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Véakurn v QED a QCD o
kvantova elekirodynamika: QED
kvantova chromcdynarnika: QCD

¢ Energia paru nabojov spontanne narodenych vo
vakuu - kvantova fluktuacia (h =1, ¢ = 1):

E ot = — Q2/(41) (a=eorq=g,)

E=Eq + Epe = (1/1)x(1 - g2/4T)

¢ Vv QED toto je pravda pre lubovlonu “skalu” (uz po
Planckovu “skalu” ~ 1029 fm)

¢ Vv QCDtojevsak spravne len pre velmi malé
vzdialenost’, niekol’ko fm (1013 cm)
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Pripacd QED

¢ VvQED
g% = e? = 4Tmma,,,
B (., sa meni zo vzdialenost'ou (polarizacia vakua)
= kde pre velké vzdialenosti O, = 1/137
= pri EW (elektro-slabej) $kale (r = 2x103fm) O, = 1/128
= pri Planckovej “skale” (r = 102°fm) O, = 1/76

¢ To znamena, ze Ciselny faktor pred 1/r: (1 — q%/4m)
sa meni zo vzdialonost’ou, ale

= len malo, medzi 0.987 — 0.993 (i.e. 0.6%) ak menime vzdialenost’
od Planckovej “skaly” az po nekonec¢no...
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Pripacd QCD

v QCD
0% = g¢* = 4110

= kde (g sa zmensuje vel’mi rychlo zo vzdialonost’ou
(asymptoticka sloboda)

= pri Planckovej skale a, = 0.04
= pri elektro-slabej skale a, =0.118
= priAgcp=0.2GeV (r=1fm) O, =1

numericky faktor (1 — g%/4m) =1 - q,
m sa znizuje so vzdialenost’ou, pri Planckovej skale je 0.96

m ale pozor, prer=1fmuzje zaporny !

pri vaésich vzdialenostiach je E=oxr (o= 1
GeV/fm)

= a tento faktor je opat’ kladny
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QED versus QCD .

»
>

QED QCD

Energy of pair
Energy of pair

>

’
Distance \/ Distance

r=1mMm

Kineticka energia stale dominuje Energia skryta v poli prevazi pri
nad potencialnou (pole je slabe) nejakef vzdialenosti kineticku
virtual pary realne pary — vakuovy kondensat
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Syrnetrie QCD

¢ QCD madve priblizné symetrie:
= Z;—(centre) symetriu (pre €isto kalibra€nu toer, v limite m,— oo )
= chiralnu symetriu (obnovenu pre nulove hmotnosti, t.j. m;— 0)

¢ Privel’kych hustotach a teplotach sa nakoniec
m Z,—symetria narusi (prechod od confinementu k deconfinementu)
m chirdlna symetria obnovi (chiralny fazovy prechod)

¢ Otazky:

m existuje jeden spoloény fazovy prechod alebo dva nezavislée?

m akého druhu je tento (tieto) fazovy(é) prechod(y)
prvého druhu (ma latentné teplo) ?
druhého druhu (len zlom) ?
alebo je to len cross-over prechod ?
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Chiralna syrneiria

¢ Pre my— 0O helicita kavarkov sa zachovava
m pretoze gluony maju helicity £1 QCD tedria v tejto limite ma
SU(3), xSU(3)g symetriu

QCD svet sa rozpadol na dva svety ktoré navzajom nekomunikuja —
lavacky svet a pravacky

m ak dame do QCD vakua nehmotny lavoto€ivy kvark, on méze
anihilovat’ s lavoto€ivym anti-kvarkom z vakuového kondenzatu —
tym sa ale oslobodi pravotocivy kvark

pre vzdialeného pozorovatela nas testovy kvark spontanne zmenil
helicitu a preto musel nejako ziskat’ dynamickd hmotnost’ !

QCD kvark—anti-kvarkovy kondenzatate generuje dynamickeé
kvarkové hmotnost a narusuje chiralnu symetriu

m ak zvySime teplotu kineticka energia nabiteho paru (nad nejakou
hodnotou) prevysi potencialnu energiu
kvark—anti-kvark kondenzat zmizne z vakua
chirdlna symetria sa obnovi nad nejakou kritickou teplotou
hodnota <0|qq|0> je “order parameter” fazového prechodu
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Confinernent (uveznenie)

¢ hmotné kvarky v €isto glunovom vakuume pri nulovej teplote

CERN, 27 April, 2007

nie su viditelné detektorom kvoli destruktivnej inerferencii

expectation hodnota pre stopu kvarkového propagatoru — 3—
hodnotovy path integral s r6znymi fazami

exp (i x 2m/3), j=1,2,3 (generatory Z,)
zvysujuc teploty T az po nejaku hodnotu toto zostane tak

az pokial gluénové pole bude mat’ dostatok ¢asu sledovat’
(koherentny rearangement) nas testovy farebny naboj

Dalsie zvySenie teploty (nad nejaku kriticki hodnotu) gluonové
pole nebude mat’ dostatok ¢asu

Interferencia troch ciest sa narusi
test farebny naboj sa stane detekovatelny, bude deconfinovany

Toto sa da spocitat’ analytickym predlzenim kvarkového
propagatoru v komplexnom case (t = +i/T) — Polyakov loop — ktory
sa stane nenulovym pre T > T,

Polyakov loop je “order parameter” fazového prechodu

Fyzika tazkych iénov Karel Safafik



Syreirie QCD

¢ Obidve symetrie su narusenée dynamicky
m Z,symmetria je narusend kinetickou energiou (pri vysokej T)
order parameter (Polyakov loop) je nulovy pod T, a nenulovy nad
je to “order — disorder” fazovy prechod, Z; je narusena nad T,
m chirdlna symetria je narusena potencialnou energiou (pri nizkej T)

order parameter (kvark—anti-kvarkovy kondenzat) je nenulovy pod
T. anulovy nad

je to “disorder — order” fazovy prechod, chiralna symetria je
obnovena nad T,

¢ Obidve su vSak narusené aj explicitne — hmotnost’ou

= pre malost’ m, je realne ze scénar ohl’adom chiralnej symetrie
zostane dobrym priblizenim

= ale €o so Z; symetriou, prec€o nie je Uplne zni¢ena malost’ou m, ?
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Obnovenie konfinernantu

¢ Ked sa snazime znizit’ m, z nekonecna na ich
vlastnu (malu) hodnotu to co sa stane zavisi od
teploty:

= pri nizkych teplotach m, sa efektivne prestane znizovat’ ked’
prideme pod dynamicku hmotnost’ kvarku M, = 350 MeV pretoze
chiradlna symetria je narusena

m Z;symetria zostane pribliznou symetriou pri nizkych teplotach aj
po takomto tvrdom pokuse o explictné narusenie

m narusenie chiralnej symetrie efektivne zvysuje hmotnosti kvarkov
a preto riadi obnovenie Z; symetrie

= toto je argument preto, aby obidva fazové prechody nastali v tom
iIstom bode
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Fazy QCD - hrackarsky rnocdel

¢ uvazme
m fazu v confinemente (hadronovy plyn, HG) z pionov

m deconfinovanu fazu (kvark—gludnovu plazma, QGP) z gluénov a
dvoch typov (voni) kvarkov

m Stavoveé rovnica pre ideélny plyn
e = (9/30) 2T+, p =¢/3 =(g/90) T4
kde g = n, + (7/8) n;
pre HGn,=3,n,=0
Puc = (1/30) 12T

pre QGP: n, = 16, n, = 24 ale teraz mame aj vonkajsi tlak od QCD
vakua B

na hranici dvoch faz — tlak musi byt’rovnaky
T, = (90B/3412)Y4 = 144 MeV pre B4 =200 MeV (MIT bag model)
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Fazy QCD - poruchova itedria

¢ prinenulovej barydnovej hustote — prvy rad p-QCD

e = [16(1 — 15a//4m) + (7/8)12ny(1 — 50a/21)] (1/30) 2T* +
+ 2, 16(1 — 1504/2m) (3/ &) (T + g 2( /2)

(pre yy =0, a, =0, a n,= 2 dostaneme nas hrackarsky model)

pouzijuc a, = 0.4 tou istou cestou dostaneme T, = 164 MeV

¢ Dnes analytické vypocty existuju aj pre vyssie rady
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Lattice QCD at high temperature
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* Order parameters of QCD phase transitions:
* quark — antiquark vacuum condensate
* chiral phase transition in limit m, — 0
» expectation value of Polyakov loop
* deconfinement phase transition in limit m, — <
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TEMPERATURE (DEGREES KELVIN)
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Priestorovo-¢asovy vyvo|

ALICE

Spoace-time evelution in ultrarelativistic ion collisions

16
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Bari/dubsps.ppt

R, and v, — definitions

ALICE

* R,,—ratio of p; spectrum in AA collisions to that in pp
— properly normalized by number of binary collisions

_ (da/dpg)a
Ry, = =

Nym(do/dp,)

If AA would be just a superposition of pp collisions R,, =1

« v, — Fourier coefficients of particle distributions in
azimuthal angle ¢ with respect to n-th reaction plane

dN 0o
E() x 1+ Zanl Uy COSTl((P - Lljn)

v, =0 would mean azimuthally symmetric distribution
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Final result, 7-years data
foreground subtracted

e = . e

S

33 GHz with oreground

94 GHz with foreground

Inhomogeneities ~104 — 10
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WMAP resulis

¢ CMB power spectrum

9 May 2013

dipole moment gives our
velocity 627+22 km/s

age of the Universe
13.75+0.11 x 10° years

total density of the Universe
1.0023+0.0056_0.0054

Hubble’s constant
70.4*13_, , (km/s) / Mpc

CMB temperature 2.725 K
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Cormposition of matier

Atoms Dark
¢ today 72% of matter of the 4.6% Energy
Universe — dark energy Dark 72%
Matter

23%

¢ Dbefore ~7 x 10° years the
Universe accelerated its

expansion TODAY
: Dark

e vacuum energy? scalar oo Matte

field? cosmological 3"

constant? Photons

15%

¢ 23% is (cold) dark matter, Ao N

what Is it? et 13.7 BILLION YEARS AGO

(Universe 380,000 years old)
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Planck satellite ’

Porovnanie rozlisania:

10 x lepsie rozlisenie nez WMAP
9 frequency band (WMAP 5)
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037 x 10° years
77 (km/s)/Mpc

13.798 + 0.
67.80x0

Age of Universe

Hubble constant
Ordinary matter
Dark matter
Dark energy

4.9 %
26.8 %
68.3%

22
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ldentified particles at
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Identified-particle v,

ALICE
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overall qualitative agreement with hydro up to | [m]K v,{SP} Talks by
p: 1.5-3 GeV/c (n—p); quantitative precision ] K 2 S.Voloshin
needs improvements — hadronic afterburner [®] A | [e]o | ENoferini
n,(m;)-scaling worse than at RHIC | n,(Py)-scaling at p; > 1.2 GeV/c violation 10-20%
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V, and v; versus n N
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observed plateau in pseudorapidity (|n| < 2) S.Voloshin
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consistent with longitudinal scaling in n — y, ., With PHOBOS data

11 April 2013 Experiment ALICE at LHC K.Safarik 25



V, , Va, V, VEISUS P+

ALICE
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D meson Ru,

ALICE
) e e o B L B e
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Raa Prompt D

D meson v,

ALICE
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+ POWLANG (Beraudo et al.)

NLO(MNR) with EPS09 shad.
Rad+dissoc (0-20%)
WHDG rad-+coll

Talks by
Z.Conesa del Valle
D.Caffarri

Non-zero D meson v, observed
Comparable to that of light hadrons

Expressed as event-plane dependent R,,

Simultaneous description of R,, and v,

| c-quark transport coefficient in medium
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part

Jhy suppression measurements both in central and forward regions
— from N, > 100 suppression independent of centrality

— in central collisions, less suppression than at RHIC

— at low p; (< 2 GeV/c) less suppression than at high p;, especially
in more central collisions

Indication of J/y regeneration at low p; ?

300 350 400
(N,

Part
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Jhy Raa VS. centrality and py *

ALICE
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10 i Pb-Pb | 5,,=2.76 TeV, L= 70 ub™" x. zhao et al, NPA 859(2011) 114 1o C Pb-Pb | 5,,=2.76 TeV, L= 70 ub™" x. zhao et al, NPA 859(2011) 114
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X. Zhao et al, NPA 859(2011) 114

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Comparison to regeneration model:
X.Zhao, R.Rapp NPA 859 114

Different suppression pattern at low/high-p;
At low p; ~50% J/y from recombination
Fair agreement for different centralities
Statistical hadronization model also
describes the data: P.Braun-Munzinger et al.
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Jy elliptic flow

o 0.3

0.2

0.1

ALICE

. PRELIMINARY

Pb-Pb \s,, = 2.76 TeV, Centrality 20% - 60%
Jy:25<y<4.0, p.2 0 GeV/c

m ALICE preliminary: 6-A¢ method with VZERO-A EP

Transport model: R. Rapp et al. (priv. comm.)

Transport model: P. Zhuang et al., b thermalized!
Transport model: P. Zhuang et al., b not thermalized (priv. comm.)
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Jhy produced by recombination of thermalized c-quarks should have
non-zero elliptic flow
— measurements give a hint for non-zero v,
— qualitative agreement with transport models, including regeneration
— complementary to indications obtained from J/y R, Studies

centrality (%)
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Direct photon production

3.0 T T T ] T T T | T T T I T T T | T T T | T T T

0-40% Pb-Pb, Sy = 2.76 TeV

ALICE

PRELIMINARY

(’Yinc/no)/(ydecay/no)

—+¢— Direct photon double ratio
—— NLO prediction: 1 + (N_ vy Iy

coll* direct,pp,NLO
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ALICE future plans

Precision measurement of the QGP parameters at u, = 0

to fully exploit scientific potential of the LHC — unique In:
« large cross sections for hard probes
* high initial temperature

« Main physics topics, uniquely accessible with the ALICE detector:

 measurement of heavy-flavour transport parameters:
- study of QGP properties via transport coefficients (n/s, )

« measurement of low-mass and low-p di-leptons
« study of chiral symmetry restoration
« space-time evolution and equation of state of the QGP

« Jly, vy, and y. states down to zero p- in wide rapidity range
. statistical hadronization versus dissociation/recombination

ALICE
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ALICE dielectrons

inclusive dielectron invariant mass
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... excess after subtraction
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new ITS and high-rate upgrade, with “tight” impact parameter cut...

5 September 2012 ALICE Ugrade Lol K.Safarik
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Physics at LHC

® Common Questions
=» generation of mass
- elementary particles => Higgs => ATLASICMS

‘7 composite particles => QGP => ALICE

> missing symmetries
o SuperSymmetry: matter <-> forces => ATLASICMS g
7 Chiral Symmetry: mass of light quarks => ALICE
‘- CP Symmetry: matter <-> antimatter =>LHC-B

@ Different Approaches

—» 'Concentrated Energy’
=> (single) high mass particles

—» 'Distributed Energy'
=> interaction between matter & vacuum

> 'Borrowed Energy’
=> indirect effects of very high mass panticles

A

Temperature: Hl. physics (ALIC

Energy: pp physics (ATLAS/CMS)
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1 December 2011

* The matter content | * Experiments at
of the Universe ~ particle colliders

Learn particle physics from the Universe
Use particle physics to understand the Universe

. ‘ﬂ, -
= TR

MY ]
&£ ;l{n

Karel Safarik: Od velkeho tresku k LHC - stvorenie vesmiru v laboratotiu






Zhrnutie

¢ LHC a vsetky experimenty pracuju tri roky perfektne
m intezity zvazkov a mnozstvo zaznamenanych zrazok ovela nad ocakavanie
m prve fyzikalne vysledky publikovane
presne potvrdenie stadartneho modelu
Higgsov bozon najdeny — podla predpovedi hmotnost ~ 125 GeV
fluktacie v pociatocnom stave v zrazkach tazkych ionov
dosiahnuta teplota v zrazkach tazkych ionov ~ 300 MeV

¢ Looking forward to explore the ‘terra incognita’ at LHC

6 June 2013



