Fizika elementarnih ¢éestica
UVODNO PREDAVANJE

“Da spoznam, $to u samoj srzi
Na okupu taj svijet drzi” (Goethe)
http://www.phy.pmf.unizg.hr/~picek/fec.html

= Fizika realnog svijeta, = Standard Model of

§1.1 particle physics, §1.1
= ldentificiranje = Interactions of
elementarnih Cestical  particles, §1.2
temeljnih sila, §1.2 = “dualni udzbenik’
m |. Picek, FEC, 1997. M. Thomson, MPP, 2013

(100. godisnjica)






Sto je fizika elementarnih
Cestica?

"Particle physics is a modern name for
the long quest to understand the laws
of nature” (E.Witten, Split'08)

Postignuée: STANDARDNI MODEL
temeljnih cestica i sila

"The Standard MODEL is the most
complete mathematical THEORY ever
developed” (F.Wilczek)
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MODEL

CESTICA I SILA ¢
oslanja se na

m i
m § LEPTONA (12
CESTICA TVARI)

= 12 PRIJENOSNIKA
SILA

= NOVOOTKRIVENI
HIGGSOV BOZON
(PROBLEM TeV SKALE
KAO IZAZOV ZA LHC)



Table1.3 The four known forces of nature. The relative strengths are approximate indicative values for two

fundamental particles at a distance of 1fm = 10~ m (roughly the radius of a proton).

Force Strength Boson Spin Mass/GeV
Strong | Gluon g | 0
Electromagnetism 1073 Photon v | 0
W boson W= 1 80.4
Weak 108
Z boson Z | 91.2
Gravity 10737 Graviton? G 2 0
Electromagnetism Strong interaction Weak interaction
e e q q e Ve : Vg Vo
e gs Jw i 9z
v g W Z
All charged particles Only quarks All fermions I All fermions
Never changes flavour | Never changes flavour | Always changes flavour i Never changes flavour
o=1/137 fx5“~"1 IIW;ZEL"SO

The Standard Model interaction vertices.




DZ 1.1:Koji dijagrami odgovaraju
legitimnim vrhovima SM-a?

11 Feynman diagrams are constructed out of the Standard Model vertices shown in Figure 1.4. Only the weak
charged-current (W*) interaction can change the flavour of the particle at the interaction vertex. Explaining
your reasoning, state whether each of the sixteen diagrams below represents a valid Standard Model

vertex.
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S
polustoljetne
liste od 21
Nobelovih
nagrada
vezanih uz
standardni
model

Year Recipient(s) Subject
1957 T. D. Lee and C. N. Yang Parity violation
1960 D. A. Glaser Bubble chamber
1965 R. P. Feynman, J. S. Schwinger,
and S. I. Tomonaga, Quantum electrodynamics
1968 L. W. Alvarez Discovery of resonances
1969 M. Gell-Mann Particle classification
1976 B. Richter and S. C. C. Ting J /1) discovery
1979 S. L. Glashow, A. Salam,
and S. Weinberg Electroweak unification
1980 J. W. Cronin and V. L. Fitch CP violation
1982 K. G. Wilson Critical phenomena
1984 C. Rubbia and W and Z discovery via
S. Van Der Meer SppS collider
1988 L. M. Lederman, M. Schwartz,  Discovery that
and J. Steinberger Vy F Ve
1990 J. L. Friedman, H. W. Kendall, = Deep inelastic electron
and R. E. Taylor scattering
1992  G. Charpak Particle detectors
1995 M. L. Perl 7 lepton
F. Reines Neutrino detection
1999 G. 't Hooft and
M. J. G. Veltman Electroweak interactions
2002 R. Davis and M. Koshiba Cosmic neutrinos

R. Giacconi

Cosmic X-rays




Novije Nobelove nagrade

G.'t Hooft & M.Veltman 1999. “za rad koji je
rasvijetlio kvantnu strukturu elektroslabih
medudjelovanja u fizici”; MFL 2/198, 74

R. Davis & M. Koshiba 2002. “za pionirske
doprinose astrofizici, posebice za detekciju
kozmickih neutrina”; MFL 3/211, 176

D. Gross, D. Politzer & F. Wilczek 2004. “za
otkrice asimptotske slobode u teoriji jako?_'
medudjelovanja”; MFL 2/218, 91 (poster HFD-a)

J. Mather & 6. Smoot 2006. "za otkrice da
kozmicka mikrovalna pozadina ima oblik zracenja

crnog tijela, te za otkrice njezine anizotropije;
MFL 2/226, 104



Yoichiro Nambu 2008. “za otkrice mehanizma
spontanog narusenja simetrije u subatomskoj
fizici” & Makoto Kobayashi | Toshihide Maskawa

“za otkrice porijekla narusene simetri fe koja
predvida post%]ange barem triju obitelji kvarkova
u prirodi” ; MFL 3/235, 208

Saul Perlmutter, Adam Riess i Brian Schmidt
2011 "za otkrice ubrzanog Sirenja svemira” ;

MFL 2/246, 93

Frangois Englert & Peter W. Higgs 2013. “za
teorijsko otkrice mehanizma koji doprinosi nasem
razumijevanju porijekla masa subatomskih
Cestica, nedavno potvrdenom otkricem predvidene
fundamentalne Cestice, eksperimentima ATLAS i
CMS na CERN-ovom velikom hadronskom
sudarivacu LHC-u" ; MFL 2/254, 13
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Era otkrica elementarnih
Cestica u kozmickom zracenju

@ Primary Cosmic Ray
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Particle Year Discoverer (Nobel Prize) Method

e 1897 Thomson (1906) Discharges in gases
P 1919 Rutherford Natural radioactivity
n 1932 Chadwik (1935) Natural radioactivity
et 1933 Anderson (1936) Cosmic Rays

,u,i 1937 Neddermeyer, Anderson Cosmic Rays

¥ 1947 Powell (1950) , Occhialini Cosmic Rays

K* 1949 Powell (1950) Cosmic Rays

70 1949 Bjorklund Accelerator

KY 1951 Armenteros Cosmic Rays

A° 1951 Armenteros Cosmic Rays

A 1932 Anderson Cosmic Rays

=" 1932 Armenteros Cosmic Rays

o+ 1953 Bonetti Cosmic Rays

P 1955 Chamberlain, Segre’ (1959)  Accelerators
anything else 1955 = today various groups Accelerators

m, # 0

2000

KAMIOKANDE

Cosmic rays




Eksplozija otkrica Cestica
po uvodenju akceleratora

KALENDAR OTKRICA CESTICA
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| | | |
| | | |
(0 T
pe ne "
Ideja o kvarkovima Chvark
1950 1960(u-, d-, s-kvark) 1970  (c) (R) 1980 1990 .
| | | | |
| | | | |
Tt MM T MM T 1 O
TKKTN A PV, A° 00 va, Y1 oY BWZ°
D B of 1o ¥D Y D,
g naQ Vi Y

K*



"
OCUVANE VELICINE i
KLASIFIKACIJA FERMIONA &

BARYONS (Spin })

Baryon Quark content Charge Mass Lifetime Principal decays
N {p uud +1 938.280 : 0 —_—
n udd 0 939.573 900 pev,
A uds 0 1115.6 263% 107 pr, na®
xt uus +1 1189.4 0.80x 10710 pr®, nwt
z° uds 0 1192.5 6X107% Ay
z" dds ! 1197.3 1.48 X 10710 nm”
b uss 0 1314.9 2.90 X 10710 A7
N dss =] 1321.3 1.64 X 10710 An~
A} udc +1 2281 2X 1071 not established

BARYONS (Spin 3)

Baryon Quark content Charge Mass Lifetime Principal decays
A uuu, uud, udd, ddd +2, +1, 0, —1 1232 0.6 X107 N=
b uus, uds, dds +1,0, —1 1385 2RI Am, 27
=* uss, dss 0, —1 1533 7% 1072 CXg
Q- SSS =] 1672 0.82x 10710 AK™, E%, & x°




KLASIFIKACIJA BOZONA

PSEUDOSCALAR MESONS (Spin 0)

Meson Quark content Charge Mass Lifetime Principal decays
x* ud, diu +1, -1 139.569 2.60x 1078 uv,
x° (uit — dd)/V2 0 134.964 8.7X 107" vy
K= us, su +1, -1 493.67 1.24 %10 uv,, ©n°, wtxtn®
- K2%20.892x 107" | xtn~, n%%°

0 0 - S -
KK ds, sd 0,0 497.72 { K3 51810 TV, MUV, TTT
" (uit + dd — 255)/V6 0 548.8 7% 107" vy, 70770, 7trn°
n' (uit + dd + s5)/V3 0 957.6 3% 1072 Y

& cd, dé +1,—1 ] 1869 L 1 Knrm
P .D° Cli, UuC 0,0 1865 421074 Krnm
F* (now D¥) | ¢5, s¢ +1, -1 | 1971 3x10~4 not established
B* ub, bit #1.~41 | 5911 o

= il ’ 9
BO, BO db, bd 0, 0 5275 14)( 10 D o)
Ne cCc 0 2981 6Xx107% KK=, nomw, f'mw
VECTOR MESONS (Spin 1)

Meson Quark content Charge Mass Lifetime Principal decays

p ud, di, (ui — dd))V2 | +1,-1,0 770 | 04x102 | #x

K* us, s, ds, sd +1,-1,0,0 892 1X107%2 | Kn

w (uit + dd)/V2 0 783 7X 1073 | 7tn 7 7%

¢ S5 0 1020 20X 102 KR~ K'K"

JI cc 0 3097 I %107 ete , utu, Sm, I

D* cd, de, cu, uc +1,-1,0,0 2010 >1X 1072 | D=, Dy

T bb 0 9460 gRI10® P e e




SLOJEVI MODERNOG DETEKTORA
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DETEKCIJA CESTICA - pljuska
sekundarnih cestica u kalorimetru
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Gdje je tu elementarnost?
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Svodenje na svijet kvarkova i
leptona

size in atoms and in meters f
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Temeljne Cestice obiCne tvari

Atom

Nucleus

“ PROTON

Up quark

luon

Electron

Up quark Down quark



“CAROBNI OKUS u slijedu
uspostavljanja simetrije
KVARKOVA i LEPTONA

= ZEMALTSKA TVAR ()] (’;e)
= ETERICNA (STRANA)

1937 mion | rf\
1947 stranost ( V)\ .
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Nove
generacije
temeljnih
cestica

Mass (giga-electron-volts)

FERMIONS* BOSONS
First Second Third
Generation Generation Generation
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10t -
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I.)ovoaenje na fizikalnu scenu
cestica iscezlih u prvim trenucima
svemira (t-kvark na Fermilabu 1995)

strong interaction /
m f

(QCD) 2 electroweak Ve ?

interaction oe*t

.i:‘/




Atomska domena (Bohrov polumjer)
rodenje kvantne fizike (Cestica ili val?)

Bohrov polumjer
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Kulonski potencijal
od Izmjene fotona

Potencijalna
energija

Udaljenost Y

> +e -e

f proton elektron

(a) (b)




Izmjena (loptanje) Cesticom
Yukawinim prijenosnikom sile




Nukleonsko medudjelovanje

od Iizmjene mezona (rezidualna jaka sila)
AF’otencijaI/GeV

1 1
®-izmjena

15 T op ®

| 110" m > 9, f T du

1 A Q o(fy)
n-izmjena

\ - -
c-izmjena nukleon nukleon

(a) (b)



Dva bitna nacela: kvantno i
relativisticko
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Prilagodba sustava jedinica

(@) (b)



Heavyside-Lorentzove jedinice

2
(4
 Electron charge defined by Force equation: F =
471'80]"2
* In Heaviside-Lorentz units set Ey = 1
82
and F — NOTE: electric charge I 1
47712 has dimensions [EL]2 = [hc]?

+Since c¢=(&Uy) 2 =1 wm [1y=1




. Our expeye 0
Jedmlce, r expevience of the |
k . matter ;u Srue-tmc
OJe po re&(ed’u\ " bagic UNITY
qupcku, [M] LLY [T
vrijede O ¥ ™ s
“ZG sve everydoy's ( humon choie )
civilizacije **
 7a Sva Q Natures choice ¢
meha” ¢ C22.998.10° ws' TR
vreme

o hzaostoe)s  an



Prirodni sustav jedinica

- From Quantum Mechanics - the unit of action : Ji

* From relativity - the speed of light: ¢
* From Particle Physics - unit of energy: GeV (1 GeV ~ proton rest mass energy)

Units become:

Energy  GeV Time (GeV/n)~"
Momentum GeV/c Length (GeV/hC)_l
Mass GeV/c? Area (GeV/hc)™~

Simplify by choosing: |7 — ¢ — 1]

‘Now all quantities expressed in powers of GeV
Energy GeV Time GeV~!
Momentum GeV Length GeV !
Mass GeV Area GeV 2



" NN
Vjezba 1 (FEC, str. 37)

Zadatak 1.5 Vrijeme Zivota parapozitronija (nestabilnog vezanog stanja elektro-
na i pozitrona) dano je u prirodnim jedinicama izrazom

2
T = = - (1.60)
M
Obnoviti na temelju dimenzija faktore h i ¢ 1 izracunati T u sekundama.
Rjesenje : Zahtjevom da
2
T=——h (1.61)
M

ima dimenziju vremena dobivamo a =110 = —2, odnosno ™ = 1.245 - 10— 19,
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Bronshtein - Tetmanovljeva

Vj ezba 2: KOCKA FIZIKALNIH TEORIIA
Pomocu triju . e
fundamentalnih aavt Toe ]
lkonstanti (h,e,Gy) "
izvrijednite e "~ Fan
Planckovu na
duljinu, masu i
Vrijeme (LP,MP,TP)




Razotkrivanje novog, bazdarnog
nacela

Bazdarna prethistorija (Boskovicevi
toCkasti izvori sila)

ldeal QED-a
EW ujedinjenje kao novi iskorak
QCD kao zasebni sektor SM-a
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« THE GOD PARTICLE Looking for the Atom - 103

THE DALMATIAN PROPHET

A final note on this first stage, the age of mechanics, the great era of

classical physics. The phrase “ahead of his time” is overused. I’'m
going to use it anyway. I’'m not referring to Galileo or Newton. Both

were definitely right on time, neither late nor early. Gravity, experi-
mentation, measurement, mathematical proofs . . . all these things
were in the air. Galileo, Kepler, Brahe, and Newton were accepted —
heralded! — in their own time, because they came up with ideas that
the scientific community was ready to accept. Not everyone is so
fortunate. g

Roger Joseph Boscovich, a native of Dubrovnik who spent much
of his career in Rome, was born in 1711, sixteen years before
Newton’s death. Boscovich was a great supporter of Newton’s theo-
ries, but he had some problems with the law of gravitation. He called
it a “classical limit,” an adequate approximation where distances are
large. He said that it was “very nearly correct but that differences
from the law of inverse squares do exist even though they are very
slight.” He speculated that this classical law must break down alto-
gether at the atomic scale, where the forces of attraction are replaced
by an oscillation between attractive and repulsive forces. An amazing
thought for a scientist in the eighteenth century.

Boscovich also struggled with the old action-at-a-distance problem.
Being a geometer more than anything else, he came up with the idea
of fields of force to explain how forces exert control over objects at
a distance. But wait, there’s more!

Boscovich had this other idea, one that was real crazy for the eigh-
teenth century (or perhaps any century). Matter is composed of invis-
ible, indivisible a-toms, he said. Nothing particularly new there. Leu-
cippus, Democritus, Galileo, Newton, and others would have agreed
with him. Here’s the good part: Boscovich said these particles had no
size; that is, they were geometrical points. Clearly, as with so many
ideas in science, there were precursors to this — probably in ancient
Greece, not to mention hints in Galileo’s works. As you may recall
from high school geometry, a point is just a place; it has no dimen-
sions. And here’s Boscovich putting forth the proposition that matter
is composed of particles that have no dimensions! We found a particle
just a couple of decades ago that fits such a description. It’s called a
quark.

We’ll get back to Mr. Boscovich later.
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Ujedinjenje sila

Zemaljska mehanika
% Univerzalna gravitacija

] Inercijalna odn. Gravitacijska
Nebeska mehanika masa

(I. Newton, 1687.)

Al N Elektricitet .

WA Elektromagnetizam

( /N ) ; Elektromagnetski valovi (foton)
(J.C. Maxwell, 1860.)

Magnetizam

Elektromagnetizam

Elektroslaba
Intermedijalni bozoni W, Z
_ (1970.-83.)
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