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PRINCIP URYCHLOVANIA E

o Nabité Castice su urychl'ovane elektrickym pol'om a ich smer ohybany magnetickym pol'om

o Castice v

HC letia takmer rychlostou svetla -> potrebujeme silne magnety aby Castice udrzali na

Kruhove| ©

rahe urychlovaca

o | orentzova sila:

Ked Castica iduca rychlostou v a nabojom q
vStupl do magentickeho pola B, je] trajektoria sa
ohne




VELKY HADRONOVY URYCHLOVAC

o Superkonduktivita:

o Pri teplotach blizko absolutne) nuly materialy
nemaju odpor

o Charakteristiky LHC magnetov:
o B=833T
o|=11850A

Non-superconductive

Metal .
o 9000 magnetov s hmotnostou 36 000 ton

o Chladenie pomocou 120 ton tekuteho helia

o VSetko schladené na 1.9 K ) i
== Superconductor

Resistance

Temperature
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NAJTEPLEJSIA DOKONALA KVAPALINA
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RYCHLOKURZ STANDARDNYM MODELOM

Standard Model of Elementary Particles

TVO ri a h m Ot U three generations of matter interactions / force carriers
(fermions) (bosons)
|l 1
y y mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 =124.97 GeV/c2
charge @ %3 /3 /3 /7 \V4 " .
proton neutron “=> @ I: @ |: @ H) [[Dava Casticiam
u l charm l top gluon higgs h m Ot N OSt’
o= =96 MeV/c2 =4.18 GeV/c2 0
-3 -1 —1/3 0
- | b |W v
y, strange bottom photon
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 91.19 GeV/c2 m
) . -1 e -1 -1 ,_[ | Z
Znamy elektron =——4 1 G I+ & ||+ @ [ O
electron 44/ muon I tau . Z boson 8 2
. * * =M 9
% <2.2 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2 Lu § S .t d k . 7
0 0 0 +1
Ve V V1 | O x rostre UJU
E ” | w |l* } ” w |l <DE O p _ J
electron muon I tau | O
L_I|J neutrino nheutrino heutrino W boson O, L;' Intera kCIe

N~ . e . ..
gravitacnu silu neuvazujeme
10



RYCHLOKURZ STANDARDNYM MODELOM

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 !l\ =124.97 GeV/c2

0
0
u /
up I charm I
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
-4 -4 0
- @ |- @ |- @ |
down I strange l bottom I

=0.511 MeV/c2

1% ?/ 1 I:l/ 1 1

Slaba sila

charge @ %5
spin | %

=105.66 MeV/c2 =1.7768 GeV/c2

0sobi na vsetky castice.
electron || muon tau I

GAUGE BOSONS

7))
2
2 &
Z <2.2 eV/c2 <0.17 MeV/c2 <18.2 MeV/c? 8 .
- @ @ | @ s Sprostredkuju
- . .
electron muon tau O
E heutrino | neutrino l heutrino j ";' I nte ra kC I e

* gravitacnu silu neuvazujeme
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

Elektromagneticka sila

mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 =124.97 GeV/c2
charge @ %3 23 23 0
spin | % y 1% 9 | % y 0 H
up I charm top higgs
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2
-3 =14 -3
- @ | @ |- & | ~
down strange bottom |§
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2
. o %
/\ 7/ 1 / AV4 1 145
POSODI nNa nabite castice. — O
electron | 0O 2
7. . * m 8
Z <2.2 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 Lu 8 . 7
°F @ I @ | & O Sprostredkuju
n I” w || w || 4 > O
M electron | muon tau <L O i i
1 neutrino i nheutrino l heutrino ’ O, L;' Intera kCIe

* gravitacnu silu neuvazujeme
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RYCHLOKURZ STANDARDNYM MODELOM

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

Silna sila

mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 ) L =124.97 GeV/c2

charge @ %5 23 23 0 W 0
spin | % u 1% C % t 1 0 H

v vy 4
up l charm | top ' higgs
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
-4 -4 -4
- @ |- @ |- @
down | strange |
=(0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c2 m
-1 e -1 IJ -1 T 0 ‘Z‘
A 7 ez ¥ 15 1 o
0Sobi na kvarky. & P
electron muon tau Z boson ok
) m O
Z <2.2 eV/c2 <0.17 MeV/c2 <18.2 MeV/c? =80.39 GeV/c2 W‘ (§ . 7
. @ @ & | @ |2 Sprostredkuju
11] electron muon tau <L O
] heutrino heutrino heutrino W boson @, % Intera kCIe

* gravitacnu silu neuvazujeme
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SILNA INTERAKCIA B3|
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o \iaze kvarky do hadronov = Castice zlozene z
pbezfarebne] kombinacie kvarkov

o Zviazané gluonom (0d slova “‘glue”)

o Eletromagneticka interakcia
o Cim bliZsie, tym silngjsia
V(r)

&V

o /a normalnych podmienok silny potencial rastie so
vzdialenostou

o \/setka hmota je vo forme hadronov -> nie je mozne
pozorovat volne kvarky




F ol ol N

KVARK-GLUONOVA PLAZMA /)

at the top of Mt. Everest is
71 °C(16Q=El

o \/ysoke teploty a hustoty vedu k uvolneniu vazieb (lepidla)
medzl kvarkam

>~
"y

o \/znika kvark-gluonova plazma (QGP)

PRESSURE HEAT QUARK-GLUON PLASMA

kKvapalina

~ zahrievanie

Fazovy prechod: 7 faze hadronov fFazovy prechod. z taze
do faze volnych kvarkov a gluonov. | vody do faze vodnej pary.




FAZOVY DIAGRAM JADROVEJ HMOTY

2 000 000 000 000 K ° o
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t phase transition <f%
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Temperature (°C)
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o Kvark-gluonova plazma existovala pri zaciatkoch Vesmiru

HISTORY OF THE UNIVERSE
Dark energy

SIg Bang
accelerated
- expansion

-
Particle era ComMMicrowave  Sucture
Background radiation formation
Accelerd@ors is visible

QGP

v

Castice

Inflation

.

Big

v

AtOmy

Cas

\ 4

Vacsie struktury

4
| oncept for the above figure originated In & 1986 paper by Michael Turner, Particle Data Group, LBNL © 2015 Supported by DOE
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»ory
™
« B at

o woss  wodoms  aoaoss

Os 1x10-28 g —

o ianle
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.o @
o »

30x1023 5

BgnQ  e— > QGP e, > Hadronizaclg e >

Castice
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AKO SKUMAT QGP?

UNIVERSITY
IN PRAGUE

o Faza QGP trvalen ~ 1022 s

o MbOzme skumat len vzniknuté castice
vylietavajuce z miesta zrazky

o \astnosti distribucie tychto castic nam
povedia o QGP ... AKO?




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok

pohlad v tranzverzalnej rovine
kKolmej na smer letu

Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok

Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok

o Castice sl emitované nahodne

Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok B) Hromadna evolucia

o Castice sl emitované nahodne

velky tlak v centre

‘nulovy” tlak vonku

Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok B) Hromadna evolucia

o Castice sU emitované ndhodne o Castice sU witlacené v preferovanom smere

Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok B) Hromadna evolucia

o Castice sU emitované ndhodne o Castice sU witlacené v preferovanom smere

N

— =

NN

Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

A) Superpozicia nezavislych pp zrazok B) Hromadna evolucia
o Castice sU emitované ndhodne o Castice sU witlacené v preferovanom smere

<E Y olane

‘"ijlane

16—mMmMm™™———m M@ @ @@ @ @ @ @ @
s . 3177 % s
My » 10-31 % 5,5

2 010 % 55

1.2/

Normalized Counts

| l |
0 nt/4 /2 3nt/4 n

q)"PRP (rad)

¢Iab'wplane (rad) Credits: Mike Lisa




ZRAZKA TAZKYCH JADIER

B) Hromadna evolucia
o Castice sU witlacené v preferovanom smere

W OErpozicia nezavislych pp zrazok

o WALICe sU emitovane nanodne

= 31-77 %
» 10-31 %

Normalized Counts

| l
0 nt/4 /2 3n/4

O-Wep (ra¥

JT

¢Iab'wplane (rad) Credits: Mike Lisa




AKO KVANTIFIKOVAT ANIZOTROPIU CASTIC

o Kvark-gluonova plazma transformuje pociatocnu priestorovu anizotropiu na anizotropiu v
distribucii koneénych \listavajlcich ¢astic

o Fourierova expanzia azimutalne distribJcie castic:

dN

x 1+ 2 Z vpcosn(p — U,)

d
1 n=1 f \
o STAR,PRL90(2003) 032301
E . 3177 % t
3 M4k, . 10-31 % 1s rovina symetrie
g ey g Un = (cosn(p — Wy))
E 1 koeficient toku: urcuje v'&y\\f/év
Z f ~ 1
oreferovany smer castic — =
‘?/A\\A \Ijn

¢Iab'lpplane (rad)




AKO KVANTIFIKOVAT ANIZOTROPIU CASTIC

o Kvark-gluonova plazma transformuje pociatocnu priestorovu anizotropiu na anizotropiu v
distribucii koneénych \listavajlcich ¢astic

o Fourierova expanzia azimutalne distribJcie castic:

AN -
x 1+ 2 Z vpcosn(p — W,)

d £ f \

U,y = <COS n(ga _ \Ijn» rovina symetrie

koeficient toku: urCuje ‘i\v/)v
preferovany smer castic :‘%A\‘é‘:_\;
n

PocCiatocna elipticka geometria -> velky konecny elipticky tok vz

30



AKO KVANTIFIKOVAT ANIZOTROPIU CASTIC

o Kvark-gluonova plazma transformuje pociatocnu priestorovu anizotropiu na anizotropiu v
distribucii koneénych \listavajlcich ¢astic

o Fourierova expanzia azimutalne distribJcie castic:

AN -
x 1+ 2 Z vpcosn(p — W,)

d £ f \

U,y = <COS n(ga o \Ijn» rovina symetrie

koeficient toku: ursuje 'i\\f/)'
preferovany smer castic \//Agi ‘I’.
N

PocCiatocna triangularma geometria -> velky konecny triangulamy tok va

31



AKO KVANTIFIKOVAT ANIZOTROPIU CASTIC

o Kvark-gluonova plazma transformuje pociatocnu priestorovu anizotropiu na anizotropiu v
distribucii koneénych \listavajlcich ¢astic

o Fourierova expanzia azimutalne distribJcie castic:

AN -
x 1+ 2 Z vpcosn(p — U,)

d £ f \

U,y = <COS n(ga o \Ijn)> rovina symetrie

| - koeficient toku: urCuje "&'\V/'é'
0| preferovany smer castic ' —
0 5 0 5 10 ‘/.'/‘A’% Y

X (fm)

V' skutoCnosti mame superpoziciu roznych harmonickych modov -> Vo V3 Vs, .

32
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ANALOGIA KU KOEFICIENTOM TOKU

UNIVERSITY
IN PRAGUE

/7

v elektronike tiez obsahuje viacero typov vin

o Signa

o Tieto viny su vysledkom superpozicie zakladnych harmonickych modov

ALICE, PRL 107, 032301 (20711)

(Ad)

.‘,' ey 1.01F Centrality 0-1%, Inl < 0.8 -
e ; Al > 1 :
W O, noal » M
Ty ‘l' || A, 1 008 : V2’3’4,5{2, lAnI > 1}

e 1.006 - -

1 ] 004 | ; \ : “ N v
| .: RN . .: . PR ’ ]
L, N : S\ v N N .
1, L N s ’ N . \
» 7 s B | , N ; -
> .- “ R ; , — . : .
: A " . \ .
A 4 \ N Vi A . 7 , N . "
A . . . S P . NN ,°
. , . . . \ : "
B ’ . ’ , \ .
’
s ! 1 , \
’ 4 \ !
’ L \ /J h N

1.002f

/ frequency 0.998% ..

0.996 .

N 0.094 %

time 0.992 f

2.0<p, trig"g«é.o
1.0<p, <20

t,assoc

- . . . o -1 0 1 2 3 4
wikipedia, https://en.wikipedia.org/wiki/ A¢ (rad.)

Fast Fourier _transiorm#

/media/File:FFET-Time-Freguency-View.png



https://en.wikipedia.org/wiki/Fast_Fourier_transform#
https://en.wikipedia.org/wiki/Fast_Fourier_transform#
https://en.wikipedia.org/wiki/Fast_Fourier_transform#
https://en.wikipedia.org/wiki/Fast_Fourier_transform#

ANALOGIA KU KOEFICIENTOM TOKU

/7

v elektronike tiez obsahuje viacero typov vin

o Signa

o Tieto viny su vysledkom superpozicie zakladnych harmonickych modov

CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

o Fourierova transformacia do frekvencneno rezimu: amplituda ukazuje zastupenie zakladnych harmonik v signale
ALICE, PRL 116, 132302 (2016)

0.15

|
;
| .
‘] 0.1
' .
) , .
-'.' -~ )
,-'--.- "--
'

0.05

/ frequency

N

time

wikipedia, https://en.wikipedia.org/wiki/
Fast Fourier transformi#
/media/File:FFET-Time-Freguency-View.png
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DOKONALA KVAPALINA

o Hydrodynamicky model: popisuje QGP ako kvapalinu
o Jeden z parametrov je viskozita (vydelena hustotou entropie)

Luzum, Romatschke, PRC 78, 034915 (2008)

0.5
/s=10" | n/s=0
04 — - T/S=0.08 standard r]/S — O 0001 ' I
' n/s=0.08 Pade ' —_— —_—
* n/s=0.16 standard| -~ 7
0 570,10 Pace - ziadne trenie medzi vrstvam
= r S & n/s = 0.08
i o n/s >0
01 S n/s = 0.16 — —_—
\
O 1 2 3 4 5 | | L
p, [GeV] trenie medzl vrstvami sposoni,

76 vyrovna rychlosti jednotlivych vrstiev,
a znici elipticky tok




DOKONALA KVAPALINA

ALICE, PRL 107, 032301 (2011)

Schenke et al., PRL 110, 012302 (2013) o Hydrodynamicky model: popisuje QGP ako kvapalinu
0.14 | | | | o Jeden z parametrov je viskozita (vydelena hustotou entropie)
0.12 | |V2 7 | ALICE data v{2}, pr>0.2 GeV
' Vg3 -— | n/s=0.2
0.1 | § - /s = 0
A - I
> 0.06 ’
0.04 + zladne trenie medzi vrstvam
A __——— A_———A-—-——"713
002 ra-——">+—-——7"" .
o L . T T n/s >0
0 10 20 30 40 50 — —_—) —
centrality percentile — \ —>
o Merania koeficientov toku a porovnanie s trenie medzi vrstvami Sposobi

76 vyrovna rychlosti jednotlivych vrstiev,
a znici elipticky tok

modelmi nam ukazalo, ze QGP je najdokonalgjsia
<vapalina vo Vesmire (ktord pozname)




DOKONALA KVAPALINA

ALICE, PRL 107, 032301 (2011)

schenke etal., PRL 110, O Bermhard et al, Nat, Phys. 16, 1113 2019) P& Q@P ako kvapalinu
0.14 - lena hustotou entropie)
Vs - P./2
0.12 Vg - _ Water
V4 — PC
01 B 10 —
V5 - - ] — 2P
N : c —>
= 0.08 _ P
o - — © —>
= 0.06 1 ] 1 - P,
% } Helium = .
0.04 | = . ____—2P, rstvam
1 -
0.02 | »—-* -
m = _
0 ; —_—)
. / —
o Quark—gluon plasma
o Merania koeficie | | | | - prosool
o 0 0.5 1.0 1.5 2.0 2.5 fivych vrstiey,
modelmi nam u
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CTU

MALE ZRAZKOVE SYSTEMY: CHAPANIE

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

o Newytvara sa QGP
o [ieto zrazky suU pouzite len ako referencia k zrazkam tazkych ionov

po—<+ep Pb%-ﬂ-’Pb

(b) CMS MinBias, 1.0GeV/c<pT<3.0GeV/c

(a) CMS PbPb |s,, = 2.76 TeV, 220 < NJ;' " < 260

1< p'Trig <3 GeV/c
1< p:“s“ <3 GeV/c

VS.

jieden z prejavov QGP

zladna struktura
CMS, JHEP 09 (2010) 091 CMS, PLB 724 (2013) 213




CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

MALE ZRAZKOVE SYSTEMY: CHAPANIE” ?

o Podobna struktura najdena aj v malych zrazkovych systémoch s vel'kou multiplicitou

(d) CMS N> 110, 1.0GeV/c<p_<3.0GeV/c (b) CMS pPb s, = 5.02 TeV, 220 < No"e < 260 |
T (a) CMS PbPb (s, = 2.76 TeV, 220 < No"® < 260

1< ptTrlg <3 GeV/c

1< p;““ <3 GeV/c

1< p:_"g <3 GeV/c
1< p:ss“ <3 GeV/c

§z é_ 3.3 5 § 2_8_2,,.
R €5 260
1—25 31_ P ,_Zg’ 24'
4 |
CMS, JHEP 09 (2010) 09" viditelna struktura CMS, PLB 724 (2013) 213 CMS, PLB 724 (2013) 213
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CTU

MALE ZRAZKOVE SYSTEMY: CHAPANIE” ?

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

o Podobna struktura najdena aj v malych zrazkovych systémoch s vel'kou multiplicitou

po—<+ep

(d) CMS N> 110, 1.0GeV/c<p_<3.0GeV/

SU MALE ZRAZKOVE SYSTEMY KOLEKTIVNE? ’
W .

xn = 276 TeV, 220 < Nji™™ < 260

JE TO DOKAZ, ZE V NICH
VYTVARAME MALU KVAPKU QGP?

e
_e_
Q’\ .....
S Ul 00U DS - e
g -
Z - SN
1 :
4
1 1 / 7/ N/ / -4
CMS, JHEP 09 (2010) 09" viditelna struktura CMS, PLB 724 (2013) 213 CMS, PLB 724 (2013) 213
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ovych zrazkach este vyzaduje k
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CTU

CENTRALITA ZRAZKY

UNIVERSITY
IN PRAGUE

o Jadra sa mozu zrazit v roznych konfiguraciach:

ﬂ gl 1 I I I 1 I I I I I I | 1 I I I 1 I I I 1 l-
c - [ =
g i + Data 102\ E
4102 : 5
— Glauber fit Z \MM‘*
y 4 ) y 4 ) y 4 :" 10:_ °\° :2 3
centralne semi-centrdlne periferalne ol = 3 3 :
i » 0 500 7000
15 \ " Y =
A . s . o 5 =
o R6zne konfiguracie odhadujeme pomocou H lole | 2 | & 2 o e
centrality zrazky o'l 18183 | F | B & = 2 B
Y O s - i | =
’ . . . , Lo E 0 < ™ AN -~ Ty o =
o Velka multiplicita -> centralna zrazka I 'n‘l
-2 | | I 1 1 I | I | | l | | | I L1 | I | | | I L1 | I | 1 I jempe——y I L1 1 ‘
10% 5000 10000 15000 20000

o Horucejsia, hustejsia -> silny vplyv QGP na pozorovania

VZERO Amplitude (a.u.)

o Maléd multiplicita -> periteralna zrazka

o Maly vplyv QGP na pozorovania (ak vobec QGP vznikne) VZERO amphtUdla Je priamo umerna

poctu vyprodukovanych castic (=multiplicite)




JEDNOTKY V CASTICOVEJ FYZIKE o

o Jednotky S| sU v Casticovej fyzike neprakticke (kg, J) mass  =2.2 MeV/c?

charge @ %3
o Elektronvolt (eV) = kineticka energia 1 elektronu ktory presiel potencialom spin | % w
TV
o 1eV=1.002x10"1J up

o Pomocou eV vyjadrime a hmotnost: 1 eV/c2 = 1,8 x 10-36 kg
o Hmotnost u kvarku: 2.2 MeV/c2 = 4 x 10-30 kg

1 000 000 000 =10°eV 1 GeV (Giga elektronvolt)
1 000 000 000 000 = 10"2 eV 1 TeV (Tera elektronvolt)

1 TeV odpoveda kinetickej energii letiaceho komara.
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JEDNOTKY V CASTICOVEJ FYZIKE

o Jednotky S| sU v Casticovej fyzike neprakticke (kg, J) mass  =2.2 MeV/c?

charge @ %3
o Elektronvolt (eV) = kineticka energia 1 elektronu ktory presiel potencialom spin | % w
TV
o 1eV=1.002x10"1J up

o Pomocou eV vyjadrime a hmotnost: 1 eV/c2 = 1,8 x 10-36 kg
o Hmotnost u kvarku: 2.2 MeV/c2 = 4 x 10-30 kg

1 000 000 000 =10°eV 1 GeV (Giga elektronvolt)
1 000 000 000 000 = 10"2 eV 1 TeV (Tera elektronvolt)

10" Castic v LHC pri energii 7 TeV odpoveda letiacej stihacke.
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CO VSETKO VIEME O INTERAKCIACH

o Existuju 4 druhy interakcii medzi casticami:

SPROSTREDKUJUCE  POSOBIA SILA
CASTICE NA CASTICE | (RELATIVNA)

: KVARKY
GLUONY GLUONY 1

ELEKTRICKY
NABITE

ELEKTRO-

MAGNETICKA FOTON

SLABA W+ W- Z0 VSETKY

GRAVITACNA - (NIE JE POZOROVANE) VSETKY

oV Casticovej fyzike gravitacnu silu neuvazujeme




SILNA INTERAKCIA

P Baryony:
o \/iaze kvarky do hadronov = Castice zlozené z - 3 kvarky
bezfarebne] kombinacie kvarkov \ - 3 antl-kvarky

o Zviazané gluonom (od slova “‘glue”) Mesony:

- kvark + anti-kvark

@ @ pion

o Popisané kvantovou chromodynamikou (QCD)
o Tri zakladné farby: €ervena, zelena, modra
o Analdgia svetla: r+g+b = bezfarebny vysledok
o Farpa + antifarba = bezfarebny vysledok

Daryons

€
Y
€

mesons




