SUMMER STUDENTS

LECTURE PROGRAMME
2nd: Symmetry and Symmetry

Breaking in Particle Physics
Luciano Maiani. CERN. Geneva




03/07/2002

Cosmic ray shower
~ 1n the atmosphere

new particles are produced in the
collisions ( muon, strange
particles....)

do not arise from further
subdivision of normal matter
(atoms, nuclei, nucleons, atomic
and nuclear forces)

... a new world to be explored
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The Energy spectrum
of Cosmic Rays
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Energy available at Collider facilities vs. time

Equivalent energy in
fixed target (P):

Tevatron: P-Pbar, 1987
Eequ=0.5 16°eV Cosmic rays

LEP2: e* €, 1995 GEE

=~ same en. range as Tevatron

LHC: P-P, 2007
E..i~1.1°10" eV

equiv_

Year

+
1960 1970 1980 1990 2000 2010 Heavy lons...
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Towards the origin

Quarks and Leptons Hadrons| Nuclei
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Nucleo-
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Time after Big Banc
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15 Billion
Years




Symmetry and Symmetry Breaking in Particle Physics
Summary

Symmetry: the key to new particles

“Three quarks for Master Mark”™
A gauge symmetry cannot be broken !

Spontaneous Breaking and Higgs bosons

Higgs hunting at CERN and elsewhere
More symmetry at high energy ?

Extra space dimensions ?

Perspectives
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Symmetry= Ability to predict In the real picture, Symmetr
IS wonderfully broken
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Pilero della Francesca: Polittico della Misericordia




Piero della Francesca: Madonna del Parto
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Symmetry 1n particle physics: predictions vs. reality

N P ; ;
Isopic Spin (SU2)
ON

Mc? 0.9396 0.9383 Equal Masses

G NONC

Mc? 0.1396 0.1350 0.1396 | M(TO)=M(TT*) ?2?

Eightfold Way (SU3)

All equal masses?

Deviations

from symm.:
0.14%
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Strange
ness

Electric
charge
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The Eightfold Way
M. Gell-Mann, Y. Ne’eman, 1962

Mesons

These figures are
typical of the symmetry
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Proton’ neutron’ the Ordinary Matter (Galaxy, Earth, us...) :
pions, the « strange QUARKS | LEPTONS
particles » ... are made of (Gel-Mann, zwelg, 1962)

- ] (V[
guarks. Quar_ks and their oD sye Flavor
masse&xplainthe < >
observed symmetries Color
(e.g. SU2 and SU3) as
well as the pattern of Proton = [uud]
Neutron = [ddu] N- P + e+, ( Pauli, Fermi= 1930)

symmetry violations,
iN much the same way as 2. Analogous Structures at Higher Energy:
the electronic structure of [©(19740 DVHB
atoms explains the 5O s
« Table of the Elements »

(1994 O

v, O
of Mendeleev. (19761 H(1975F

Proton = [uud] 3, Forces

ravi
Neutron [d d U] Electrgmagnetic
Mesons = [ Weak

Strong ( Nuclear)
Mass generation
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GRAVITON (Not yet seen)

PHOTON (Einstein, 1905)

GLUONS (Not seen in isolation)
INTERMEDIATE BOSONS (CERN, 1983)
HIGGS BOSON(?)

Lol



.The spectrum of elementary constituents

1.0E+12

1.0E+10

1.0E+08

1.0E+06 T = nu-direct
* ® nu-oscill

direct limits to v-  [INRCARS

LECSCEN ¢ d-Quarks
1.0E+02 X ch-Leptons

1.0E+04 l

1.0E+00

v- masses from
1.0E-02 oscillations

1.0E-04
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Global vs. Gauge Symmetries

Global: the same symmetry transformation 1s applied everywhere (e.g.
turn all protons in the Universe into neutrons and viceversa)

Local (Gauge Symmetry) different transformations are applied in
different points of space-time (e.g. turn protons into neutrons and
viceversa “here and now “ only)

examples of “local symmetries”: General Relativity, QED, Yang-Mills
theories

in the local case, symmetry determines the dynamics (geometrization
of forces!)

03/07/2002 L. Maiani. Symm.&Symm.Breaking




“local symmetries”™

Syinmetry in particle physics: predictions vs. reality:

photon
0

0
W+ Z0 W-

Mass (photon)=0 The “gauge

symmetry”
of fundamental

@ © @ Mass (W, Z2) =0 M <5 ces is broken

Mc2 80.419 91.188 80.419

However:
to break the force-law
determined by a gauge
symmetry is

121211
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The Origin of mass

*A field pervades all spaceand affects the way particles move
e the field “recognises” particles related by symmetry
.... W, Z acquire a mass, the photon remains massless, etc.,

I I I I I I I « VACUUM s like the

. . surface of a&alm lake
* In collisions, waves can be produced...

Taar T

... some of which correspond to a new particleHheGS BOSON

* The Higgs boson is needed for theory to agree with Nature...
but gives a vision of Vacuum which may explain new phenomena :
(inflation, chaotic universe, ...)
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ALEPH: candidate for e+e- — Z+H (Summer 2000)

2b cand.

HZI hyp.

m;=114 GeV
+2 Gal

-
- e

m=11Z.4GeV
my=83.3GeV

ZZ hyp.
mz=102 GeV
mz=91.7GeV

*Evidence for a Higgs particle at about 115 GeV/c2in LEP 2000,
*could not reach the “discovery limit”
*Tevatron and LHC to establish definitely the existence of the Higgs boson
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More Symmetry:

SUPERSYMMEITIRY
Higgs

Matter O

Subatomic @

Forces @D
Gravity

Unification of Forcesequires a Symmetry to relate different spins

Particles in
Supersymmet

Lightest SP may still
be around from
BIG-BANG
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Identiffed matter (H,
He,...), accounts for
less than 1/6 of the
mass of the Universe

Astronomical observatlons
may trace the distribution’
of the dark matter,

but are unable to identify its-
physical properties
(Neutrinos? Cosmic strlngs’?
Neutralinos?). :

If the dark matter is made of supersymmetrlc partlcles
the Large Hadron Collider will be able t6 produce . g
them in the Laboratory and characterize them completely 2
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Expected reach in various channels

m SUGRA; tgp =2 (~same up to tgp~5), A;=0,p<0
5 & contours (N = Ngigh N +Npygq) for 107pb™

cMS; 100"

Expected reach of CMS |
various channels & the
cosmological parameters

1200 1600 2000

scalar GaV
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SUSY discovery potential for High Energy Colliders

B gluino BN squorks BN sleptons B x> mEm H
CMSSM Benchmarks
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. Extra space dimensions?

*\Waves (and particles) of large wave
length (small energy) simply do not
fit In the curved dimension

how small is R?
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Kaluza & Klein
1930’s

« If a'cat would disappear in Pasadena and reappear |
Erice, this would be an example of global cat conserva
This is not the way cats are conserved » (R.P. Feynme
.... In 4 dimensions

Superstring theory not consistent in 4 dimensions
Extra curved dimensions required

Scale® 1/Mp,,\o?
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Extra Dimensions at mm scale?
Arkani-Hamed, Dimopoulos, Dvali (1998)

The universe viewed in the small:
guarks, leptons, and gauge fields are
bound to a D-brane localised in an
extra compact dimension.

— Giudice,
Rattazzi, Wells

ee y + KK tower
of Gravitons

In: L. Hall
ICHEP2000, Osaka
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A flat Universe from high-resolution
maps of the cosmic microwave
background radiation

F. de Bernardis', P. A. R, Ade®, J. ). Bock®, J. B Bona®, J. Borril™", A. Boscaberi®, K. Cobla’, B. P. Crill®, G. De Gasparia”,

P. C. Faresa’, P. G. Ferreira™, . Ganga™'", M. Giacometti', E. Hivan®, V. V. " A. lacoangeli’, A. H. Jatie"’, A E. Lange’,
L mul" Masi', P. V. Mason", P. 0. Mamskepi™™, A. Melchior', L. Miglis'™, T. Monirey’, C. B. m"iﬁ. Pascala®,
F. Piacentini', D. Pogosyan’, 5. Prunet’, 5. Rao'", G. Romen"", J. E. Ruhi’, F. Scaramuzzi™’, 0. Sfoma’ & M. Vittorio

6,000 T

Boomerang150GHz
1.0% of full sky
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...on the High Energy Frontier, beyond
the LHC....

ucidation of Higgs boson(s) spectrum &
pontaneous Symmetry Breaking

ucidation of SUSY spectrum (if any)

direct signals of extra dimensions (extra
vector bosons, KK tower...)

contact interactions as signal of new energy
scales beyond the TeV.
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Compact Linear Collider
CLIC

A new technology:

s[imear electron-positron collider
*Two beam acceleration
Effective energy In collisions: 3-5* LHC

Fitting CLIC at CERN
; B ==

PROJET CLIC . NS ; -
Variante n.l ’ __
Rehelle - 1,/50000 - §
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A forward look : The long term future

There are many fascinating problems in
the High Energy Frontier, in Neutrino
Physics, in Cosmology....

Particle Physics Programme:

LHC(phase 1+2), NLC/JLC/TESLA:
TeV exploration

i1.  CLIC, VLHC: multi-TeV (muon-
collider later?)

. VvV -superbeams, V -factory

Side programmes as gate-ways to
other sciences & industrial
applications:

 Free Electron Laser

e Neutron Spallation sources

eData Grids
This would allow for a full exploration of

the world beyond the Standard Theory as
we can conceive it today

eAfter the LHC, CERN and Europe will continue to be

major players 1n (11) and (111)... STAY WITH US!!
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