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Cosmological ‘Principle’

¢ ‘Universe looks the same from any point’
m isotropic and homogeneous

¢ (To be interpreted in average seesee)

¢ Perfect Cuosma oy oo | PP g =2

¢+ ‘Unverse looks same at all times and all aplageses’
¢ Not correct: the Universe is expanding

¢ Olbers’ Haeahhox

= Why is the night sky not as bright as the surface o f the Sun?

= In an infinite, static Universe, every line of sigh  t would end at the
surface of a star

¢ Universe must be finite in time and/or space
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X

« Trigonometric parallax:
motion of Earth around orbit
— O(100) pc

» Spectroscopic Parallax:
based on Hertzsprung-Russell
diagram — 50 Kpc

« Cepheid variables: — 4 Mpc

 Other ‘Standard Candles’:
clusters, galaxies, radio
sources, supernovae ...
weak lensing, microwave
background, ...
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¢ Detectable effect on spectrum ‘babawdedes’
¢ for different elements, e.g., Sodium

¢ Doppler edffatt

BLUESHIFT REDSHIFT
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The expansion obthlee Wimxense

. . v=H,d (H,=Hubble's constant) J/
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Historv of the Universe
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1 Legarithmic time:

10 - log10 second

140 40ne million years

NEXT Reionization
The Stelliferous Era Dark Ages

100 million years: First star begins to shine.

Recombination———— 379,000 years: Hydrogen and helium nuclei

110 §One thousand years

One year Photon epoch

One hour

capture electrons to form stable atoms. Photol
are no longer able to interact strongly with atoms.
Cosmic microwave background radiation streams
freely.

70,000 years: Matter domination

3 to 20 minutes: Formation of helium nuclei

Big Bangmnuciegsynthesis

Lepton epoch
One second

3 One millisecond Hadron epoch

One microsecond
30ne nanosecond Quark epoch

3 One picosecond

The Primordial Era

Electroweak epoch

Lepton/anti-lepton pairs annihilate.

Neutrinos cease to interact with other particles.

Formation of hydrogen nuclei.

Quarks become confined within hadrons.

The "weak" force separates from the
electromagnetic force resulting in the four
separate forces we know today.

Big Bang

atomy — wessmiir j@

priehladny

atomove jfiten ((Hie, WLi)

protomy, nesutooTyy

< quarky, |Epiomy

Reheating after inflation populates universe_ asym etrla mrmm e

with quarks and anti-quarks.

Inflationary epoch. The Universe expands exponentially

Grand unification epoch

Separation of the strong force from the
electronuclear force.

Planck epoch

0: Linear time Big Bang

Planck time, the smallest theoretically observable
unit of time and the time before which science is
unable to describe the universe. At this point, the
force of gravity separated from the electronuclear
force.

antihmota

inflacia

smiru v laboratotiu

LHC




Cosmological Inflation

Basic idea: very early in the

Inflati to Struct F t ; :
o e history of the Universe
- (between 10-3° — 10-33s)

f{‘j?

the energy density was
dominated by a constant
piece V: would have
caused an exponential
expansion: size
increased ~102° times

Galaxies

Gravitational Instability

gapid Expansion J_I_ Exponenti, 1 Stre
— b s —
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Timeg —— Magnitude of Scalar Field (¢)
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Geometry of the Universe

¢ Closed Universe? Flat Space? Open Universe?

Spherical S_rmne Flat Space Hyperbalic Space
¢ Wil the 0 e ——
expansion ww?‘;:;a:,:: axpand s forewer
reverse or = 4
continue? , * 2

. L Roughty 100 hillﬁ:lz :::: h—H Time

: £ _ [T TTTTE
¢ Inflation — Flat Umiverse ST | | HHHHHE

: : ST [T || [ |
Exponential expansion makes L) |
Universe |tkmesatiy flikat | N ||
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Matter and Antimatter

¢ In Universe is only matter, practically no antimatt  er

¢ At the beginning we assume edqual amount of matter
and antimatter
= slight violation of this symmetry, i.e. ~10 - more of matter
= Mmatter and antimatter mostly annihilates -> giving photons
= thus we observe 1 proton per 10 ° photons

¢ need difference between maiiter, amtimeaiier

m charge symmetry broken in laboratory — a tiny effect

¢ need matier-cresatnogintereEtioTs

m present in unified theories — not yet seen
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Phase transitions

Discontinuous or rapid change of matter thermodynamic"' |
properties, change of state of matter (phase)

¢ Phase transitions in early Universe creates fluctuations
In the Initial state

= may influence the formation of different large scale structures

¢ Phase transitions in early Universe Directly observable

» Quark—Gluon Plasma phase transition: ~1ms, T~ 100 MeV <" at LHC!
= Electroweak phase transition: ~101%s, T~ 100 GeV |
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Big Bang NNiodésssyitieessss

¢ Between 3 — 20 min the first
elements build from protons
and neutrons

¢ 75% of H, 25% of He?,
0.01% of D, ~10-19 of Li, Be

¢ Exactly as predicted by Big
Bang theory — depends on
y/p ration and temperature

¢ Problem —to few p/n to
explain the density of the || et
Universe 1 Bai}-un-m-;hcltnndratl;h: T
¢ All heavier elements
produced much later in stars
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Cosmic Microwave Background

¢ definitive prediction of Big Bang theory

¢ after 380,000 years Universe became transparent for
light, temperature was ~3000 K

¢ CMB is in thermal equilibration with matter in Universe —

black body spectrum
¢ all deviations reflect initial conditions and dynamics of

Universe eVO|uti0n . Cosmiz Microwave Background Spectrum from COBE
Observed by Arno Penzias and = | f"““&ﬁ ek sty Specram —— |
Robert Wilson in 1964 T =2.7 K *[ / 5 -

& 250 | \ ]
i X
§ 200 |+ * i
.g *\\
[T ‘ £ 150 i
" \ Horn antenna, . |
By Jiﬁ in Holmdel, e _
' : ~ ~ NeW Jersey 0 1 | 1 1 1 |+*+‘-TL+"“++—-|-

SRR e 3 Frecuency |Licrm|
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WMAP

¢ Wilkinson Microwave Anisotropy Probe

1.4 x 1.6 m primary

reﬂectorS\ <l
dual back-to-back i i"

Gregorian optics

1 ———— upper omni antenna

secondary FPA box

reflector
feed horns

passive thermal radiator
thermally isolating

instrument cylinder
(RXB inside)

top deck

star tracker

= Phasing Loops

warm S/C and \
Earth
e

instrument
electronics
reaction

wheels (3)

Orbit

Moon at
Swingby

deployed solar array w/web shielding
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Final result, 7years data
foreground subtracted

R A

33 GHz Wih fregroun.d

94 GHz with foreground

Inhomogeneities ~104 — 10>
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WMAP results

Angular Scale
a0 2 (Eo G2

¢ CMB power spectrum 6000 £ . .' .

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 0

§% F
Hubble’s constant E :
70.4*13_ , (km/s) | Mpc o . ]

-F'i'. "
CMB temperature 2.725 K :

—1 EER L1 4 11 hhil 1 1 1 1 1 1 L1

10 100 500 1000
Multipole moment
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Composition of matter

Atoms Dark
¢ today 72% of matter of the e Energy
Universe — dark energy Dark 72%
' : - Matter
23%

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

expansion TODAY
i Dark

¢ vacuum energy? scalar o Matte

field? cosmological A

constant? Photons

: : - 15%

¢ 23% is (cold) dark matter, Atoms

what Is it? beth 13.7 BILLION YEARS AGO

{(Universe 380,000 years old)
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Open Cosmological Questions

¢

Why Is the Universe so big and old?
m ~ 13,750,000,000 years

Why is its geometry nearly Euclidean?
= almost flat; density nearly critical

Where did the matter come from?
= 1 proton for every 1,000,000,000 photons

How did structures form?
= ripples + invisible dark matter?

What is the dark matter?
What is the dark energy?

Need particle physics to answer these questions

1 December 2011 Karel Safarik: Od velkeho tresku k LHC - stvorenie vesmiru v laboratotiu
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The'Standard Model’

: = Cosmic DNA
The matter particles

@) LL - neutrino @) muon
@) T - neutrino @) tau

gravitation = electromagnetism weak nuclear fo - rce strong nuclear force
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Vakum v QED a QCD

kvantova elektrodynamika: QED
kvantova chromdynamika: QCD

Energia [ mabooy spooriéamnee naaookeayyth vo
vakuu — kueamttoxa fillkttzacea (Ilh—=11 cc—1})):

B =opi (pxr 2 1)
E, ot = — g%/(41r) (a=eorg=g,)

E = B A Epare (LN - g?/4T)

v QED toto | pravda e lulboviond “Skakalu™ (uz po
Planckovu “Skatalu™ — 1@ -2° fm)

v QCD to je vSak sppranae | jpre velmi ke
vzdialenost’, nrak&bK&o fiim({D0 13 cm)

CERN, 27 April, 2007 Fyzika tazkych iénov Karel Safafik 22



Pripad QED

¢ VQED
g7 =e2=4ma,..
m (.., sa meni zo vzdialenost'ou (polarizacia vakua)
= kde pre velké vzdialenosti Oom = 1/137
= pri EW (elektro-slabej) skale (r=2 x102fm) O, = 1/128
= pri Planckovej “S8kéale” (r=10 2°fm) O, = 1/76

¢ Toznamena, ze ¢Ciselny faktor pred 1/r. (1 — g?/4m)
sa meni zo vzdialonost'ou, ale

= |len mélo, medzi 0.987 — 0.993 (i.e. 0.6%) ak menime vzdialenost’
od Planckovej “Skaly” az po nekone  €no...

CERN, 27 April, 2007 Fyzika tazkych iénov Karel Safafik 23



Pripad QCD

¢ VvQCD
g = gs* = 4110,

= kde Ug sa zmensuje vel'mi rychlo zo vzdialonost'ou
(asymptoticka sloboda)

s pri Planckovej $kale a. = 0.04
= pri elektro-slabej skale o, =0.118
= pri Agep=0.2GeV (r=1fm) O =1

¢ numericky faktor (1 —g2%4m)=1-aq,
m Sa znizuje so vzdialenost’ou, pri Planckovej Skale je 0.96

= ale pozor, pre r=1fm uz je zaporny !

¢ privacésich vzdialenostiach jeE=oxr (o=1
GeV/fm)

= a tento faktor je opat’ kladny
CERN, 27 April, 2007 Fyzika tazkych iénov Karel Safafik 24



QED versus QCD

— w i
= =
= QED & QCD
@) @)
> >
= =
) )
- -
LL LL
r $ P
Distance Distance
r=1fm
Kineticka energia stale dominuje Energia skryta v poli prevazi pri
nad potencialnou (pole je slabé) nejakej vzdialenosti kinetickl

virtual pary realne pary — vakuovy kondensat

CERN, 27 April, 2007 Fyzika tazkych iénov Karel Safafik 25



@1 Open Questions beyond the
' Standard Model

.

¢ Why do particles have mass?
Why so many types of matter particles?

¢ Why the symmetry between matter — antimatter is
violated?

¢ Are the fundamental forces unified?
¢ Quantum theory of gravity?

2

¢ Large Hadiom Culloksr!!
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Chiralna symetria

¢ Pre my- 0 helicita kesneakow sa zaabiovaaaa
m pretoze gluony maju helicity £1 QCD teoria v tejto limite m a
SU(3), xSU(3)r symetriu

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

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

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

QCD kvark—anti-kvarkovy kondenzatate generuje dynamické
kvarkové hmotnost a naruSuje chiralnu symetriu

= ak zvysime teplotu kineticka energia nabiteho paru (nad neja kou
hodnotou) prevysSi potencialnu energiu
kvark—anti-kvark kondenzat zmizne z vakua
chiralna symetria sa obnovi nad nejakou kritickou teplotou
hodnota <0|gqJ0> je “order parameter’ fazového precho du

CERN, 27 April, 2007 Fyzika tazkych iénov Karel Safafik 27



Physics at LHC

@ Common Questions

—» generation of mass
- elementary panicles => Higgs => ATLASICMS
- composite panticles => QGP => ALICE

—» Missing symmetries
- SuperSymmetry: matter <-> forces => ATLASICMS g
- Chiral Symmetry: mass of light quarks => ALICE
- CP Symmetry: matter <> antimatter =>LHC-B

@ Different Approaches

—» 'Concentrated Energy'
=> (single) high mass panticles
» 'Distributed Energy’
=> interaction between matter & vacuum

—» 'Borrowed Energy’
=> indirect effects of very high mass particles

Temperature: HI. physics (ALIC

Energy: pp physics (ATLAS/CMS)

-

23/05/2006 Physics 'Programme of ALICE Experiment K.Safarik 28



Collide heavy nuclei at high energies to create

V
3

Temperature T [Me

3

Quarks and Gluons

Hadrons /

Color Super-

conductor?
Neutron stars
1

Nuclei

Net Baryon Density







é Large Hadron Collider (LHC) @

HC B CERN

Pﬂ nt === Point 2

® about 100 m underground ® 11245 orbits per second
y ® 27 km circumference () Pp CO||lSl0nS Up to v/-S = 14 TeV
o e Pb-Pb collisions.up to Vsyy = 5.5TeV,
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Uvod do urychlovacov



A
v

Elektrénvolt, jednotka energie, oznacovana ako eV, sa pouziva pre malé
energie:

1 eV je definovany ako energia dodana castici s nabojom jeden elektron
(t.j. okolo 1.602-101° C) elektrickym polom s rozdielom potencialov 1
Volt:

1 eV =1.602-1019 joule

Urychlovanie

Vo fyzike castic jednotka eV sa pouziva taktiez ako jednotka hmotnosti,
protoze hmotnost’ a energia su Uzko spojené Einsteinovym vzt’ahom:
E = mc?
kde m je hmotnost castice a c je rychlost’ svetla vo vakuu

Hmotnost’ elektronu je okolo 0.5 MeV

Celkova energia




Preco urychlova ¢e?
Preco stale vysSia energia ?

¢ Castice — viny (de Broglie)

¢ Rozlisovacia schopnost’ je dana vinvou dizkou
A=h/p (h— Plenckova komsimia)

(napriklad elektronovy mikroskop ma lepSie rozliSenie nez svetelny
pre ktory A ~ few 102 nm < less than 1eV)

200 MeV < 1 fm (1013 cm)
1GeV < 0.2fm

100 GeV <~ 2 x10%cm (LEP)
10 TeV < 2x10¥cm (LHC)

® & o6 o

19 February 2008 Karel Safarik: Uvod do fyziky ¢astic 35



N LHC energia

—

Pre A-A zaazky.

forta = 5500 A GeV

Bl =E_...°/(2Amy) =1.61%x10" A GeV
pre idny atoxe Eyponpp, = 3.35 % 10° GeV = 3.35 x 10** MeV

dalej potirebuEme (definicia Avgito-Sacasie] lidoyy £,9)
2R Bt g (=0.511 MeV)
a najakeé im& definicie  (gravitacné zzygtidemnte ¢, jednotka czesu fr)
g =1 in/tr?2 (1 s'=19.65 tr, ttrams)
(rychlost’ seetda C) c =6 x 108 infr
mc2=72%x10"£,cin  (=0.511 MeV)

1 MeV =1.41x10" £, in
Nakoniec
bbb = e XA = AR RO X (12 g im)

CERN, 27 April, 2007 Fyzika tazkych iénov Karel Safafik 36



7 LHC energia (pokracovanie)

.

A pre pp zrazky:
Ejab ppaatevy = 015 Epgim Y2 £,g X V2" =Ve Epg X 17 = ...

Pre tych ktory neradi sedia na ione olova (a lietaj U vo vakuovej
trubici LHC)

E.cphpp, = 5500 A GeV =1.14 x 10° MeV

El s s gRBrse 6T (=045 g x4 om)

Stale, je to makroskopicka energia !!! (zrazka ks by sa didn
aj po cut’)
Ale rozmer oloveneho jadra

/7

je viac ako 10 3 mensiiln

CERN, 27 April, 2007 : Fyiika tazkych i6nov Karel Safarik
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Urychlova ¢e v CERNe

CERN Accelerators

(not to scale)

Energie:

0.999999¢ by here

Linac 50 MeV

PSB 1.4 GeV

PS 28 GeV

SPS 450 GeV

0.87c by here

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron L H C 7 TeV
AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

CNGS: Cern Neutrinas (o Gran Sasso

0.3c by here

Mudeli LEY, FE Dvenee, CLEN, 07 09 56

evinead el sdugrieal by Aioesclla Dicd Bavwsss, ETT D,
i vallabrarson wiEh B Dvalodges, 3. D4, asd

1, Mangianioi, 5 Div. (RN, 21,0000

Start the protons out here
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¢ beam 1: 1st complete orbit ~ 10:30
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Triggers Scalers | Integrated Charge Scalers

Hin i[l 00 daw (1400
II I Integrated Charge
VOA Eorihs VOC Sectar | Sectar 2
Sector( Sectar 3 Sector Sectar 3
Sector 7 Sectar 4 Setand Sectar 4
Sectar B Sectar 5
[V Scccintegrall. |V soaclntegals
s -
-— TR -
S L2
= g
2 : E
== i
L H
= : 2
= e
2.3 R
e i
= : 4 T i 5 E: :_-cv
:Illlllllw \IIII |||| Illlllll‘l\ \III Ill Illlllll‘\l \IIII‘IIIII Illlllll‘\l |||| lll:
10:15:00 10:21:00 10:23:00 10:25:00 10:27:00 10:23:00 10:31:00 10:33:00
10/03/08 10409408 10/03/08 10409408 10/09/08 10/09/08 10/03/08 10409408
“
E%%%E‘SH‘J Start time 10 5419 4418 4 04 164 1 haur — E

¢ beam 2: 1st complete orbit ~ 15:00
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LHC detectors

i
AT I AS Muon Detectors

TRACKER
/ CRYSTAI ECAL

Electrormagnetic Calorimeters

Total weight D 12500 T
Overall diameter : 150 m
QOverall length D215 m
Magnetic field : 4 Tesla

Solenaid :
Forward Calorimeters

End Cap Toroid

PRESHOWER

RETURN YOKE
4

SUPERCONDUCTING /
NET

MAGNE /

FOKWARD
CALORIMETYR

Barel Toroid Inrer Detector

Magnst

1 December 2011









(I B o I | .l' ‘ _.F_d-_l.._
I L4008

r. Fgi FESHE L R

| Actions

06/09/2010, Karel Safarik, CERN Proton-proton collisionslaiC as seen by ALICE

o

=100

=200

=300




There must be New Physics

beyond the Higgs Boson

<
2 —— QObserved

6 4oL Efﬁpected i
= = T 10 = =
E b =il det_1.U—2.3 fo -
1 [ —Observedw/o THsys ° o _ 7 Ty -
@)
2

- WD
(=)

.. =5 @ o ' e "-:'“ Higgs
W 000y 25 coupling
' blows up

Fxpected w/o TH sys
§
-l y

B Higgs coupling less |
g than in Standard Mode
] -t'-:" .'H;J ,-‘ ,';:.; ‘,!»I:' 1
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m, [GeV]




Fourier Decomposition

|An| > 0.8 p,~2.5-3 GeVic
# p2=sec 2.2.5 GeV/e
¢ Fourier coefficients are b I S
calculated - -' *
3 ¢
5 % _[dA PC(Ag)cosnAg o DA Oy ﬁt"‘t
V,, =(cosnAg) = Wi L
& [dagc(ag) YR
Y44 '*..3
¢ Strong nmesar-side ndge + doulble- g St crorony
peaked structure (in very central g A TTC TR

events) on away side at low p+

|An|>0.8  pr98-15GeVic

o 5tc|oefficients describe correlation well ey W
at low p ;
¢ Away-sitie pemk domimaies ait z L
high p 1 T 8,
= Higher coefficients improve 1+_-.i,t.+--ﬁ*++;i#+;‘w+# Tt
description t ¢

nek . . . Istapstlcl:al ejrrorjonly )

data/z]_,

J.F.Grosse-Oetringhaus, ALICE

In-Medium Energy Loss and Correlations with ALICE - Jan Fiete Grosse-Oetririghaus




(&N CP Violation in Charm

L A
~a 0.02 m
- O
20.015 EPS 2011

A new frontier opened 0.01 3
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AAcp = [—0.82 + 0.21(stat.) &+ 0.11(Sy8.)] V4

¢ 10 x larger than SM estimate, but difficult to calculate
¢ No consensus yet whether BSM required
¢ Are there more charming surprises in store?
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* The matter content || = Experiments at
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of the Universe = particle colliders

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

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

€ LHC a vsetky exxearimesntty ppaacjyu ciodtyy rokk penfietkime
m intezity zvazkov a mnozstvo zaznamenanych zrazok ovela na  d ocakavanie
m prve fyzikalne vysledky publikovane
~ presne potvrdenie stadartneho modelu
Higgsov bozon nenajdeny (zatial) — ak okolo 120 GeV velka s  anca buduci rok
priame narusenie CP symetrie v charmovom sektore!
fluktacie v pociatocnom stave v zrazkach tazkych ionov

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