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Key Elements of Particle Physics

Particle Physics at the
Energy Frontier
and at the
Intensity Frontier

Instrumentation at the
Technology Frontier



Features of Particle Physics

Interplay and Synergy

of different tools
(accelerators - cosmic rays - reactors . . .)

of different facilities
different initial states
lepton collider (electron-positron)
hadron collider (proton-proton)
lepton-hadron collider
at the energy frontier: high collision energy
and intensity frontier: high reaction rate



The Fermi Scale [1985-2010]
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Features of Particle Physics

Duration of large particle physics projects:

decade(s)

from science case

via concept, R&D, and design
to  realisation and exploitation

Excellent training grounds

in particle physics,
accelerator and detector technologies,
computing



CERN LIBRARIES, GEN
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Duration of Projects SCAN-00081 11.4.1983

PRELIMINARY PERFORMANCE E£STIMATES FOR A LEP PROTON COLLIDER

S. Myers and W. Schrall 1983
%
T. Introduction \_9%

This analysis \No(‘

large pp - \Cs
Inde- \(\\{s -1+c performance limitations of possible pp or
\/\C Q (\’(6 .r1el seems overdue, however far off in the Future a
. (‘6‘\ \/ “\% . such a p-LEP project may yet be in time. What we shall
*Q -y in fact, rather obvious, but such a discussion has, to the best
\,EQ aur knowledge, not been presented so far.

%’L - the United States where very
-xvely being studied at the moment.

We shall not address any detailed design questions but shall give
basic equations and make a few plausible assumptions for the purpose of
illustration. Thus, we shall assume throughout that the maximum enerqgy

per beam is 8 TeV (corresponding to a little over 9 T bending field in very
advanced superconducting magnets) and that injection is at 0.4 TeV. The
ring circumference is, of course that of LEP, namely 26,659 m. It should
be clear from this requirement of "Ten Tesla Magnets" alone that such a
project is not for the near future and that it should not be attempted be-
fore the technology is ready.
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Features of Particle Physics

Interplay and Synergy
between different research areas

particle physics - astro(particle) physics - cosmology

This presentation:
accelerator based particle physics at the energy frontier
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What have we learned the last 50 years
or
Status of the Standard Model

The physical world is ELEMENTARY
PARTICLES

composed of T

Quarks and Leptons

interacting via
force carriers
(Gauge Bosons)
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Last entries: top-quark 1995
tau-neutrino 2000



Standard Model of Particle Physics

Mathematical formalism describing all interactions
mediated through weak, electromagnetic and strong forces

Test of predictions with very high precision

experimental validation

downto ~10 -8 m
t orupto O(100 GeV)



Status of the Standard Model

top mass (GeV)

Verification of triple gauge vertices
from ete > W*W- cross section

Indirect determination of
the top quark mass:
Proves high energy reach
through virtual processes
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Test of the SM at the Level of Quantum Fluctuations

t H
Z ~‘:: 700 ——— ——— —
_t prediction of the Higgs mass
1 z :

l

indirect determination of the top mass

&=

=

=
I

|

Higps ess Lt (95% CL) "M# GV M
&
[—]
I

S o220 S S N— : oo [ ;
@ L i
é 200 100:— // _:
5' 180 ]
] possible due to
] * precision measurements
wp : « known higher order
ol e § electroweak corrections
ol EE s | M, ) M,
| I‘I)‘)()‘ 1;92 1994 I996‘ A 1998‘ o 200(; o< ( M ) ’ n( M )
Year W 4




Time evolution of
experimental limits on
the Higgs boson mass
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Synergy of colliders

knowledge obtained

only through combination
of results from different
accelerator types

In particular:
Lepton and Hadron Collider

together with highly
developed theoretical
calculations



Status Summer Conferences 2007

Standard Model Analysis

Measurement Fit — |O™-Q"|/g™

9. 1.2 3Fitto17high-Q2observables
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THE missing cornerstone of the Standard Model

What is the origin of mass of elementary particles?

Possible solution:

Mass = property of particles with energy E to move with
velocity v/c = (1-m?%/E?3)1/2

=» introduction of a scalar field (Higgs-Field)

. _ q
particles acquire mass through named after

Peter Higgs

interaction with this Higgs-Field
Self interaction —> Higgs-Particle

Higgs-Particle = last missing cornerstone within SM
but:

Does the Higgs-Particle exist at all ??



Key Questions of Particle Physics

- 60 -
origin of mass/matter or - Ja,
origin of electroweak symmetry breaking Sol = NS TR T
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what is dark energy



in particular. . .

Standard Model

THE ENERGY DENSITY BUDGET l

stars Daryon neutrinos
BARYONS dark energy 4 dark matter

COLD DARK MATTER

NEUTRINOS

DARK ENERGY

—> we are now starting to explore the 'Dark Universe’
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The European Strategy for particle physics

General 1ssues

1. European particle ph}?sics is founded on strong national

institutes, universities and laboratories and th

Organization; Europe should maintain and strengthen its

central position in particle physics.

2. Increased globalization, concentration and scale of particle
physics make a well coordinated strategy in Europe

paramount; this strategy will be defined and updated by CERN

Council as outlined belozw.



The European Strategy for particle physics

The process:

CERN Council Strategy Group established
Open Symposium (Orsay, Jan 31/Feb 1, 2006)
Final Workshop (Zeuthen, May 2006)

Strategy Document approved unanimously
by Council July 14, 2006

- Next update: 2011



Vocabulary

1. Scientific importance of the infrastructure

Fundamental
Project/infrastructure that is absolutely necessary for advancement. It 1s hoped to

deliver a suite of results that will form our broad understanding of elementary particle
physics. There 1s, or could be, a danger of stagnation without this project/infrastructure.

Very important

Project/infrastructure that 1s absolutely necessary for the advancement of some major
aspect. It 1s hoped to deliver some breakthroughs that will fundamentally form our
understanding of this area. This aspect of the theme will most likely remain unexplored
without this project/installation.

Important

Project/infrastructure that 1s needed to address at least one major question that 1s a basic
1ssue in elementary particle physics. It 1s unlikely that some other project with another
purpose could provide the answer in a direct or indirect manner.

Project/infrastructure that would increase the precision of some fundamental physics
parameter(s), with at least an order of magnitude. and from which issues relevant for this
theme could be inferred.



The European Strategy for particle physics

3.

LHC

Unanimously approved by CERN Council July 14, 2006

The LHC will be the |energy frontier machine for the

foreseeable tuture, maintaining European leadership in the

tield; the highest priority is to fully exploit the physics potential

of the LHC, resources for completion of the initial programimne

have to be secured such that machine and experiments can operate

optimally at their design performance. A subsequent major

luminosity upgrade (SLHC), motivated by physics results
and operation experience, will be enabled by focussed R&D;
to this end, R&D for machine and detectors has fo be vigorously
pursued now and centrally organized towards a luminosity

upgrade by around 2015.

L~1034



igh Energy Colliders:

«

he Large Hadron Collider |




The LHC will open the door to the new physics world
In particular to the physics of the Dark Universe

1. Is there a Higgs? Standard
2. What is the Higgs mass? \\
3. Isthe Higgs a SM-like weak doub!~" \\\ X o go
4. Is the Higgs elementary or - \/\C W K. X
5. Is the stability of M 0& v \Nox\‘\s -ymmetry or Nearl
dynamical pri- \(\05@ of Staenadra\l,' d
6. Issur-. ,\\0\ \ (\0* at the weak scale?
7. win SO W L the LHC?
8. Are t\ \N\(\\cf.a dimensions? Are there new strong
forces.
9. Are there totally unexpected phenomena? ;‘lft %t a:;
andar

10. What is the mechanism of EW breaking?



Initial phase of LHC will tell
which way nature wants us to go

Possible ways beyond initial LHC at the enerqgy frontier:

Luminosity increase (sLHC)
Doubling the energy (DLHC)
new machine, R&D on high field magnets ongoing

Electron-Positron Collider
ILC
CLIC

Electron-Proton Collider
LHeC

Muon Collider



The European Strategy for particle physics

one possible way : luminosity upgrade

3.

sLHC

The LHC will be the energy frontier machine for the
foreseeable tuture, maintaining European leadership in the
tield; the highest priority is to fully exploit the physics potential
of the LHC, resources for completion of the initial programimne
have to be secured such that machine and experiments can operate
optimally at their design performance. A subsequent major
luminosity upgrade (SLHC), motivated by physics results
and operation experience, will be enabled by focussed R&D;

to this end, R&D for machine and detectors has fo be vigorously

pursued now and centrally organized towards a luminosity

upgrade by rm:':m

L~103°



LHC : towards increasing luminosity

- New inner triplet -> towards L~2*1034
- New Linac (Linac4) -> towards L~5*1034
construction can/will start now = ~ 2012

- New PS (PS2 with double circumference)
- Superconducting Proton Linac (SPL)
start design now, ready for decision ~ 2011
aimed for L~103%around 2016/17 if physics requires

Important: international collaboration



DESY Seminar, 18.M19. Dez. 2007, HamburgZeuthen Stefan Tapprogge, Mainz page 42



Interplay of Hadron and Lepton Colliders

There are two distinct and complementary
strategies for gaining new understanding of
matter, space and time at future particle
accelerators

HIGH ENERGY

direct discovery of new phenomena

l.e. accelerators operating at the energy
scale of the new particle

HIGH PRECISION

Access to new physics at high energies
through the precision

measurement of phenomena at lower scales

CONSTITUENT COLLISION ENERGY (GeV)
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1,000 - Hadron Colliders /
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LC500

e*te™ Colliders
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YEAR OF COMPLETION

© Physics Today

2010




Lepton Colliders ‘versus’ Hadron Colliders

[ - » -
» | » <

Electron-positron collisions and proton-proton collisions at high
energy provide powerful and complementary tools to explore
TeV-scale physics (‘Terascale’-Physics)

collisions of point-like particles collisions of composite particles
electroweak interaction initial state strong interaction
moderate backgrounds underlying events

tunable but restricted Js higher reach

.precision' .discovery'




The European Strategy for particle physics

4

n

In order to be in the position to push the energy and

luminosity frontier even further it is vital to strengthen

the advanced accelerator R&D programme; a coordinated
programme should be intensified, to develop ﬁ’ri"mafogy
and high performance magnets for future accelerators, and to play

a significant role in the study and development of a high-intensity

neutrino facility.

Itis fundamental to complement the results of the LHC with

measurements at a linear collider. In the energy range ot

0.5 to 1 TeV, the ILC, based on superconducting technology,

will provide a unique scientific opportunity at the precision
frontier; there should be a strong well-coordinated European
actiotty, including CERN, through the Global Design Effort, for
tts design and technical preparation towards the constriuction

decision, to be ready for a new assessment by Council around
2010.



High Energy Colliders: ILC (E_,, up to ~ 1TeV)

ILC @ 500 GeV
ILC web site: http://iwww.linearcollider.ora/cms/

Max. Center-of-mass energy (500 )DGeV == E;;rCO;;I:rFaclllty
Peak Luminosity ~2x10% | cm2st | :;L;én v r- P
Beam Current 9.0 |mA ST
Repetition rate 3 Hz =
Average accelerating gradient 61.5 )-*IV/ m |5 20‘\2
Beam pulse length 0.95 | m- 20‘\_0
Total Site Length y 1 "S:S» & Wﬁﬂfs. I
]:utul AC Power Q(.oczs.s 0 ?\(\Ose _—
(..onsumptwl:L ,5‘\ 09?\,00\ O Q,S\g a :
e\ woseae 31 km
. e-le+ DRELE.? Km

~1.33 Km 11.3 Km + ~-1.25 Km ~4.45 Km 11.3 Km ~1.33 Km



X-FEL at DESY
e
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' \ The European X-ray laser project XFEL I
- Planning status October, 2003 |

=== XFEL site +50 m
== Options for expansion
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Techically redy, start construction soon for operation from 2012/13




High Energy Colliders: CLIC (E,_, up to ~ 3TeV)

— “Compact” collider — total length < 50
km at 3 TeV

— Normal conducting acceleration
structures at high frequency

. . . CLIC TUNNEL
High acceleration gradient: ~ 100 MV/m CROSS-SECTION
e,

e Novel Two-Beam Acceleration Scheme .
— Cost effective, reliable, efficier* .y ‘\5‘5: 005S

— Simple tunnel, no activ~ \\
~ Modular, easv =~ e a\\
stages_; oeﬂ‘°“
P\‘m p\

QL c
o a\
\i(-;‘ec““‘c UAD POWER EXTRACTION g
°THeToRE 4.5 m diameter

Drive beam - 95 A, 300 ns
from 2.4 GeV to 240 MeV

ACCELERATING

Main beam — 1 A, 2R

from9 GeVto 1.5 T [—ra) ~- .
% Km} BPM <S“per8>
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New CLIC main parameters

{ ]
‘SuperB’



Strategy to address LC key issues

e Key issues common to all Linear Collider studies

independently of the chosen technology in close
collaboration between ILC and CLIC

— The Accelerator Test Facility (ATF@KEK)

— European Laboratories in the frame of the Coordinated Accelerator

Research in Europe (CARE) and of a “Design Study” (EUROTeV)
funded by EU Framework Programme (FP6)

— New proposal submitted to the EU Framework
Programme (FP7) comprising LC and LHC



Strategy to address LC key issues

Recent progress: much closer collaboration
first meeting: February 08

2

collaboration
detector/physics
ISsues

GDE

RD



ILC Detector challenges:
calorimeter

track based

green:
calorimeter based

High precision

measurements

demand new approach

to the reconstruction:
particle flow (i.e.
reconstruction of ALL
individual particles)

this requires
unprecedented
granularity

in three dimensions

R&D needed now
for key components




ready to explore the

Dark Universe




Dark Matter

Astronomers & astrophysicists over the next two decades using
powerful new teleSaopes willkéellfus how dark matter has shaped
the stars @ [@SWwe.see in the night sky.

Only partigigadtdie dark-matter in the
lalbo It |

-y
as rich and varied as th_é visible: world?

LHC and LC may be perfect machines to study dark matter.




Supersymmetry

' Partlcles ‘

e unifies matter with forces 0 P 0

for each particle a
supersymmetric partner

1‘- Supersynunetnc

(sparticle) of opposite "shadow " particles

statistics is introduced

60 j

e allows to unify strong 50 -

and electroweak force\ ol
sin20,,5USY= 0.2335(17)

30 -

§in20, P = 0.2315(2)

e provides link to string theories 10-

0;I 1 1

e provides Dark Matter candidate
(stable Lowest Supersymmetric Particle)

1/a,

mit Supersymmetrie

1/a,

IJ;IiI 1 1 I 1 1 1 1 I 1 1 1
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Wechselwirkungsenergie in GeV




> SPS Point 1: typical nSUGRA Supersymmetry

3000

2000 .
Mass spectra depend on choice

of models and parameters...

1000
900

800
700

600

500 —— well measureable at LHC

400

300

200 x; —f,ra\,un «— precise spectroscopy
“ Ve at ILC or CLIC
— %t

h0

X
Higgs Gauginos  Sleptons Squarks

100
90




MSSM parameters from global fit

0.4 SPS1 a“ scenario

LHC and LC
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Dark Matter and SUSY

Is dark matter linked to the Lightest Supersymmetric Particle?

Fraction of Dark Matter Density

Dark Matter Mass from Supersymmetry (Gav)

2

e
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1.14

g8 an Qaz
I I |

ILC

ALCPG Cosmology
Subgroup

o4 1 Qa8 100 102
l l I l I

104

Neutralinos is
not the full story

LHC, LC and satellite
data (WMAP and
Planck):

complementary views
of dark matter.

LC and LHC: identify
DM particle, measures
Its mass;

WMAP/Planck:
sensitive to total
density of dark
matter.

Together they
establish the nature
of dark matter.



LHC and LC results should allow,

together with dedicated dark matter searches,
iref Qb IEre QiR LINR ISRl IRSOMeE
mysterious “dark energy”. Itis evenly
spread, as if it were an intrinsic property

of space. It exerts negative pressure.

Challenge:
get first hints about the world of
dark energy in the laboratory




The Higgs is Different!

All the matter particles are spin-1/2 fermions.
All the force carriers are spin-1 bosons.

Higgs particles are spin-0 bosons.
The Higgs is neither matter nor force;
The Higgs is just different.
This would be the first fundamental scalar ever discovered.

The Higgs field is thought to fill the entire universe.
Could give some handle of dark energy(scalar field)?

Many modern theories predict other scalar particles like the Higgs.
Why, after all, should the Higgs be the only one of its kind?

LHC and LC can search for new scalars with precision.




SM Higgs Branching Ratio

bb
-1
10 W
T7T
g8
cc
10° L ww |/
al W
10" L

Precision Higgs physics

Coupling-Mass Relation

100 110 120

Determination of
absolute coupling
values with

high precision

Mo (G ) Study

Coupling constant to Higgs boson
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Mass (GeV)



LHC and LC results will allow
to study the Higgs mechanism in detail and
to reveal the character of the Higgs boson

This would be the first investigation
of a scalar field

This could be the very first step to
understanding dark energy




The TeV Scale [2008-2033..]

Recent development:
ECFA endorsed a series
of workshop for the
study of ep collisions

in LHC

ep

Y5\(35' OY.-.—:S'?? :'

“@N ? 1y Symmetries?

\_  LHC
Large Hadron electron Ccye?\%_ &

High Pre- 62009

| CDR , wiatter
@OQ\ wstructure??
. eg-Spectroscopy??

LHeC

New Physics

Jpectroscopy??

LC/CLIC ./



Large Hadron electron Collider: possible layouts

40 - 140 GeV
| on
L 1 - 7 TeV

ring-ring solution:
L <1033

linac-ring solution:
P i L few 103

Would be the successor
of HERA at higher cms

alternative sites



Past decades saw precision studies of 5 % of
our Universe - Discovery of the Standard Model

The LHC will soon deliver data

Preparations for the ILC as a global project are
under way, R&D for CLIC well progressing

The next decades look very exciting:

We are just at the beginning of exploring
95 % of the Universe




neutrino
sector

The European Strategy for particle physics

6. Studies of the scientitic case for future neutrino ftacilities

and the R&D into associated technologies are required to

be in a position to detine the optimal neutrino programme

based on the information available in around 2012; Council
will play an active role in promoting a coordinated European

partictpation in a global neutrino progranme.




ICFA

15 August 2007

ICFA Statement on Future Neutrino Facilities

ICFA recognizes the recent advances in neutrino physics and the scientific interest in pursuing next
generation accelerator facilities to produce more intense neutrino beams for precision experiments. The
neutrino community is already very active in organizing workshops and schools to plan the future program
in this area.

However, the neutrino community has not itself come to a consensus to which sort of facility -
superbeams, muon storage rings or beta beams - should be pursued.

Given the present situation, it is too early for ICFA to take action along the lines it has devoted to the ILC
planning.

The International scoping study proposes that an International Design Study begin, which would consider
all three types of proposed facilities. ICFA is encouraged by these activities, but at this stage in planning it
does not see a need to become inveolved in the process.

Should the effort coalesce around a facility proposal to take forward as a glebal project, it would then be
appropriate for ICFA to assist in advancing this.



Absolute neutrino mass scale
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Neutrino beam CERN -> Gran Sasso

tau-neutrino appearance

5 yrs
OPERA data taking
A hybrid emulsion
and tracking detector

L
B i (B
Frittt Tl

fo L scioma iR

Goal: Verify that the v, b i

are oscillating into v, AR

LAr detector

ICARUS

to demonstrate feasibility for future
neutrino projects

Pb target 1.8 kton

CNGS:
Beam <E,> = 17 GeV
Baseline 732 km

Expected event rate:
~3600 v NC+CC /kton/year
~16 v, CC /kton/year

(for sin?226,5=1, Am;,°=2.5x10"3 eV?)



Double Chooz

Detector construction starts this year
First data taking expected to start in 2008 with far
detector

— Get down to sin?20,; < 0.06 in 1.5 years

Start taking data with both detectors in 2010

ar detector

1.05 km

— Get down to sin?20,5 < 0.025 in 3 years
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Pt
" aim: have RDR by 2012 when first indications
of ©,5 should be available from either
T2K or Double-Chooz
. Cooling Chanme
- Reduce transverse
emittance Buncher
Muon acceleration Lnear
- ~130 MeV to 20-50 GeV
Decay ring(s) pre-Accelerator

Store for ~500 turns
Long production straights

Neutrino Factory

International Scoping Study (ISS):

Wwoos
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BRTET Ton lonisation Cooling
Experlment (MICE at RAL)

Expec’r"rd demons’r'r'a’re lonisation coolmg by 2011
% in time for RDR for Neutrino Factory
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Flavour
physics

The European Strategy for particle physics

8. Flavour physics and precision measurements at the high-

luminosity tfrontier at lower energies complement our

understanding of particle physics and allow for a more

accurate interpretation of the results at the high-energy

trontier; these should be led by national or regional collaborations,
and the participation of European laboratories and institutes

should be promoted.



Particle Physics in the next Decades

Introduction
Particle Physics Today
Roadmap

General Remarks

R.-D. Heuer, Univ. Hamburg/DESY Warsaw, April 21, 2008



General Remarks -1-

Turn on of LHC
entering an exciting phase of particle physics
at the highest collision energies ever

Expect

- revolutionary advances in understanding the microcosm
- changes to our view of the early Universe

CERN
unique position as host for the LHC

But
LHC is a collaborative effort and needs
sustained efforts from all partners to make it a success



General Remarks -2-

Results from LHC will guide the way

Expect
- period for decision taking on next steps in 2010 to 2012

Need

-R&D and technical design work now to enable these
decisions and is ongoing for several projects

- global collaboration and stability on long timescales
(remember: first workshop on LHC was 1984)

- intensified efforts

How 7



General Remarks -3-

Collaboration in network of HEP laboratories/institutes
In Europe, Americas, Asia

Mandatory to have accelerator laboratories in all regions
as partners in accelerator development / construction /
commissiong / exploitation

Planning and execution of HEP projects today
need global partnership

Use the exciting times ahead to establish such a partnership



