S r EBEE  — Fit model
oV - B =1 s.d. Nq2 e+ 1s.d.
D102 + 2 s.d. o L +2s.d.
c E S L
e I e [
“ol w10
1' 1

(Data-fit)/og,,

500 1000 1500 2000 500 1000 1500 2000
m,, (GeV) m,, (GeV)




Moze [ nam LHC nesto reci o
prirodi tamne materije”?

Mozda
(ako su dovoljno lagane)




Tamnatvar na LHC-u?
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We have to be ready for
something new in 2011!
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A tamne energije?
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Sto zahtijevaju nova otkriéa ...

Sudarivacée cestica: Mo¢ne
strojeve koji ubrzavaju Cestice
na ekstremno velike brzine i
‘natjeraju’ da se medusobne
sudare

Detektore: Gigantske
Instrumente za snimanje
rezultirajucih ¢estica koje
izlaze iz toCke interakcije
Racunala: Za prikupljanje,
snimanje, distribuciju i analizu
ogromnih koliCina podataka
koje proizvode detektori

Ljude: Samo kolaboracije na
svjetskoj razini, od po nekoliko
tisuca znanstvenika, mogu
izvoditi ovakve eksperimente

V. Brigljevi¢, I. Puljak
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Hvala na paznji!




