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“ Las escalas de nuestro mundo ”

..’ galaxia Como vemos
objetos de

diferente
tamano:

DNA

Lo "grande”: 1022 m"

Escalaen m Escala en 10-18 m

10"m atorg 100,000,000 microscopio
electrénico

10"m Aot 10,000

nucleus St
5 il e
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mundo subatomico ”

FERMI N rna_lttzr clonstituerl:ts force carriers
O S spin = 1/2, 3/2, 5/2, ... BOSONS Bl 0; 1.3 o
Leptons spin=1/2 Quarks spin = 1/2

Mass  Electric PRI Electric

Unified Electroweak spin =1 Strong (color) spin =1
GeVic? charge Flavor Gh:‘a,?:z charge

Flavor

i Mass Electric Name Mass Electric
G [ [ U up ! GeV/c?  charge GeV/c2  charge

, € electron |0.000511 d down g
Estructura del atomo v, meon | <o.0002 Coam | 1.

Quark L muon 0.106 S strange
Size < 107" m

v, tau ¥ tt
T neutrino 2%

T tau B b bottom

Mesons qg Baryons qqq and Antibaryons qgq
Mesons are bosonic hadrons. Baryons are fermionic hadrons.
Neutron There are about 140 types of mesons. There are about 120 types of baryons.

and
Proton
Size = 107134y

Quark Electric Mass
content = charge GeV/c?

Quark Electric  Mass

Symbol Name content charge GeV/c? =Ein

Symbol Name

Size = 1070 m

f the

d Inthis W0 5 proton
than the quarks and slectrons would be less than 0.1 mm in

size and the entire atom would be about 10 km across.
anti-

proton
neutron

lambda

omega

Solo combinaciones de quarks sin «color» dan a lugar a particulas reales,
Mesones: Quark-Antiquark
Bariones : Tres Quarks (o Tres Anti-Quarks)

Solo las particulas de la Primera Generacién forman materia estable: e-, p(uud) ...

El resto de particulas solo somos capaces de observarlas en los laboratorios
(aceleradores o rayos césmicos) recreando procesos de produccién a Altas Energias ...
condiciones que de manera natural existieron en los primeros instantes de nuestro
Universo.
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Entonces, podemos recrear-lds. cqndbclones
~del Blg Bang enel laboratorio: ><EsHecir-
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Historia del Universo en el Laboratorio ? ”

x
|

n
N ey
2
I.". -In ‘

20,6

=)

L.
-y

Hal

Inflat|on ,\S) g ?2

2
1eIpes saemoudIl WSO

& 5 3 & D
&t S 72

=)

0o

1951 4o

o
@

Key: W, Z bosons N\/\; photon

Al meson
q quark : star

g gluon i£1 @ ® baryon

€ electron &d ion - galaxy

Mhuon t tau i black
N neutrino @ atom U hc;lc
Particle Data Group, LBNL, © 2000. Supported by DOE and NSF
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Como acceder a estas energias ?
Una manera: Experimentos en Aceler'ador'es

N\
Longitud Energia \ ‘
(me'rros) '

Ciclotron

Sincrotron




aniquilaciéon — El secreto para la accesibilidad y
creacion de nuevas particulas

CONCENTRATION D'ENERGIE
—"MINI BIG- BANG -

\// .

e+
POS I I
(ANTI-MA




Aceleradores

N =Lxo

sucesos

Blanco Fijo

L = Luminosidad E~(2m,E,)1/2

o = seccion eficaz

Condiciones
del Experimento
(la energia del proceso,

el estado incial..)
Colisionadores

L o Nog1f/A E=2E,

f ~ usec-nsec
A ~ 20 x 200 um?

AE,_ .. o€ 1/m?
N__., ~ 1010-12 part. perdida m

part
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Aceleradores: e*e- versus pp

Los haces son de particulas elementales (e*e-)
Energia de la interaccién conocida

Todo el estado final es producto de la interaccidn
Especialidad:
LEP, AE

Fisica de Precision + Alta energia
=2.3 GeV para E=100 GeV

perdida

17 May 2007

Los haces son particulas compuestas (pp)
Energia de la interaccion desconocida
Parte del estado final es producto de la interaccidn

Especialidad:  Alta energia: exploracién de
regiones cinemdticas nuevas ( Descubrimientos).

J. Fuster




Hadron colliders versus e+e- circular accelerators

— [adron Colliders

m— ptee Colliders
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(Fermilabl
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El lugar: CERN
El mayor laboratorio europeo dedicado a la investigacién de Particulas

Fundado en 1954 (50 aniversario).
Situado en Ginebra (Suiza)

Una de las primeras aventuras europeas de
colaboracidn internacional.

Actualmente cuenta con 20 estados
miembros (entre ellos Espaia). Otros
estados participan en calidad de “estados
observadores” (EEUU, Japdn, Rusia ... ) .

e Contribucién de acuerdo con PIB de cada
=we— ~~ -~ pais (Espafia contribuye alrededor del 7%).

Mas de 10.000 cientificos de todo el
mundo participan en experimentos del
CERN (Consejo Superior de
Investigaciones Cientificas -CSIC- son
unos 5.000 cientificos).
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Los principios del CERN

Pierre Auger y Edoardo Amaldi
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Genéve fut choisie comme siége du CERN 4 la troisiéme session du Conseil, 8 Amsterdam, en octobre 1952,
Ce choix fut entériné par un référendum organisé dans le Canton de Genéve, en juin 1953, et qui donna
16539 voix pour et 7332 voix contre; en octobre, a I'occasion d'une session du Conseil 4 Geneéve, les membres
du Conseil du CERN purent visiter un site encore trés champétre.

Sur le terrain du futur institut nucléaire

" ‘; | pr’i‘\

el gl -
A

Votacion

1953

Sous la conduite de M. A. Picot, les membres du Conseil européen pour la
recherche nucléaire se sont rendus hier a4 Meyrin pour reconnaitre le
terrain ou s'élévera le Centre nucléaire (voir en Derniére heure)

{Photo Freddy Bertrand, Genéve)

e —
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17 de Mayo de 1954 en Ginebra hace 50 afos

Primeros trabajos de construccion civil incluso antes de ser ratificados por el

propio Consejo del CERN, para adelantarse al invierno
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1930

Ernest Lawrence inventa el primer

Acelerador circular: el ciclotron

M. S. Livingston and E. Lawrence

Con su ciclotrdn de 25’

- e RF Generator

.~ South Pole %}“
\—\ I
‘“—“—-—4—/:/ S

i
— —

DC Deflector

North Pole
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. el SPS funciona !

Wolfgang Schnell
inventor del CLIC

17 May 2007
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1973: Descubrimiento de las corrientes neutras en
Gargamelle

7. el

kLR e e, .. heutrino

S R—

7" i
.
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Los principios del CERN

1975

Se consiguen protones -
a 450 GeV en el SPS
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1981: El acumulador de anti-protones

Yy ——

m—— S e T
TN —

1981: el SPS se transforma en un colisionador proton-antiproton collider utilizando la
técnica de Simon van der Meer para el enfriamiento de antiprotones
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193 Descubrlmlen’ro de los bosones Wy Z
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G. Charpak C. Rubbia S. van der Meer
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Las Infraestructuras del CERN actuales:
LEP (1989-2000) -- LHC(2007-2017 ?)

LEP (Large Electron Positron Collider)
E ~ 100-200 GeV

s 600 millones de euros
= _LEP- LHC /' ~ 27 km (a ~100 m de profundidad)

_Q % 2 1 LHC (Large Hadron Collider)
R P e C e (Ui - Imanes superconductores
: | ffﬁ%puer’ro E~14 TeV
= —_— = 2000 millones de euros

27 km (a ~IOO m de profundudad)

(simulacion)
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Configuracion actual del CERN

- —44-
LEP/LHC

Merth S

Wi
Girand Sasea

"'#-H_

* LINAE

Llum;,

EDDETEFI 1s0loe | 4 |
s 1 E| Leir

b p {proton) pk (antiproton) AD Antiproton Decelerator LHC Large Hadron Collider
p ion == proton/antiproton conversion PS5 Proton Synchrotron A-ToF Meutrons Time of Flight
jr mButrons B neutrinos 5P5 Super Proton Synchrotron CNGS Cern Neutrinos Grand 5asso
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The Large Hadron Collider (LHC)

Proton-proton accelerator in the LEP-tunnel at CERN
p = < p
7 TeV 7 TeV

* Four planned experiments:
ATLAS, CMS (pp physics)
LHC-B (b-quark physics)
ALICE (Pb-Pb collisions)

* Constructed as an international
collaboration

* Startup planned for 2008
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The Large Hadron Collider (LHC): components

superconducting dipole magnets

- challenge: magnetic field of 8.33 Tesla
- in total 1232 magnets, each 15 m long

- operation femperature of 1.9 K

LHC is the largest cryogenic system in the world

accelerator structures
RF cavities with gradient of 5 MV/m

17 May 2007 J. Fuster




Status of the LHC machine

Beam energy 7 TeV
Luminosity 1033 - 1034 cm2st
Bunch spacing 25 ns
Particles/Bunch 1.15 -101

SC Dipoles 1232,15 m, 8.33T
Stored Energy 362 MJ/Beam

!
L plizasee g‘

3 N
Sl | |2
= e
e =

- Key components available

* Installation progressing in
parallel and at high speed:;

A "likely" startup scenario (one month ago D):

Late 2007:  Pilot run, first collisions (at injection energy)

— detector and trigger commissioning, calibration, early physics
2008: First Physics run at nominal energy
(changed by late accident; impact unknown yet but not dramatic)




Installation work,
[w underground

AL RURR R

Preparation for installation, Hall SMI2

17 May 2007 J. Fuster







~ == e
e
—_—
L




O
o
®)
N
i -
Ol
i .
§ C
=
~ |
g
o...
O
Q
S
Q
w.
O
§ 0
i O
e
o |
O |
P
q = |
()
-
i U
B3
(TR







4 B vrm
L NN/

e

B

n M'P', .
DI
DL ARDNZ

;" =1
..---"_."
= i

\
1
-




LHC Progress Accelerator

Technology

DaShboa rd &5 Department

Cryodipole overview

Equivalent dipoles

7
/
o>

01-Jar-01 01-Jar02 01-Jar03 01-Jar04 01-Jar0s 01-Jarr06 01-Jana? 01-Jar-0g

. =

= 0ld masses delivered — Cryodipoles assembled
= Cryodipoles cold tests passed = Cryodipoles assigned to position in ring
— Cryodipoles prepared forinstallat on — Cryodipoles installed

Updated 28 Feb 2007 Data provided by D, Tommasini AT-MCS, L. Bottura AT-MTM




Magnet temperature profile along sector 78 at 17:00 09 Mar

14

L
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X
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Parametros del LHC (R. Cid Manzano)

Aceleracion: a ~ c2/R ~ 2x10!3 m/s, 2 billones de veces la gravedad terrestre

Vueltas por proton: w ~ ¢/2nR ~ 11245 v/s, f ~ 11 KHz
Paquetes de protones: 10!! protones, con dimensiones de ~7cmx20um? <>
Separacion paquetes: d~7,5 m, frecuencia de cruce 25 ns, paquetes 3560/2835

Nimero protones: 3x10'4 p, dos haces: 600 billones de p, my,~ 0.000000001 gr

Fuerza Centripeta total: F+ ~ 157000 N, ~16 toneladas producidas por un 1 ngr |

Energia del acelerador: 7 TeV ~ 1,12x10-¢ J, densidad energia p: d~8x1038 J/m3
Equivalente a la energia de un insecto 60 mg y volando a 20 cm/s 'y d~1x103J/m3

Energia cinética paquete: 1,2x10% J, equivalente a una moto de 180 Kg a 130Km/h
(el impacto seria equivalente pero ojo al tamafio y peso del paquete !ll)

Carga eléctricay corriente: Q ~ 0.54 Culombios, I ~ 0,54 Amperios

Calor disipado: en LEP era de 2400 Kcal/s ; LHC ~ LEPx30 imanes convencionales
(refrigeracidn: evacuar 30 T/s de agua, necesidad imanes superconductores ~
39K (5000 T de He, la produccion mundial anual)
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Physics at Hadron Colliders

» Protons are complex objects:
Quarks and Gluons

» Hard scattering processes:
(large momentum fransfer)
quark-quark, quark-gluon,
gluon-gluon interactions

However: hard scattering (high Py processes) represent only a tiny fraction
of the total inelastic pp cross section

The total inelastic pp cross section (70 mb ) is dominated by events
with small momentum fransfer
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Variables used in the analysis of pp collisions

Transverse momentum
(in the plane perpendicular to the beam)

P+ = p Sind

pseudorapidity: »n = —Intan %

0=90° — n=0

6=10° —» n=z= 24
06=170° > n=-24

6= 1° > n=5.0
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Inelastic low - PT collisions

Most collisions are due to interactions at large distance between incoming
Protons — small momentum transfer, particles in the final state have large
longitudinal but small transverse momentum

< pr>~500 MeV (of charged particles in the final state)

- about 7 charged particles per unit of pseudorapidity
in the central region of the detector
- uniformly distributed in ®

These events are called
"Minimum-bias events"
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Hard processes

Proton beam can be seen as beam of quarks and gluons with variable energies

The proton constituents (partons) carry only a fraction O < x < 1 of the proton momentum

J:
‘jlp = . | sz

The effective centre-of-mass energy is smaller than Vs of the incoming protons

To produce a mass of:

LHC Tevatron
100 GeV: x~0.007 0.05
5TeV: x~0.36 --
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From where do we get the x-values ?

The structure of the proton is investigated in Deep Inelastic Scattering
experiments:

Today's highest energy machine: the HERA ep collider at DESY/Hamburg

Scattering of 30 GeV electrons on 900 GeV protons

= =y

HERA ep accelerator, 6.3 km circumference

Elektron
»
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How do the x-values of the proton look like?

ZEUS

O’ =10 GeV?
— ZEUS-O (prel.) 94-00

@ uncorrelated uncertainty

[ ] correlated uncertainty

17 May 2007
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Parton density functions
u- and d-quarks dominate
at large x-values

Gluons dominate at small x !l

There are uncertainties in the
pdfs, in particular on the
gluon distribution at small x




Calculation of cross sections

Sum over initial partonic states: ab

N

O.

MM =  hard scattering cross-section

f. (x, Q%) = parton density function

Example: W-production: (leading order diagram)

u
W+ o (pp — W) ~150 nb ~2-10° 5, (PP)

d.
.. + higher order QCD corrections (perturbation theory)
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Luminosity and Event Rate

The rate of produced events for a given physics process is given by:

o = Cross section
dimensions: s!' = cm?2s’!:-cm?

Luminosity depends on the machine:
important parameters: number of protons stored, beam focus at interaction region

In order to achieve acceptable production rates for the interesting physics
processes, the luminosity must be high as possible

L = 2:10%2 cm2s!' design value for Tevatron Run Il
L 1033 cm2s! planned for the initial phase of the LHC (3 years)
L 103% cm2s?' LHC design luminosity, very large !!

One experimental year has ~ 107 s

Integrated luminosity at the LHC: 10 fb-! per year, in the initial phase
100 fb-! per year, later, design
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Proton-proton collisions at LHC

Collisions at LHC

Protons/bunch 10M

Proton-Proton (2835 x 2835 bunches)

" Beamenergy 7 TeV (7Tx102eV)

Luminosity 10 cm? gt

Bunch -

s .
Myt

Proton

Parton

oy by, ;
W"‘ Lt Crossing rate 40 MHz

o
bl

Collisions = 107 - 108Hz

{quark, gluon)

Particle

Selection of 1in 10,000,000,000,000

17 May 2007

J. Fuster

Luminosity:

2835 x 2835 bunches
Separation: 25 ns

101 protons / bunch

Bunch radius: 15 pm
Luminosity: L = 1034 cm2 s

Pile-up:

~10° pp collisions / s (o ~70 mb )
(superposition of 23 pp-interactions
per bunch crossing: pile-up)

~1600 charges particles in the detector

= high particle densities




What to look for: signatures

Quark-quark scattering: No leptons / photons / b-,t-quarks

in the initial and final state

If leptons with large transverse momentum are observed:
= interesting physics !

Example: Higgs boson production and decay

Important signatures:
* Flavour tagging
« Leptons und photons
» Missing transverse energy
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General detector requirements from physics

* Good measurement of leptons and photons
with large transverse momentum P+

* Good measurement of missing fransverse
energy (E;mss )
and
energy measurements in the forward regions
— calorimeter coverage down ton ~ 5

- Efficient b-tagging and t identification (silicon strip and pixel detectors)
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Precision Vertexing

Pixel detector (~3 um point resolution) Flavour‘ 1‘099 ing

Material=0.1% X,
R{1% layer) ~1.5 cm

First Vertex Detector layer

e

First Vertex Detector layer I

no Lo LR AL AR LR LR
RN ELE !
g1 T NGV .
MGV

f  prm=m === mmmmmmmm—m—ses oo

D—meson flight path D—meson flight pat

i B—meson flight path
aly

t | E O I A i&il+h : 1

4 +“r.|'|'.|.|.|.| . A

WO 01 0 0% 04 05 M6 0T 08 08 1

“CLM “soft b-jet” *hard b-jet"

v' Typically b-tagging becomes “easier” for larger jet energy (more and stiffer
tracks, boost leads to greater displacement of the vertex for the same
lifetime)

True only up to the point where a negative effect kicks in: the dense
environment in collimated jet, with B/D decay vertex very close to first layer,
leads to problems in hit-to-track assignment, merging of hits etc.
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‘Jet Reconstuction:

Track momentum resolution important but not only

Two track separation essential

Track association to calorimeters and vertex

Multi-jet final states require precise forward region

Jets in top topologies:

Essential fo have very good jet-jet invariant mass
resolution (W-Z separation, etc..)

Energetic jets imply high collimation requiring J§
granularity -

W-Z7 separation for AE/E = 60%/ \T and AE/E = 30%/ \f—

Resolution on the jets SE;,

Granularity/segmentation of
he calorimeter

17 May 2007 J. Fuster




Supression of background:
high transverse momentum track selection

. \ ..:’1' 1R
uﬁrﬂcﬁum}?"fé

Reconstructed tracks
with pt > 25 GeV
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Difficult conditions: High radiation level (detectors & electronics)

Pixels: radiation

damage

Expected neutron fluence
per year at high luminosity—

104 n/em?/year J‘;

| Piusl Clucter Charge |
0038

t ——— 1.1 10" n,cm?, 25n@s0C

Unirradiaied

Chechar Changs (k=)
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How are the interesting events selected ?
_: much more difficult than at e*e- machines

Interaction rate: ~ 109 events/s
Can record ~ 200 events/s (event size 1 MB)

= trigger rejection ~ 107

Trigger decision =~ ms — larger than interaction rate of 25 ns

store massive amount of data in pipelines
while special trigger processors perform calculations

109 evts/s
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A demanding process:
t-hadronic

Energetic jets

High p, leptons .

Missing energy t- Iep'l'onic

17 May 2007 J. Fuster

top production

'b (68%
% qq'b (687%)

N\ evb (32%)

)
tt final states (standard model):

~46% 6 jets (2b)

~44% 4jets (2b) + lepton + neutrino
~10% 2jets (2b) + leptons + neutrinos
(complicated topologies II)

Detector capabilities required (very
much demanding):

b,c,t-tagging in energetic b,c,1-jets
High energetic jet reconstruction

W mass reconstruction (jets, leptons)
Missing energy, ie, hermiticity
Reconstruction of lepton direction

Precise lepton identification (t also)

53




Summary

LHC is really a difficult machine, ie, represents the present highest
knowledge (state of the art) in fechnology of high energy accelerators.

LHC will certainly explore the TeV energy range (up to 5 TeV) in the
coming 5-10 years (unique oportunity). Start-up 2008, probably..

Proton-proton collisions are complicated and imply challenging tools
both theoretical and experimental.

Sophiticated analyses will be very much demanding in detector
capabilities.
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