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The LHC: a proton proton collider

7 TeV + 7 TeV

Primary physics targets
• Origin of mass
• Nature of Dark Matter
• Understanding space time
• Matter versus antimatter• Matter versus antimatter
• Primordial plasma
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The LHC will determine the Future course of High Energy Physics
The LHC will be completed in 2007



Physics case for new High Energy Machines
Understand the mechanism Electroweak Symmetry Breaking

Discover physics beyond the Standard Model

Reminder: The Standard Model
- tells us how but not why (contains 19 parameters!) S

D sco r phys cs yon th Stan ar Mo

- tells us how but not why (contains 19 parameters!)
3 flavour families? Mass spectra? Hierarchy?

- needs fine tuning of parameters to level of 10-30 !
has no connection with gravity

S
- has no connection with gravity
- no unification of the forces at high energy

Most popular extensions these days
If a Higgs field exists:
- Supersymmetry S

Most popular extensions these days

- Extra space dimensions
If there is no Higgs below ~ 700 GeV
- Strong electroweak symmetry breaking around 1 TeV

S
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g ymm y g
Other ideas: more gauge bosons/quark & lepton substructure,
Little Higgs models…



Physics at the LHC: pp @ 14 TeV

Higgs!
Extra Dimensions?

Black Holes???

Supersymmetry?
QGP?

j1
jt
W Precision 

measurements

QGP?
CP triangle!

j2
b-jet
t measurements

e.g top!
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The LHC will be the new collider energy frontier



January 06January 06
The Orsay 

S mposi mSymposium ::
HEP in EuropeHEP in Europe

About 400 participants
47 documents submitted
⇒the European Strategy Document 

Consequences for CERNConsequences for CERN

Agenda and talks: http://council-strategygroup web cern ch/council-strategygroup/
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Agenda and talks: http://council strategygroup.web.cern.ch/council strategygroup/ 
Webcast:  http://webcast.in2p3.fr/OS2006/



Emerging Regional Strategies
P. Odone
Vancouver meeting
July 2006July 2006

P l t l k t Hi h E P ti lPanel to look at High Energy Particle
Physics in the 21st century in the US European Strategy group
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The LHC

The Next High Energy Frontier MachineThe Next High Energy Frontier Machine…
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The LHC Machine and ExperimentsThe LHC Machine and Experiments

25 ns bunch spacing ⇒ 2835 
bunches with 1011 p/bunchbunches  with 10 p/bunch

First years lumi
~2 1033cm-2s-1 ⇒ 20 fb-1/year~2.1033cm 2s 1 ⇒ 20 fb 1/year
Design Luminosity:
1034cm-2s-1 ⇒100 fb-1/year

Stored energy/beam: 350 MJ

h H ll b

pp collisions at 14 TeV

The LHC will be a very    
challenging machine (LHCf)

pp collisions at 14 TeV

totem
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J. Wenninger
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Inner Triplet at Point 5
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Pressure test of Fermilab triplet in 5L

March 27
“Routine test”

April 24/25:
⇒Repair method proposed⇒Repair method proposed
Next pressure test in Summer

Lyn Evans  RRB meeting at CERN 23/4/07

B f h bl b k b h d h d l•Before the IT problem, we were about 5 weeks behind schedule.

•Once the full extent of the damage is known and the in-situ repair 
London Times  4/8/07
“Big Bang at atomic lab
Scientists get their maths wrong ”

g p
validated, we will publish a new schedule. It now looks unlikely that the 
engineering run can occur at the end of the year but all effort will be made 
to maintain a physics run in 2008 as foreseen.
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Scientists get their maths wrong…to maintain a physics run in 2008 as foreseen.

⇒ We know now that it will take some time!!
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Total integrated luminosity in 2008 ~ 100 pb-1? 
Total integrated luminosity in 2008 ~ 1-10 fb-1?



Detectors are well on track!

CMS ~100M channels/detector
Unprecedented complexity!!

ATLAS

p p y

ATLAS

Expect detectors to be essentially 
completed by March/April 2008
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What can we expect in 2010 with 10 fb-1?
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Photon-photon and photon-proton @ LHC

Process
p

CMS Totem

WWA spectrum

p
p

This conference:
• γγ at the LHC T Pierzchalaγγ at the LHC                             T. Pierzchala
• γp at the LHC                            S. Ovyn
• Photoproduction in HI at LHC    D. D’Enterria
• γγ and more at the Tevatron J Pinfold• γγ and more at the Tevatron      J. Pinfold
• UPC in heavy ion at the LHC      V. Pozdniakov
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An interesting photon program lies ahead…



The LHC Upgrade

Making the most of the LHC…g
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Upgrades of the LHC
J 2003J. Strait 2003:
Not an “official” LHC plot

hypotethical lumi scenario

If startup is as optimistic as assumed here (1034 cm-2s-1 in 2011 already) 
⇒After ~3 years the simple continuation becomes less exciting

20

⇒After 3 years the simple continuation becomes less exciting
⇒Time for an upgrade?



The LHC upgrade

Two options presently discussed/studied
Already time to think of upgrading the machine if wanted in ~10 years

•Higher luminosity  ~1035cm-2 s-1 (SLHC)
–Needs changes of the machine and particularly of the detectors
⇒ Start change to SLHC mode some time 2014-2016

 ⇒ Collect ~3000 fb-1/experiment in 3-4 years data taking.

•Higher energy? (DLHC)
LHC n h √s 15 T V ith p s nt m n ts (9T fi ld)–LHC can reach √s = 15 TeV with present magnets (9T field)

–√s of 28 (25) TeV needs ~17 (15) T magnets ⇒ R&D needed!
–Even some ideas on increasing the energy by factor 3 (P. McIntyre)Even some ideas on increasing the energy by factor 3 (P. McIntyre)

Run I   √s Run II   √s Int Lumi (run I) Int. Lumi (expected/runII)

Tevatron 1 8 TeV 1 96 TeV 100 pb ~4 8fb
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Tevatron 1.8 TeV 1.96 TeV 100 pb ~4-8fb

HERA 300 GeV 320 GeV 100 pb ~500 pb



SLHC Machine Parameters

W Scandale
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W. Scandale
HCP07



Upgrades of the detectors are required!
Tracker detector of both CMS & ATLAS will need to be replaced
Higher granularity at small radii. Tracker in the L1 trigger?

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

New  Layers Concept New ROC/New Sensor Fabricate Install

Full Tracker Monte Carlo Concept New ROC/New Sensor Fabricate

• Within 5 years of LHC start
– New layers within the volume of the current Pixel tracker which incorporate some tracking 

information for Level 1 Trigger
• Room within the current envelope for additional layersoom w th n the current envelope for add t onal layers
• Possibly replace existing layers

– “Pathfinder” for full tracking trigger
• Proof of principle, prototype for larger system

Elements of new Level 1 trigger– Elements of new Level 1 trigger
• Utilize the new tracking information 
• Correlation between systems

• Upgrade to full new tracker system by SLHC (8-10 years from LHC Startup)
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– Includes full upgrade to trigger system

⇒one has to start now..



Extending the Physics Potential of LHC
• Electroweak Physics

• Production of multiple gauge bosons (nV ≥ 3)
• triple and quartic gauge boson couplings

Examples studied
in some detailtriple and quartic gauge boson couplings

• Top quarks/rare decays
• Higgs physics

• Rare decay modes

in some detail

• Rare decay modes
• Higgs couplings to fermions and bosons
• Higgs self-couplings

H Hi s b s ns f th MSSM• Heavy Higgs bosons of the MSSM
• Supersymmetry  (up to masses of 3 TeV)
• Extra Dimensions  

D d DD d l Include pile up detector• Direct graviton production in ADD models
• Resonance production in Randall-Sundrum models TeV-1 scale models
• Black Hole production

Include pile up, detector…

p
• Quark substructure
• Strongly-coupled vector boson system

• WLZL g WLZL , ZLZL scalar resonance, W+
LW +

L
hep-ph/0204087
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WLZL g WLZL , ZLZL scalar resonance, W LW L
• New Gauge Bosons

⇒ Extend discovery range by ~ 25% in mass



Example: The Higgs at the LHC

• First step
– Discover a new Higgs-like particle at 

the LHC, or exclude its existence
• Second step

– Measure properties of the new particle– Measure properties of the new particle 
to prove it is the Higgs 

• Measure the Higgs mass LHC~1 good year of datagg
• Measure the Higgs width
• Measure cross sections x branching ratios 
• Ratios of couplings to particles (~mparticle)
• Measure decays with low Branching ratios (e.g H→μμ)
• Measure CP and spin quantum numbers (scalar particle?)

SLHC
added
value • Measure CP and spin quantum numbers (scalar particle?)

• Measure the Higgs self-coupling (H→HH), in order to 
reconstruct the Higgs potential

value
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Only then we can be sure it is the Higgs particle we were looking for



Higgs Self Coupling Measurements

λ

Once the Higgs particle is found, try to reconstruct the Higgs potential

~ λv
mH

2 = 2 λ v2

Djouadi
et al.

T h b k

Dawson 
et al.

λ/2 <λ< 3λ/2
Too much backgr. 
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Difficult/impossible at the LHC



Higgs Self Coupling

Limits achievable at the 95% CL. for Δλ=(λ-λSM)/λSM

Baur, Plehn, Rainwater HH → W+ W- W+ W- → l± νjj  l±νjj

( SM) SM

LHC: λ= 0 can be 
l d d t 95% CLexcluded at 95% CL. 

SLHC: λ can be determined m
to 20-30%  (95% CL)

Note: Different conclusion from
ATLAS study →no sensitivity at
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ATLAS study →no sensitivity at 
LHC and smaller sensitivity 
at SLHC.      Jury is still out



LHC Luminosity/Sensitivity with time
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First physics run: O(1fb-1)



W Scandale
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W. Scandale
HCP07
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W. Scandale
HCP07The SSC in the LHC tunnel ?  ☺



31

W. Scandale
HCP07

Note: this is just a possible scenario



Present CERN Position
E N DG /6/0CERN DG 27/6/07
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VLHC: Very Large Hadron Collider

T nn l f 233 km (E G ld b s m h n FNAL)
http://vlhc.org

Tunnel of 233 km  (E.G could be somewhere near FNAL) 
Stage 1: 40 TeV collider  with “cheap” 2T field magnets L=1034cm-2 s-1

Stage 2: 200 TeV collider with superconducting magnets. L=2.1034cm-2 s-1

Magnet & Vacuum R&D required (and ongoing)
Detectors with good tracking up to 10 TeV (increase B,L), calorimeter 

| | t 6 7 d li it t 10 T V h h f d di ti
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coverage |η| up to 6-7, good linearity up to 10 TeV, harsh forward radiation



Linear Colliders: The ILC
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Linear e+e- Colliders
Since end of 2001 there seems to be a worldwide consensus
in high energy physics (ECFA/HEPAP/Snowmass 2001…)g gy p y ( )

Th hi hi h ill l d d h LHCThe machine which will complement and extend the LHC
best, and is closest to be realized is a  Linear e+e- Collider
with a collision energy of at least 500 GeVwith a collision energy of at least 500 GeV

PROJECTS:
⇒ TeV Colliders (cms energy up to 1 TeV) → Technology ~ready

August’04 ITRP: NLC/GLC/TESLA→ ILC superconducting cavities

⇒ Multi-TeV Collider (cms energies in multi-TeV range) → R&D
CLIC (CERN + collaborators)   → Two Beam Acceleration 
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LHC/e+e- colliders

Different characteristics
of the two machines  
⇒ Different virtues

ILC: e+e- collisions √s = 0.5-1.0 TeVLHC  pp collisions √s = at 14 TeV
⇒Strong point: high precision 

physics
•Kinematics: mom conservation

⇒ Strong point: larger mass reach 
for direct discoveries

•Kinematics: can use conservation of p •Kinematics: mom. conservation 
used to analyze the decays,…
•Well defined initial state,

•Kinematics: can use conservation of pT

•Composite nature of colliding protons
⇒underlying remant event 

beam polarization, √s,… 
•Backgrounds smaller than LHC 

ll d

y g
•√s of the hard interaction not fixed
•Strongly interacting particles  

h ( k d)

36

•Options:  γγ, eγ, e-e- colliders.⇒ huge QCD cross sec. (background)



Higgs studies at a e+e- linear Collider

Can detect the 
Higgs via the recoil
to the Z

Fully simulated+reconstructed HZ event 
Very clean compared to events at  LHC Observation of the Higgs 

independent of decay modes
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independent of decay modes
Precise determination of couplingsPrecision measurements!



A LC is a Precision Instrument
Clean e+e (p larized intial state c ntr llable √s f r hard scatterin )• Clean e+e- (polarized intial state, controllable √s for hard scattering)

• Detailed study of the properties of Higgs particles
mass to 0 03% couplings to 1 3% spin & CP structure total width (6%)mass to 0.03%, couplings to 1-3%, spin & CP structure, total width (6%)  
factor 2-5 better than LHC/measure couplings in model indep. way    

• Precision measurements of SUSY particles properties, i.e. slepton p p p , p
masses to better than 1%, if within reach

• Precision measurements a la LEP (TGC’s, Top and W mass)
• Large indirect sensitivity to new phenomena (eg WLWL scattering)

LC will very likely play important role to disentangle the underlying new theory 
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ILC: Few More Examples
⇒Understanding SUSY

High accuracy of sparticle mass measurements 
relevant for reconstruction of SUSY breaking

1/M GeV-1

relevant for reconstruction  of SUSY breaking 
mechanism

⇒ Dark Matter
LC will accurately measure mχ and couplings,
i.e. Higgsino/Wino/Bino content
→ Essential input to cosmology & searches Gaugino mass parameters→ Essential input to cosmology & searches
LC will make a prediction of ΩDMh²~ 3% (SPS1a)  
→A mismatch with WMAP/Planck would reveal   

t f DM (A i h bj t )

G. Blair et al

g p

extra sources of DM (Axions, heavy objects)
⇒ Quantum level consistency: MH(direct)= 

MH(indirect)?
Δsin2θW~10-5 (GigaZ), ΔMW ~ 6 MeV
(+theory progress)

→ ΔMH (indirect) ~ 5%
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→ ΔMH (indirect) ~ 5% F. Richard/SPS1a



Extrapolation to physics at high scales

From a combination of LHC and ILC results, precise measurements of 
masses of SUSY particles, couplings: Evolution of gaugino mass parameters

LHC⊕ILCLHC

40Good case for LHC/ILC interplay, see G. Weiglein et al., hep-ph/0410364



Input from the LHC for the LC…
F Gi i ADR lF. Gianotti, ADR et al.

Something toSomething to
watch for the
ILC…
LHC/ILC workshopLHC/ILC workshop
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ILC Global Design Effort
31 k (500 G V)~31 km (500 GeV) 

Barr BarishBarry Barish
GDE

LCWS06 Bangalore

Active since 
March 2005

LCWS07 DESY

Luminosity
~ 2•1034 cm-2s-1
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LCWS06 BangaloreLCWS07 DESY



The GDE Plan and Schedule for ILC

CLIC

2005       2006        2007       2008        2009       2010

Global Design Effort Projectg j

Baseline configuration LHC
Reference Design

Technical Design

LHC
Physics

ILC R&D Program

Technical Design

Expression of Interest  to Host

International Mgmt
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International Mgmt

Costing made public in February 2007:  6.6 GUSD+ manpower



Baseline Configuration Document
d l d• A structured electronic document

– Documentation (reports, drawings etc)
– Technical specificationsTechnical specifications.
– Parameter tables

http://www.linearcollider.org/wiki/doku.php?id=bcd:bcd_home

Acceleration gradient of the cavitiesAcceleration gradient of the cavities
31 MV/m (500 GeV) → 36MV/m (1 TeV)
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Luminosity: 2 •1034cm-2s-1



B. Barish
LCWS07

P t ILC t ti
45

⇒ Prepare to propose ILC construction



Timeline for ILC options?

Ph t llid ?Photon collider?
Is the community
in place?

J Gronberg LCWS07
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J. Gronberg  LCWS07
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CERN DG 27/6/07



ll dCLIC Compact LInear Collider

A multi-TeV e+e- collider
⇒High acceleration gradients

CERNCERN +
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CLIC: a Multi-TeV Linear Collider 

• Two beam acceleration presently only
feasible way to reach multi-TeV region

• Principle demonstrated with CTF2• Principle demonstrated with CTF2
More than 150 MV/m for short pulses
…but 100 MV/m for long pulses? 
P t R&D CTF3 d i b• Present R&D ⇒ CTF3: drive beam

CLIC: 3 TeV (5 TeV) LC  L=O(1035)cm-2s-1

⇒CERN: accelerate CLIC R&D support to evaluate    
the technology by 2009/2010

ll b⇒CLIC collaboration. 
FAQs: 
• CLIC technology  O(5) years behind TeV class LCsgy y
• CLIC can operate from 90 GeV→ 3 (5) TeV .

Physics case for CLIC documented in a CERN yellow
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Physics case for CLIC documented in a  CERN yellow 
report CERN-2004-005 (June)



CLIC: Examples of the Large Reach

E.g.: Contact interactions:
Sensitivity to scales up to

E.g. Supersymmetry
# ti l th t b d t t d

Eur.Phys. J C33 273 (2004)
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Sensitivity to scales up to 
100-800 TeV (few years of data)

# sparticles that can be detected
Expect higher precision at LC vs LHC



CLIC: Overview of Physics Reach
M =900 GeVMH=900 GeV

√New Z’ resonance

Heavy Higgs

√s=5

√s=3

ADD Extra Dimensions

M su in th Hi s s lfMeasuring the Higgs self 
coupling to 5-10%
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Indicative Physics Reach all Machines

Units are TeV (except WLWL reach) 
Ldt sp nd t 1 f unnin t n min l lumin sit f 1 xp im nt

Ellis, Gianotti, ADR
hep-ex/0112004+ few updates 

Ldt  correspond to 1 year of running at nominal luminosity for 1 experiment

PROCESS               LHC SLHC DLHC VLHC VLHC LC               LC
14 TeV 14 TeV 28 TeV 40 TeV 200 TeV 0 8 TeV 5 TeV14 TeV 14 TeV 28 TeV       40 TeV    200 TeV 0.8 TeV     5 TeV
100 fb-1 1000 fb-1 100 fb-1 100 fb-1 100 fb-1 500 fb-1 1000 fb-1

Squarks                   2.5 3 4                 5             20 0.4             2.5 
W W 2σ 4σ 4 5σ 7σ 18σ 6σ 90σWLWL 2σ 4σ 4.5σ 7σ 18σ 6σ 90σ
Z’                              5 6 8 11            35 8† 30†

Extra-dim (δ=2)        9 12 15               25            65 5-8.5†         30-55†

q*                            6.5 7.5 9.5               13            75 0.8              5

† i di t h

q
Λcompositeness      30 40 40 50 100 100            400
TGC (λγ)                0.0014 0.0006 0.0008                       0.0003 0.0004     0.00008

Approximate mass reach machines:
√s = 14 TeV,   L=1034 (LHC)     :   up to ≈ 6.5 TeV
√s = 14 TeV,   L=1035 (SLHC)   :   up to ≈ 8 TeV
√

† indirect reach 
(from precision measurements)
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√s = 28 TeV,   L=1034 (DLHC)   :   up to ≈ 10 TeV



Summary
The LHC luminosity upgrade to 1035 cm-2s-1

• Extend the LHC discovery mass range by 25-30% (SUSY Z’ EDs )Extend the LHC discovery mass range by 25 30% (SUSY,Z ,EDs,…)
• Higgs self-coupling measurable with a precision of (20-30%)
• Rear decays accessible: H→μμ, γZ, top decays…
• Improved Higgs coupling ratios by a factor of 2• Improved Higgs coupling ratios by a factor of 2,…
• TGC precision measurements…

Challenge for the experiments/ LHC at its limits/Later energy upgrade?Challenge for the experiments/ LHC at its limits/Later energy upgrade?

A high luminosity linear collider as the next HE frontier accelerator

• ILC design very advanced and project has good momentum. CLIC still R&D
• LC: Precision measurements, eg improve by an order of magnitude on 

ti f ti l ithi it d ti h/ d l i d d tproperties of particles, within its production reach/model independent
⇒ unravel the underlying theory/model in detail. 

• The exciting possibility for a Photon Collider!!
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• Discovery of particles which are difficult to find in LHC pp collisions 
• Optimal LC energy will be known better from the LHC results by 2010



Some Upcoming Workshops
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LC: Few More Examples
⇒Understanding SUSY

High accuracy of sparticle mass measurements 
relevant for reconstruction of SUSY breaking

1/M GeV-1

relevant for reconstruction  of SUSY breaking 
mechanism

⇒ Dark Matter
LC will accurately measure mχ and couplings,
i.e. Higgsino/Wino/Bino content
→ Essential input to cosmology & searches Gaugino mass parameters→ Essential input to cosmology & searches
LC will make a prediction of ΩDMh²~ 3% (SPS1a)  
→A mismatch with WMAP/Planck would reveal   

t f DM (A i h bj t )

G. Blair et al

‘WMAP’ 7 %

g p

extra sources of DM (Axions, heavy objects)
⇒ Quantum level consistency: MH(direct)= 

MH(indirect)?

WMAP 7 %
LHC ~15 %

‘Planck’ 2 %Δsin2θW~10-5 (GigaZ), ΔMW ~ 6 MeV
(+theory progress)

→ ΔMH (indirect) ~ 5%

Planck ~2 %

LC ~3 %
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→ ΔMH (indirect) ~ 5% F. Richard/SPS1a



Baseline Configuration Document
d l d• A structured electronic document

– Documentation (reports, drawings etc)
– Technical specsTechnical specs.
– Parameter tables

http://www.linearcollider.org/wiki/doku.php?id=bcd:bcd_home

Acceleration gradient of the cavitiesAcceleration gradient of the cavities
31 MV/m (500 GeV) → 36MV/m (1 TeV)
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Luminosity: 2 •1034cm-2s-1



What if no new particles in LC range?

⇒Precision measurements of the top quark, e.g top mass!
Compare m and sin2θ experimental accuracy withCompare mW and sin2θeff experimental accuracy with
theoretical prediction ⇒ theoretical consistency!
Top mass uncertainty is a limiting factor

Mtop=175 GeV
100 fb-1 per point

~ similar to theoretical HO uncertainties, 5x better than exp. precision

⇒Precision indirect measurements (TGCs, Z’, strong EWSB...)

LC has large reach for indirect measurements

e.g Compares indirect (LC) Z’ searches with direct LHC
Note: some indirect searches also possible at the LHC

Z i di t iti it t 15 20 T V f SLHC

g
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e.g. ZKK indirect sensitivity up to 15-20 TeV for SLHC



LHC/LC Complementarity
http://www ipp dur ac uk/ eor /lhclc/

• The complementarity of the LHC and LC results has been studied

http://www.ipp.dur.ac.uk/~georg/lhclc/

p y
by a working group and has produced a huge document  

• Working group contains members from LHC and LC community + theorists

Conclusion: lot to gain for analysis of BOTH machines if there is a
b t ti l l i i tisubstantial overlap in running time.

Example: at LHC masses of the measured particles are strongly 
correlated with the mass of the lightest neutralinocorrelated with the mass of the lightest neutralino

Largely improve sleptons squarks sbottom
g y p

LHC mass 
measurements when
LC χ1

0 value is used
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LC χ1 value is used
LSP χ1 χ1χ

1
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Other options: an ep collider

67



Other options: A muon collider

Not an option for the 
near future…
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Conclusion
LHC will be the next high energy collider• LHC will be the next high energy collider
– It will reveal the EWSB mechanism
– It will probe the TeV scale for new physicsIt will probe the TeV scale for new physics

• SHLC (luminosity upgrade) will give good return for a modest investment
• VLHC is still for the far future
• A LC collider is a precision instrument

– It complements the LHC perfectly
– ILC community has built up large momentum
– CLIC (3 TeV) aims to demonstrate feasibility of the technology by 

2009/20102009/2010
• Is a 500 (1000) GeV the right energy for a LC? 

– By 2010 the LHC will have the first answers: SM Higgs?, new physicsBy 2010 the LHC will have the first answers  SM Higgs?, new physics 
with particles in the ILC range?

• 2010(+) will be an important year.

69
In any case: exciting times ahead !!



CERN Council position on the LC
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Option 1
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Option 2
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