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Layout of lectures:

1.- General overview of collider particle physics

(where do we stay & where do we go)
2.- The accelerator and its physical implications
3.- The detectors, performance and operation
4 .- Physics channels: Top quark, W, Higgs,

SUSY and beyond
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Particules de
matéria

Totes les particules
ordinaries
pertanyen a

aquest grup,

The elements of the Standard Model (SM

Mateéria

The Table of elementary particles

Electr6

- milers de-
ada segon,

Particules de
matéria

Totes les particules
ordinaries
pertanyen a
aquest grup.

Aquestes particules
van existir en els
oments inicials del
Big Bang. Ara
solament es troben
en els raigs cosmics
i en els

segon.

SEGOMNA FAMILIA

Tau

Parent pesant de I'electrd; viu
unes dues milionésimes de

Neutri muénic
Creat juntament amb els muons en
la desintegracio de certes particules.

Charm (c)
Parent pesant del U.
Dlescobert en 1974.

Strange (s)
Parent pesant del d.
Descobert en 1964,

Bottom (b)

Agquestes particules
van existir en els
moments inicials
del Big Bang.

1 Ara solament es

troben en els raigs

Neutri tauténic Top (t)
Descobert en 2000. Encara més pesant.
Descobert en 1994,

Encara més pesant; la seua
deteccid ha estat un test
important per a la teoria
electrofeble. Descobert en [977.

cosmics | en els
Encara més pesant, lerad
€5 molt inestable. acceleradors.

Descobert en 1975,

acceleradors.

Particules
d'interaccio
Aquestes
particules
transmeten les
quatre
interaccions
fonamentals de la
naturalesa, tot i
que els gravitons
no s'han trobat
encara.

TERCERA FAMIILIA

Gluons
Portadors de la
interaccid form

entre quarks.

Experimentada pols quarks

Fotons
Particules que formen

la llum: transporten la
interaccio

electromagnética,

0 Experimentada pets quarks | pels
leptons earregats.

Bosons
vectorials
intermediaris
Transporten la

Interaccié débil

©
o

Gravitons
Transporten la

gravetat

Particules
d'interaccio
Aquestes
particules
transmeten |es
quatre
interaccions
fonamentals de la
naturalesa, tot i
que els gravitons
no s’han trobat

encara.

Algunes formes de radicactivitat sén resultat de Tot el e sentim és resultat de la

la Ineraccio debil interac tatdria

Lenergia alliberada en una explosié nuclear és
resultat de la interaccié forta.

Lelectricitat, el magnetisme | la quimica sén
resultat de la interaccid electromagnética.
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The Dynamics of the Standard Model (SM)

- Renormalizable Quantum Field Theory

* Gauge symmeftry principle, with group structure SU(3)xSU(2)xU(1),
confirmed by experimental evidence

* Reliable perturbation theory:

(Z — hadrons)

+ Well tested:
U(1) sector to 1/108

SU(2) sector to 1/103

SU(3) sector to 1/10

80 100 120 140 160 180 200
Vs (GeV)
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LEP & SLC Experiments

LEP1: (Aleph, Delphi, L3,0pal) 1989-1995, e+e- collisions Z pole (1,7x107 Z
events recorded)

SLC: (SLD) 1992-1998, e+e- collisions on Z pole using polarized beam (6x105 Z
events recorded)

Final combined Z-pole results released September 2005

LEP2: (Aleph, Delphi, L3,0pal) 1996-2000, e+e- collisions at E_, = 130 GeV -

209 GeV (4x10* WW events recorded)
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HERA Experiments

e:p collisions at Ecm= 318 GeV

HERA-T 1994-2000 (~100 pb-1)
HERA-TI 2003-present

Polarized e+ beams (left and right) ~10 pb-1 to ~80 pb-1! in each of the
four configurations (taking polarized e* until mid 2007)

€
8
!
e
=
-
=

@ [GeV?)
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Tevatron Experiments

Proton-antiproton —— W+X, Z+X, tt+X (CDF,DO) (discovery of top)

Run 1:1992-1996, E_ = 1,6 TeV, ~100 pb-1/experiment

Run 2: 2003-present, E_,= 1,96 TeV, >1 pb- 1/exper'|menT so far'

Cear 20N 2003 200 200 006
Monthl 4 7 10 1 4 7101 4 7 14710

Delivered
To tape

100 1500 2000 2500 3000 3500 4000 4500
Store Number

Tevatron

¥ Main In;ector
= & Recycler =

2 160 180 200
\J. FUSter Higgs mass (GeV)/c?




Two Asymmetric-energy B Factories

PEP-ITI at SLAC

9GeV (e’) x 3.1GeV (e*)
peak luminosity:
1.12x1034cm-2s1

Low Energy Ring
BABAR Detector

11 nations,
80 institutes,
% 623 persons

=
77  KEKB B-Factory

AREE copper
avities (HER)

13 countries,
57 institutes,

~400 collaborators ..g__:; =

.

cavit
‘1—"-“
- TRISTAN
tunnel

2

J. Fuster

D
<> Belle

BELLE

KEKB at KEK

86GeV (e’) x 3.5GeV (e*)
peak luminosity:
1.65x1034cm—2s-1

world record




High Energy and High Precision !!

Unique role of high energy hadron and lepton colliders:

They are two distinct and complementary strategies for gaining
understanding of matter, space and time at colliders

High Energy (usualy hadron colliders)
- direct discovery of new phenomena
High Precision (usually lepton colliders)
» quantum effects of new physics at high energies through
* precise measurements of phenomena at lower scales
Both strategies have worked well together

"much more complete understanding than from either one alone”

Successful example: LEP+SLC / Tevatron
. FUSter U
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LEP/SLC-Tevatron, example of success

—LEP1 and SLD
LEPZ2 and Tevatron (prel.)

68% CL

£ o (=2
= = =
= = =

Higgs mass limit (959% CL) "M GaV"N

(7]
=
=

1996 1998 2000 2002 2004 2006

year

* Led to understanding the SM at the quantum level
» Possibility to predict phenomena at the TeV scale and beyond
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Where do we stand today with SM ?

e*e” colliders LEP at CERN and SLC Measurement Fit  [O"*-0")g™=
at SLAC and many other

exper'imen'rs (Tevatron, fixed 91.1875+0.0021 91.1874
2.495210.0023  2.4959

have explored the 4154010037  41.478

energy range up to ~100 GeV with 2076740025 20742

N 1t ‘ 0.01714 £ 0.00095 0.01643
high precision
( 0.1465 £ 0.0032 0.1480

0.21629  0.00066 0.21579
Result: 0.1721+0.0030  0.1723
0.0992+0.0016  0.1038

0 0 ‘ 0.0707 £ 0.0035 0.0742
The Standard Model is consistent Aoyl e

with all experimental data ! e0t000r  0ces
A Light Higgs boson is favoured AGLD)  0.1513£00021  0.1480

oin2glept Y - 524 4
sin“8g(Q,) 0.232410.0012  0.2314

But no evidence for phenomena |

beyond the SM r,, [GeV] 2.123 £ 0.067 2.092
m, [GeV] 1727428 173.3
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Achievements of the B Factories

0)

I Quantitative confirmation of the CKM theory

75°< ¢, < 113°

CKM unitarity
triangle

20°<3<113°  \/  ~ sin2¢;=0.728+0.061

|V, |=(4.080.27)x102

|V,a/V,s|= 0.200£0.046 Fies = 0
+

IV,p|=(4.35£0.52)x10°3 0.344 n

Am =0.511ps?
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What we don't understand yet, open questions

 Formal questions:

- Why gauge theory ?

* Are particles really pointlike ? strings ? membranes ?

* Phenomenological questions:

1 - Why three families ? (flavour)

2 - Why some particles have mass ? (EW-Symmetry Breaking)

3 - Why m(neutrino) ~ 10-7 m(e) ? (flavour)

4 - Why there is "such” asymmetry matter-antimatter in the Universe ?
(sources of CP violation)

5 - Origin and nature of dark matter (EW-Symmetry Breaking)

6 - Why f(gravity) ~ 10-49 f(electric), are forces unified ? (EW-SB)

7 - Why number ofdimension are D=3+1 ? (Quantum gravity,

extra-dimensions)

Cold Dark Matter:
29+4%




Three main topics, three main challenges to understand

EW-Symmetry Breaking

Dark matter
Matter-antimatter
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EW-SB

What is the origin of mass ?

Does the Higgs particle exist as proposed by P. Higgs (1964) ?

All properties of the Higgs particle are known, once its mass is

fixed.
Its mass is a free parameter in the Standard Model (though can

be constraint by experiment and theory considerations)
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EW-SB

Is there a universal force, a common origin of the different interactions :

Impact in our current
understanding of the
origin of the Universe,
the Big-bang?

%

5% | ‘ l;%jj(ﬁg?
,I , = “

1962-1973: Glashow, Salam and Weinberg

Unification of the electromagnetic and weak interactions

Higgs mechanism is a cornerstone of the model
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EW-SB, dark matter, matter-antimatter

Are there new, yet unknown types of matter ? r Particles
Will we meet supersymmetry (SUSY) on the way "
towards unification ?

Quark Squark

Top Stop _

Electron Selectron < Supersymmetric
ﬁ . "shadow " particles.

Wino w

Higgsino H

Motivation for SUSY:
(i) Unification of forces seems possible

(ii) Supersymmetry provides a candidate
for dark matter in the universe

SUSY mit Supersymmetrie
1/a,

9 10° 10" 10"

energy (GeV)
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Role of future accelerators and experiments

EW-SB
* Test of the Standard Model
* Search for the Higgs boson

EW-SB+Dark Matter
Test of the Standard Model
*  Search for other Physics Beyond the SM

Matter-antimmater
B hadron masses and lifetimes
*  Mixing of neutral B mesons

* (CP violation

Two main actors in the coming years picture:

Search of Higgs and Top Physics
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Why do we need the Higgs mechanism

1- To preserve renormalizability in the Standard Model (SM) while
giving mass to the Z, W*,W- and their interactions.

2- Goldstone bosons appearing in the mechanism are eliminated
(massless spin O bosons )

"‘From today's perspective, it may seem odd that so much attention was
focused on the issue of renormalizability. Like general relativity, the
old theory of weak interactions based on four fermion interactions
could have been regarded as an effective quantum field theory which
works perfectly well at sufficiently low energy and with the
introduction of a few additional free parameters even allows the
calculation of guantum corrections.”

S. Weinberg, The making of Standard model
( CERN, 16 - Sept - 2003 )
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Is "renormalizability” just to please theory ?

Strong coupling constant [ o ed 58

I

e*¢” Annihilation

Hadron Collisions
Heavy Quarkonia

LW
‘ \
a \ ‘i‘ "\Tf]s us(MVP
8 ﬂ \ . 275 MeV --- 0.123
[ 1

220MeV— 0119 | ]

14 ag (1) B0 log(Q2/ 142) 20 Uirsvev —-ois
1 7] .~ Asymptotic

5y log %

o nf316 Sy freedom

It has been observed experimentally!

QUC(r'k masses “ SE : gIIjIJ.PleoM

® ALEPH

4 OPAL
O DELPHI (B decays)

i@ = 1+ e os@ )]

y(o)/B(ag)>0 = m, (Q) decreases at higher energies.

It has also been observed experimentally!
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Search for the Higgs boson

;1“““"““ Minimum energy

- Revealing the physical mechanism that is responsible for the
breaking of electroweak symmetry is one of the key problems in
particle physics

The LHC & ILC must have the potential to detect this particle,
if it exists
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What have we learned of the SM Higgs ?

Direct Search

M, > 114 GeV/c?

Higher order

1 Excluded

30 — | s \ corrections

m, [GeV]
M, = 85 (+39) (-28) GeV/c? M, < 166 GeV/c?
(95% CL)

100 200

The only open window for the SM Higgs
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Estimating the scale of new physics using
radiative corrections in the SM

A = Scale for new physics Triviality

not allowed s

Forbidden

- - i stability
109 1012 1015 1018
A [GeV]

limit

Allowed region from data [ \RNREIRRpY Iy any value !l in particular very large
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However...A.. is either small or “fine tunning”

One "“loop” corrections to the Higgs mass

2 2 2
my = my(o) + dmy

H_IH_I

Bare mass One loop correction
A = Scale for new physics beyond the SM

E F o= 1
—ity — =y | A ~ (115GeVY I —
& Hmc.e\ )

my is small therefore my(o) and dmy, have to be of the same order
or “fine tunning" is needed

No r'eal
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SuperSymmetric Higgs: Light Higgs prediction
* MSSM = Minimal SuperSimmetictric Model

h, H = scal
* Higgs Sector = H A h H H { o]

A = pseudoscalar
ﬁ—J H—J
heutral charged

* Mass relation : my < my <mp In “natural” SUSY
> 5 , no fine tunning problem
' Tree level: myy <My cos 2B < My But at least one Higgs

Free parameters = m,, tan § Qe N TAIlels}s

- Higher order: mf < M; cos 2B + (Mg, My, 1, X;, m,)

New free parameters — many different scenarios

LEP limit: m,>91 GeV/c?
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SM Higgs decay

m,, = 140 GeV
decay BR(7%)
W w* 610)

bb 33
L Z*
99

T7T

CC
Y'Y

Very unlucky, the SM Higgs seems to be in the most difficult place,
- complicated final state topologies !!!
* is there any reason behind ?
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The other actor: the top

v' The top quark completes the three family structure of the SM

v' It" s massive, "very heavy"
¢ Spinc1/2
¢ Charges+2/3
v Isospin=+1/2
/bW

v’ Large I'=1.42 GeV (m,,M,.a,EW corr.)

v Short lifetime ct<b3um @ 95%C.L.(CDF)

LEMENTA
PA MR LT E¢

v' Couplings: a,,v; Viq Vic.Vib, i not yet measured, AV,, ~ 11%

_ "t-quarks are produced and deca
T = L 1 > T q p ) y
Al ey decay m—> as free particles”
NO top hadrons
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Accurate measurements of SM-top parameters:

Top couplings oy (eTe — tt)
rtt
m, (1% ) at ILC

(at threshold and above)

Mass of the Top Quark (*Preliminary)

Vig o Vis » Vi EH

Due to its mass: heavy

Top is a natural window

GuH coupling to new physics
top Yukawa Coupling o E o= 108110

Tewvatron Run-I/1I* 1714+ 2.1
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Accurate measurements of SM-top parameters:
Polarizations and Asymmetries

Darien Wood, ICHEP'06. "Electrowealk Physics”

Measurement Fit o™= QMg

— Standard Modl 1] 1 2 3
— fongituinal 3

— lofi-handed [
— right-handed

. m, [GeV] 911575+ 0.0021
=, Neg. direc- . = T -
+ " tion of top B ]"2 [GE"!'I] 24952 +0.0023
W =
S > v o [nb]  41.540+0037
— had

1 ) R, 20,767 £ 0.025
I%d;{;fw=§[f-u(%;)“H--,_(ﬁ)im(ﬁy] I ' ' AL 0.01714 + 0.00095 O
A(P) 0.1465 + 0.0032

SM prediction of helicity fractions (assuming M=175GeV): Rn
SM(LO): Fy=0.703 , F =0.297 , Fx=3.6x10*
(NLO): Fy=0.695 , F,=0.304 , F,=0.001

CDF Run Il Preliminary

Ly = 955 pb”

80.371
2.091
1717

Asymmetries of heavy fermions are
the most problematic

CDF (955 pb-1) [prelim] | 0.59+0.12(stat) 05} (syst) | -0.0320.06(stat) £553 (syst)

_ i I ?
D@ (370 pb-1) [prelim] 0.08 £0.08(stat )= 0.05(syst) er WhC(T Wl” happen WlTh TOP ¢




Which will be the tools ? The accelerators

Mt. Blanc
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The Large Hadron Collider

Proton-Proton Collider

7 TeV +7 TeV

Luminosity = 103%cm2st

Physics Goals:

* Origin of mass

- Dark matter

- Matter vs Antimatter 1 TeV = 1000 GeV

(ATLAS,CMS, LHC=B) = .. 1000 times the proton mass
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The Large Hadron Collider

Pb-Pb collisions

7 TeV +7 TeV I

Luminosity = 1027cm-2s-1

Physics goal:
*Quark-gluon plasma
(ALICE)
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The LHC experiments

CMS
A Compact Solenoidal Detector for LHC

J. Fuster |

Photomn
Spectrometer




The LHC computing

(more_than 2

= -

T

\

100 MB/sec ~ 2 Petabytes/year

(1PB =103 TB = 10° GB)
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Spanish participation in LHC experimetns

D
ATLAS & CMS LHCb LHCD

UB (Barcelona)
USC (Santiago)

CIEMAT (Madrid)

CNM (Barceloha) IFCA (Santander)

IFIC (Valencia)
UAM (Madrid)

S .  FRANCE

Canfrarices
ANCORFA,
fidd Faragoza

PORTUGAL
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sections and processes at LHC

Lumi/year e FoTlab  SSC
fot S
TeVatron 0.3
LHC (Low Lum) 10
LHC (High Lum) 100

Process Events/s | Events/year

bb 1012

Z—ee 107

(proton - preton)

T (9 = = CDE (p p)

W-ev 108

UEM_J?
WW—)evx 6><103 G55 (mg = 500 GeV) EE

Ot

T 107
H (500 GeV) 104

= e\
m_. 1 Tew

o] Higgs
m,, = 500 GeV

1- High backgrounds to the physics interesting | |
processes 0.001 0.01 0.1 1.0

Vs TeV

2.- Many other processes than Higgs search will be
studied




Luminosity upgrade of LHC: SLHC

Plans to increase luminosity to 103° cm2s-!
with moderate effort (injection system, collimation,...)
natural evolution after LHC-running for several years at design-L

Consequences for detectors:

shorter bunch spacing, larger pile-up

needs improved detectors + trigger/DAQ — R&D needed now
expect some degradation of detector resolutions

(b-tagging, track finding, forward jet tagging, ...)

Physics potential:

- 20-30% increase in discovery potential e.g. SUSY 2.5—3 TeV
- improve on precision of statistically limited measurements

- some sensitivity to triple Higgs coupling for m ~160 GeV
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Examples of improvements at SLHC

Heavy SUSY Higgs: Broad resonances in no-Higgs
observable region increased scenarios:
by ~100 GeV.

Scalar resonance 27 >4

3000 for I sond!

/20 GeV

pard

q92Z (SM)

Events
= 3

not observable
at LHC

100 200 300 400 S00 800 TO0 800 200 1000

L Y1100 1200
ma (CeV)

Higgs self coupling: potential for first observation
if my~160 GeV with 3000 fb-!
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Energy upgrade of LHC (DLHC)

double beam energy to 14 TeV
needs new magnets = new machine = major effort

in general larger discovery potential than SLHC
(but also less well studied)

needs very good physics justification from future data

Electron-Proton collider (LHeC)

supplement LHC by 70 GeV e/e* storage ring Vs=14 TeV
(=4 5xHERA)

, _ ; L = 1033 cm2s!
structure functions, low-x physics, QCD (=20xHERA)

potential for new physics:
unique for eg-resonances, e.g. Leptoquarks, Squarks in RPV-SUSY.,...
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Electron-Positron collisions

Electron positron collisions at high energy provide a powerful tool
to explore TeV-scale physics complementary to the LHC

Due to their point-like structure and absence of strong interactions
there are clear advantages of e*e” collisions:

* known and tunable centre-of-mass energy

- clean, fully reconstructable events
, broad consensus for a
* polarized beams
Linear Collider with up
- moderate backgrounds
— ho trigger to at least ~500 GeV
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The International Linear Collider

Huge world-wide effort to be ready for construction in >2010 ??
(Global Design Effort GDE)
Result of an intense R&D process since 1992

Parameters (ICFA parameter document/ILC baseline)

The baseline:

e*e” LC operating from M, to 500 GeV, tunable energy
e /e* polarization

at least 500 fb! in the first 4 years

Upgrade: to ~ 1 TeV 500 fb! /year
Options :

- GigaZ (high luminosity running at M;)
- vy, ey, ee collisions

Choice of options and energy “should” depend on LHC results (2010)
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Zh

120 Gev

£

Icosti=0.8 WW

A

]"I‘n:ﬁ-n
140 Gev

H'H —»

190 GaV
|

lcosiil<0.8

tt 1758 Gay

Standard Production of top in e+e-:

¥~ 500 fb-!
Events ~ 5x105

Statistics Low (compared to LHC)

Excellent signal/background ratio

(accurate measurements possible)

16 May 2007
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ILC: Top cross section:

Peralta, Martinez, Miquel '99

v' Measurement of tt cross s

section at various points 2
around  the  production
threshold. Fit top mass (and
width).

Total error tfop mass
expected < 100 MeV or
better.

Complementary  kinematic _ i
reconstruction of top anti- - #  me+0.1 GeV
top events above threshold |

expected to yield good
statistical uncertainty

1 1 I 1 1 1 I 1 1
348 350 35l 354
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ILC top Yukawa coupling to Higgs

tt production cross-section at threshold is sensitive to
tth Yukawa coupling.

For m, = 115 GeV, a variation of 14% in SM Yukawa
coupling leads to a 2% change in normalization of the
cross section near the 1S peak.

———- youly

Complele

JI:':
B0 D

Very complicated topology

6jets +2bjets+leptons+missing
energy

4jets +2bjets

heutrinos

AQuy

&
Y\O #~1000 fb)

Aurelio Juste : M, 1 - | (Wiﬂ’\ pOIGI"I tion 600/06"‘, 80%e- )
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LHC+ILC: t and exotic physics, Z' resonances

Even, if Z' discovered at LHC in leptonic decays

Very important to make accurate
measurements of the couplings to
discrimante between Z' models (very
difficult at LHC):

SMZ

LR symmetric models
Little Higgs

Extra dimensions

Effective symmetries

Key Observables
2v¢ af

(v )2+ (ay)?

op~ (V)2 + (a2 AfB~

Polarization studies also possible (like t at LEP)

Depending on the beam energy it
will be more or less difficult to

extract couplings | Energy crucial ! Polarized beams very beneficial !

(if all decay productis recosntructed)
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The case for a high luminosity flavour factory

S

R;;;?<S ¢’77"(KK)CP
S

- 0
d K

Prejudice: if there is New Physics at the TeV scale it must have a flavor/CP
structure
New heavy quanta can be detected through precision measurement of
processes involving loop diagrams
Statistics of O(50 ab!) is necessary to reduce the experimental error below
the theoretical uncertainty for the most sensitive analyses
Physics reach is complementary to LHC-LHCb:

* many rare decays are hot accessible at LHC;

* sensitivity to of f-diagonal term of squark mixing matrix,

* test of LFV in t decays
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Physics reach at SuperB

5ab SuperB 50ab SuperB 2fb1LHCb

- _r — e e e ettt —_—

I D
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\ .
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' Summary

The Standard Model has been tested with high precision. Still many
questions remain to be answered, in particular, EW Symmetry
Breaking still needs to be understood

Hadron colliders play an_impoptant role in particle physics and
complement withLinear co Ilders't@h energy versus high precision. A
complete future program is_developing (ILC, SLHC, SuperB..). LHC is

I 'al_ ’ro unde ’r_.. T noteanly (import ’r____!___r_n_p_l__lcq_’_g_g_g_n_s_____|_r__\ ==




