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The “Standard Model”

* Qver the last ~100 years: The combination of Quantum Field
Theory and discovery of many particles has led to

* The Standard Model of Particle Physics
= With a new “Periodic Table” of fundamental elements

One of the greatest
achievements of 20"
Century Science
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These are all we “see” around us in
everyday life but the others are
crucial to defining what we are.
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Quantum Field Theory

Energy and matter are equivalent
= (E=mc?) Vacuum Fluctuation

Involving top quarks

t

A particle-antiparticle pair can pop out of empty space (“the vacuum”)

And then vanish backinto it
= These are Virtual particles.

This has far-reaching consequences

= The structure of the universe depends on particles that don’t exist in
the usual sense (but did when the Universe was very young and hot)

This is the reason we do what we do

We are searching for the “"genetic code” of our universe
= We do not see these particles in everyday life
= We must recreate the state of the early hot universe to make them



... Standardny Model nedava odpoved’ na vSetko, napr.:

1. Preco maju elementarne castice hmotnosti ktoré pozorujeme?

= Hmotnost’ Viditenej Hmoty (my a objekty okolo nas, napr. hviezdy) pochadza zo
struktury (vazbova energia)

* Pred LHC sme nevedeli preco elementarne (bodoveé) Castice maju hmotnost’

> Hradali sme Higgsov bozén, poslednu neobjavenu éasticu St. Modelu

* Teraz vieme ze Higgsov Mechanizmus je zodpovedny za hmotnost’' W a Z bozénov a teda
za slabost’ Slabych Interakcii

= Vyzera to ze fermidny 3-tej rodiny tiez interaguju s Higgsovym polom
= Ale nevieme preco mame 3 rodiny a preco hmotnosti fermiéonov su také aké su
» HlPadame Castice 4-tej rodiny a excitacie znamych castic (q’, Z’, W’ a pod.) —
znamky struktury
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observed

2. Z coho je Tmava Hmota?

= 25% energie Vesmiru pochadza z Tmave] S i . e
Hmoty o | ‘, E-);F,)sded
= Najlepsi kandidat na Tmavu Hmotu su . - _ _ luminous disk
(dosial nezname) slabo interagujuce e g
t'azké Castice
» HlPadame nerovnovahu v prduktoch
kolizii (missing energy) v désledku

t'azkych castic unikajucich bez detekcie
3. Ako vznikol vesmir? :
5% Dark Mattey

= Asyemtria medzi hmotou a antihmotou, = 7. o
zjednotenie fundamentalnych sil, '- |
struktura casu a priestoru " 70% Dark Energ) ’

» Hladame rozdiely medzi casticami a
anticasticami, prejavy novych
priestorovych dimenzii, mikroskopické
cierne diery a iné exotiky
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History of the Universe

pp physics at the LHC corresponds =
to conditions around here
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Designing a detector: what do we
want to look for?

- the stable particles left over from decays

of unstable particles that we_can create In
our collisions, e.g. W*, W-, Z%(and HY)

o W2 ur+v e W~ = hadrons

B c° -+ o 7' > e+e Hadrons could be:
e W* - hadrons 0 W o 1 AL
o W 2 u+v o HO >y 4y 7T .
o W 2Dcec +v

€6 9
l

e A particle “7”° will move away from the interaction
point with momentum p. and energy £,



 Tazké nestabilné astice ktoré vytvarame vidime vd’aka vzt'ahu:
* (mc?)? = E? - (pc)2 (invariantna hmotnost’)
» Detekujeme produkty rozpadu, identifikujeme ich a meriame ich hybnost’

(velkost a smer) — takto dokazeme zrekonstruovat’ rozpadajucu sa casticu
vratane je] hmotnosti
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CMS collaboration OAW
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People

The CMS collaboration has

« Around 4300 active people (phys

Of these members there are about:

e 1740 PhD physicists (1490 men, 250 women) [ latest details & plots ]
e 845 physics doctoral students (685 men, 160 women) [ latest details & plots ]

e 790 engineers (700 men, 90 women) [ latest details & plots ]
e 690 undergraduates (550 men, 140 women) [ latest details & plots ]

(the above categories are, by definition, non-overlapping)

A typical CMS physics paper will be signed by the PhD physicists and a significant
fraction of the doctoral students meaning it will typically have about 2100 signatories.



CMS = Compact Muon Solenoid
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= CMS is slightly
--  smaller than

ATLAS but has

2X stronger
magnetic field
and is 2x heavier



CMS _
// Muons are important

= Muons are among the decay products of heavier (potentially new) particles
= Like e.g. electrons, photons quarks etc.

= Muons (heavier electrons) are not stable but they live long enough to
traverse the whole detector

= They are easy to detect (they have charge) and they easily traverse through
a lot of matter
= E.g. cosmic rays reaching the earth are basically only muons

= The parameters of muons can be measured in various detectors with high
precision

= Since they are the particles reaching the outermost regions of the detector,
they define its size

I. Mikulec: CMS 16



CMS// Solenoid is the heart

ZLaww

= Charged particles “bend” in a magnetic field; the amount they bend tells us
~ how fast they are travelling — measure of momentum

= The CMS solenoid is designed to provide an axial magnetic field of 4 Teslas
— about 100000 times that of the earth

= The current required is ~20 k Amperes = need to use a superconducting
wire (zero resistance)

* The superconductor chosen is Niobium Titanium (NbTi) wrapped with copper —
needs to be cooled to ~4K (-269 °C)

= The CMS solenoid is 13m long with an inner diameter of 5.9m

= The solenoid is sufficiently large that the tracking and all central
calorimeters can fit inside

= The full potential of the inner detectors can be realised

= The returna(oke is made of > 10 000 tons (~2 Eiffel Towers) of iron (red
blocks) and provides a 2 Tesla field outside of the solenoid, helping to
improve the precision of the muon momentum measurement

I. Mikulec: CMS 17



ATLAS vs CMS (the magnets!)

ATLAS A Toroidal LHC Apparatus ~ CMS Compact Muon Solenoid

—

I. Mikulec: CMS
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A slice through the CMS detect
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Tracker

Finely segmented silicon sensors (strips and pixels)
enable charged particles to be tracked and their
momenta to be measured. They also reveal the

positions at which long-lived unstable particles
decay.




CMS
//; Tracker

= Najvacsi systéem kremikovych senzorov na svete
= Viac nez 220m? senzorov (ako tenisovy kurt)

= Okolo 75 miliénov elektronickych kanalov (pixely a mikrostripy)
= 6m dlhy, priemer ~2.2m, operuje pri teplote -15°C

= Vysoka hustota senzorov
= 6000 spojov na stvorcovy centimeter

I. Mikulec: CMS
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2 Components of CMS: the ECAL

-
Electromagnetic Calorimeter

Nearly 80 000 crystals of lead tungstate (PbWO,,)are
used to measure precisely the energies of electrons
and photons. A ‘preshower’ detector, based on
silicon sensors, helps particle identification in the
endcaps.

|. Mikulec: CMS

27



----5/5 Elektromagneticky kalorimeter

= Elektrony a fotony su zbrzdené v elektromagnetickych
sprskach
= Homogenicky kalorimeter

= Krystaly wolframanu olovnatého (PbWO,) v ktorych castice
produkuju scintilcné svetlo zachytené fotonasbiCmi

= ~80 000 krystalov
= Krystaly
» Kazdy krystal potrebuje rast’ 2 dni
= Su transparentné ale skladaju sa z 86% z kovu
» Kazdy krystal vazi 1.5 kg ale ma objem kavovej salky

|. Mikulec: CMS
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r ’ .

Hadron Calorimeter

Layers of dense material (brass or steel) interleaved
with plastic scintillators or quartz fibres. allow the
determination of the energy of hadrons, that'is,
particles such as protons, neutrons, pions and
kaons. |

|. Mikuleq



CMS, i ] :
2 Hadronovy kalorimeter

= Barrel HCAL: 36 mosadznych dielov, kazdy vaziaci ~35 ton

= Endcap HCAL vyrobeny z mosadze pochadzajucej z miliona ruskych
delovych nabojnic z Druhej Svetovej Vojny

|. Mikulec: CMS
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7.

Muon Detectors
To identify muons (essentially heavy electrons) and
measure their momenta, CMS uses three types of

detector: drift tubes, cathode strip chambers and
resistive plate chambers.




. Muonovy system

Tri technologie (vSetko plynové detektory)
= Drift Tubes (DT) v barrelovej casti

= Cathode Strip Chambers (CSC) v endcapoch
= Resistive Plate Chambers (RPCs) v barreli aj endcapoch

V CMS sa nachadza 1400 mudénovych plynovych komor. Obsahuju 2
miliony elektrodovych drotov tenkych ako Fudsky vlas.

Poloha tychto komoér voc€i centralnemu trackeru je znama s
presnost’'ou niekol’ko sto mikrometrov

l. Mikulec: CMS 32
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computing commissioning

CSAO08
CSAOQ6 CSAOQ07 CCRCOS
L w M
surface commissioning o) O
4 3 7
MTCC o B 5
&5 B ao 2
L 00 Z
N
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2 238
Magnet tests
Global Runs CRUZETs 15tbeams

underground commissioning
CMS dictionary:

CSA — Computing, Software and Analysis challenge
CCRC - Common Computing Readiness Challenges
MTCC — Magnet Test and Cosmic Challenge
CRUZET - Cosmic RUn at Zero Tesla



.on the surface and lowered
100m underground'







CMS,
) The underground caverns
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T PUITS @ 20.4m

You go down here =

PUITS @& 7=
\ PMSS EXISTANT
TUNNEL LHC

CAVERNE EXPERENCE
UXCSS

e

CMS is in here!

TUNNEL BY_PASS MACHINE

CAVERNE CONTROLE . CRYOGENE
_SERVICES . PUISSANCE ( USCSS )

Electronics/PCs
are in here!

(ENSEMBLE DES OUVRAGES SITERRANS )

MOWLD JF LE B4 ~ OCTORRE ~ 897



Ako kamera

= CMS je ako kamera s 8o milionmi pixelov

= Ale nie je to obycajna kamera
= Dokaze snimat 40 milionov obrazkov za sekundu
= Obrazky su 3 dimenzionalne
= A S0 14000 tonami nie je velmi prenosna

= Ale hlavny problem je, ze nie sme schopni zaznamenat
vsetky obrazky a preto musime vybrat tie
najdolezitejsie!



Trigger

Frekvencia kolizii

= Zvazky sa krizuju ~ 16.5 milion krat za sekundu

= Okolo 20-30 parov protonov sa zrazi pri kazdom stretnuti zvazkov
Zaujimave zrazky su zriedkave

= Nanajvys jedna z 10 miliard...

Sme schopni zaznamenat okolo 400 zrazok za sekundu.

Musime vybrat tie spravne a to rychlo!

Urovne Triggera

= Najprv hardwarovo zaznamenavame 100 tisic snimok z 16.5 miliona
za sekundu. Rozhodnutie nesmie trvat viac nez niekolko
mikrosekund

= Potom s pomocou ~10000 pocitacov, vyberieme vyslenych 400 za
sekundu

Napriek tomu sme zahrnuti mnozstvom dat!




Data distribution

* Grid connects >100,000 processors in 34 countries

Wi |

22 Petabytes in 2011




Proton”beanﬁclrcuiate 11, ZZIS {1

...‘,M—." oy (4 -

\ ————

#«f >100 r“'r‘t flion proton proton coI'I|5|










.

Finland Map

_ .
iceland Swedes

Russia

Norway

: ‘ Atlantic ; Afghanists,” &
.' ) ’ : .) OC“J" i ry “aq I,an ) -, . ’ . !
y : . 4 u p3 :."4‘ %
e . * i&lgella Ub'ja Eg)pt X ® .’.., ’
e Saudi . :
cX ’ | Arabla ’Ia
y Mauritania hailand
Mall  Niger Sudan
® Chad
#hezueig Nigeria Ethiopla
Colonbia
DR Congo Gtk
Indonesia Panua New
Braz! Jancans Guinea
ety . = Angola
Bollvia
L Namibla ~
’ “8‘015/ ang  Madagascar g\dmn
w cean ‘
South Australia
Chile :

Atlantic °
Ocean South

Afrira i



(-'_K}iQ/|

CIA IS T A IQI -Qgg- w vel |t HQQIQ 12—_9;3
CB Chair
I. Shipsey
Deputy:
C.E.Wulz
France: Gerﬁanw Itaily: U.k.: Switzerland: CEﬁN: Other MS: Non;Ms: U.S;A: RDMS:
Y. Sirois A. Stahl N. Pastrone G. Hall G.Dissertori A. Petrilli P. Eerola H.Hoorani N.Hadley V. Matveev
Advisors
Resource Manager J. Butler, M. Della Negra, Conferences:
A.Charkiewicz 1. Golutvin, Th. Mdller, K.Borras
Head of Communications Sgo;( esl’zr’;on T. Virdee, B. Wyslouch Publications:
A. Petrilli - inCandela P. Sphicas
Ca s | Technical Coordinat Ty
T. Camporesi, J. Varela echnical Coordinator Q. Ingram
Ex-Spokesperson — A. Ball deputy W. Zeuner CB Secretary:
G. Tonelli Electronics Coordinator J.D’Hondt
Ex-Technical Coordinator M. Hansen .
A. Hervé GLIMOS
C. Schaefer
L1 Trigger PM DAQ PM Tracker PM Ecal PM: Hcal PM CSCPM DT PM RPC PM
D. Acosta F. Meijers F. Hartmann D. Barney P. de Barbaro J. Hauser M. P. Paolucci
Deputy: MB Deputy: Deputy: Deputy: Dallavalle
A. Tapper A.Venturi D. Petyt J.Mans
Run: Trigger: Computing: Offline: PPD: Physics: Upgrades:
M.Chamizo R. Carlin I. Fisk L. Sexton-Kennedy L. Silvestris G. Landsberg D. Contardo
MB Deputy: MB Deputy: MB Deputy: MB Deputy: MB Deputy: MB Deputy: ). Spalding
G.Rakness A. Bocci D. Bonacorsi, F. Cossutti G. Cerminara L. Malgeri

January 21, 2013



Physics Coordinator
G. Landsberg
Deputies:
C. Hill, L. Malgeri

4 Organizacie fyzikalnej analyzy

ely Muons Forward Physics SM Physics Higgs
Yu. Maravin S. Goy Lopez D. d’Enterria J. Berryhill A. De Roeck
F. Beaudette l. Mikulec P. Van Mechelen K. Kousouris C. Paus
Jets/ME; b-tagging & vix Heavy lons Top SUSY
F. Moortgat D. Bloch J. Velkovska R. Tenchini E. Halkiadakis
D. Del Re M. Narain G. Veres R. Chierici D. Stuart
Taus Tracking B physics Exotica
M. Vazquez Acosta G. Sguazzoni H. Woehri S. Worm
S. Savin K. Stenson V. Chiochia S. Rahatlou
MC generators

S. Padhi
P. Lenzi




=3

N . .~ L - §
- » ) _>
: ; ~ /
A . 5
. b, . g 5 b A
J ' d
. -

O R TATA

) ........ __.— . .~ Iy

"

Al __\ $

4

5%
.

_.v.n#w hﬂh /,‘...M/,- '

s
..\nﬂﬁd-h [ L ".A-“..’ 1 T.- :

iy ey
i1 o
1 [ AN




2 Higgsov Mechanizmus

Castica interaguijtica slabo s Castica interagujuca silno s
Higgsovym polom

Propaguje s vysokou rychlost'ou

Propaguje s nizkou rychlost'ou

http://www2.uni-wuppertal.de/FB8/groups/Teilchenphysik/oeffentlichkeit/
Animationen/Higgs.html

Higgsov bozon je nevyhnutnym dosledkom existencie Higgsovho pola

Higgsov bozon je jediny sposob ako dokazat’ existenciu Higgsovho
mechanizmu



~ 4 Hladanie Higgsovho bozonu

= Najst’ Higgsov bozéon nebolo Fahké lebo jeho hmotnost’ nebola
predpovedana - treba preskusat’ vSetky moznosti

= Zbierame zrazky obsahujuce mozne produkty réznych sposobov rozpadu
Higgsovho bozonu

i Vieme ako sa
o1 Higgsov bozon
= rozpada ked ma
T F urciti hmotnost’
5 b
107 | =
107




Higgs kandidat

H-> ZZ > 2e 2u

8 TeV DATA

4-lepton Mass : 126.9 GeV

p'-(zl) Pr:24 GeV

- W(Z) pr:43GeV

e(Z,) pr:10GeV

CMS Experiment at LHC, CERN
Data recorded: Mon May 28 01:35:47 2012 CEST

Run/Event: 185099 / 137440354

Lumi section: 115

Taketo finalne
stavy mozu
vzniknut’ aj v
inych
nezaujimavych
procesoch

- Musime
maximalne
zredukovat’
pozadie a zbytok
vziat’ do uvahy
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Pseudoexperiments

CMS preliminary Ys=7TeV,L=51f" ys=8TeV,L=1961"

Aky je stav dnes?

OAW

Austrian Academy
of Sciences

Skumame vlastnosti objavenej castice:

*Spin-Parita: 0+ najpravdepodobnejsiaten - ako SM Higgs

*Vazba k bozonom a fermionom kompatibilna s SM Higgsom

*Namerana hmotnost’ je konzistentna s hmotnostou W bozoénu
a top kvarku v ramci obmedzeni SM

Vsetko ukazuje ze sa jedna o (SM) Higgsov bozon!
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Classical
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* Hmotnost Higgsovho bozonu:

= Virtualne Castice prispievaju k pozorovanej hmotnosti
Higgsovho bozonu obrovskymi kore

= A moze byt 109

= Toje velky prob

krat hmotnost protonu (

em

= A.K.A. Hierarchy problem

= Nieco musi vykratit tieto prispevky!

Problem

1 NN
1612

-

= (mﬁ)o—

<tUrami.

Planck scale)



RieSenie: partnerske Castice

Classical SM

= Zostavajuce cleny su ovela mensie

= Ale zodpovedajuce nove Castice nesmu byt velmi tazke

= Vsetko nasvedcuje tomu, ze by sme dalsie nove Castice by mali
byt vdosahu LHC?



Supersymetria (SUSY)

Velmi elementarna symetria
= Kazdy fermion (¥2-Ciselny spin) ma bozonoveho (celo-
Ciselny spin) partnera a vice versa
* Rozdiel v spine: V2
* (S)Partneri su tazsi (inak by sme ich uz objavili)
S
Standard particles SUSY particles

r ) W
Higgs 6 S [J

&

Hiéésino

S22 N2 @2 =2

Quarks 0 Force particles Squarks J Sleptons SUSY force particles



S7

Supersymetria

» Teoria ktora je schopna vysvetlit hlavne problemy
sucasnej fyziky
= Riesi problem s Higgsovou hmotnostou

= Tmava Hmota by mohla byt zlozena z najlahsich a tym
stabilnych supersymetrickych castic
= (napr. Neutralino alebo Gravitino)

= Vedie k zjednoteniu fundamentalnych sil



Implications of SUSY: Unification

60 - ' 4 } }
= no SUSY
|
1/
b i=2
—=T S~
20 N
’“‘“ with SUSY
1=3
0 pi
10 10° 1010 1014 1013
Energy (GeV)

= SUSY unifies the strengths of all forces at ~10%* GeV
= A.k.a.-the Grand Unified Theory (GUT) scale



Alebo aj nie...

» Existuje mnozstvo inych teorii ktore predpovedaju nove
castice alebo nove priestorove rozmery!

= Little Higgs (with T Parity)

= Universal extra dimensions (with KK parity)
= Strong dynamics

= Extra dimensions (large or warped)

= Hidden Valleys

= Split SUSY

» Takze mame co hladat a urcite sa mame este ajna co
tesit!.



