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Introduction

# Physics case is well established both for LHC and ILC,
based on what each machine can do individually

o LHC: 2 2007, expected to run for about 15 years

ILC: > 20157

Expeditious realisation of the ILC = period of concurrent
running

What is the added value of having both machines run in
parallel?
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Physics at the LHC and ILC in a nutshell

LHC: pp scattering at 14 TeV

Scattering process of proton
constituents with energy up to
several TeV,

strongly interacting

= huge QCD backgrounds,
low signal-to—background
ratios
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Physics at the LHC and ILC in a nutshell

LHC: pp scattering at 14 TeV

Scattering process of proton
constituents with energy up to
several TeV,

strongly interacting

= huge QCD backgrounds,
low signal-to—background
ratios

ILC: eTe~ scattering at
~0.5-1 TeV

Clean exp. environment:
well-defined initial state,
tunable energy,

beam polarization, GigaZ,
vy, ey, e_e” options, ...

= rel. small backgrounds
high-precision physics
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What will physics at the TeV scale be like?
"Known unknowns'" vs. "unknown unknowns"

We are prepared to explore Higgs physics, SUSY, extra
dimensions, mini black holes, ...
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What will physics at the TeV scale be like?
"Known unknowns'" vs. "unknown unknowns"

We are prepared to explore Higgs physics, SUSY, extra
dimensions, mini black holes, ...

These are “known unknowns”, but one also needs to be
prepared for the unexpected

LHC: interaction rate of 10? events/s
= can trigger on only 1 event in 107

ILC: untriggered operation

— can find signals of unexpected new physics (direct
production + large indirect reach) that manifests itself in
events that are not selected by the LHC trigger strategies
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Interplay between lepton and hadron colliders:
some examples from the past

LEP + SLC + Tevatron led to many success stories:
SM at quantum level, top quark, prediction of Higgs mass
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Interplay between lepton and hadron colliders:
some examples from the past

LEP + SLC + Tevatron led to many success stories:
SM at quantum level, top quark, prediction of Higgs mass

HERA observation of high Q% events = dedicated leptoquark
searches at the Tevatron, results fed back to HERA analyses

Belle discovery of X(3872) = dedicated search at CDF & DO
= Independent confirmation

LHC and ILC will explore a new energy domain
— expect ground-breaking discoveries
— large potential for synergy
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LHC /ILC interplay

LHC: good prospects for producing new heavy states

ILC: direct production ¢ high sensitivity to effects of new
physics via precision measurements (cf.: WMAP vs. COBE)
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LHC /ILC interplay

LHC: good prospects for producing new heavy states

ILC: direct production @ high sensitivity to effects of new
physics via precision measurements (cf.: WMAP vs. COBE)

ILC will have a lot to add to whatever the LHC will find out

= Need this information as soon as possible to identify the
nature of new physics

Concurrent running: LHC @ ILC

— Information obtained at the ILC can be used to improve
analyses at the LHC and vice versa

— Enable improved strategies, dedicated searches
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What is the gain of having ILC and LHC
run concurrently — how do we find out?

Exploring physics gain from LHC / ILC interplay requires:
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What is the gain of having ILC and LHC
run concurrently — how do we find out?

Exploring physics gain from LHC / ILC interplay requires:

# Detailed information on how well LHC and ILC can
measure wide variety of observables in different scenarios

# Close collaboration of experts from LHC and ILC as well
as from theorists and experimentalists

= LHC / ILC Study Group
www.ilppp.dur.ac.uk/~georg/lhclc
World-wide working group, started in spring 2002

Collaborative effort of Hadron Collider and Linear Collider
experimental communities and theorists

First report has just been completed: hep-ph/0410364
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First LHC / ILC Study Group report:
hep-ph/0410364

hep-ph/0410364

Physics Interplay of the LHC and the ILC
The LHC / LC Study Group

Editors:

G. WEIGLEIN', T. BARKLOW?, E. Boos?, A. DE ROECK?, K. DESCH?, F. GIANOTTI,
R. GOoDBOLEY, J.F. GUNION?, H.E. HABER®, S. HEINEMEYER?, J.L. HEWETT?,
K. KAWAGOE?, K. MONIG!Y, M.M. NOJIRI'!, G. POLESELLO'?>*, F. RICHARD!3,
S. RIEMANN'?, W.]. STIRLING'

Working group members who have contributed to this report:

A.G. AKEROYD™, B.C. ALLANACH'?, D. ASNER', S. AszTALOS'7, H. BAER!S,
T. BARKLOW?, M. BATTAGLIA'Y, U. BAUR?, P. BECHTLE®, G. BELANGER?!,
A. BELYAEV!, E.L. BERGER??, T. BINOTH??, G.A. BLAIR?**, S. BOOGERT?®,

E. Boos?, F. BOUDJEMA?!, D. BOURILKOV?®, W. BUCHMULLER?” V. BUNICHEV?,
G. CERMINARAZ®, M. CHIORBOLI?, H. DAVOUDIASL??, S. DAWSON®!, A. DE
ROECK?, S. DE CURTIS®?, F. DEPPISCH??, K. DESCH?, M. A. DiaZ33, M. DITTMAR®*,
A. DjouaDI**, D. DOMINICI®?, U. ELLWANGER?®, J.L. FENG?*", F. GIANOTTI?,
I.F. GINZBURG?®®, A. GIOLO-NICOLLERAT?*, B.K. GJELSTEN®’, R. GODBOLE?,
S. GODFREY??, D. GRELLSCHEID*!, J. GRONBERG'", E. GROSS*?, J. GUASCH"?,
J.F. GUNION?, H.E. HABER®, K. HAMAGUCHI?" T. HAN**, S. HEINEMEYER?,
J.L. HEWETT?, J. HisaANO%*, W. HOLLIK*S, C. HUGONIEY", T. HURTH"?, ]. JIANG??,
A. JUsTE®, J. KALINOWSKI?, K. KAWAGOE?, W. KILIAN?7, R. KINNUNEN?,
S. KRAMLY®!, M. KRAWCZYK?’, A. KROKHOTINE®?, T. KRUPOVNICKAS'S,

R. LAFAYE®?, S. LEHTI®?, H.E. LOGAN*, E. LYTKEN®*, V. MARTIN®®,
H.-U. MARTYN?S, D.J. MILLER?>%7, K. MONIG!, S. MORETTI®®, F. MOORTGAT?,
G. MOORTGAT-PIcK!'#, M. MUHLLEITNER*?, P. NIEZURAWSKI*?,

A. NIKITENKO®%2, M.M. NOJIRI'?, L.H. ORR®, P. OSLAND®?, A.F. OSORIO%,
H. PAs?, T. PLEHN?, G. POLESELLO'*»*, W. POROD®**7, A. PUKHOV?,

F. QUEVEDO'Y, D. RAINWATER®', M. RATZ?", A. REDELBACH??, L. REINA!S,
F. RICHARD!?, S. RIEMANN!?, T. R1zz0?, R. RUCKL?, H.]. SCHREIBER'?,

M. SCHUMACHER*', A. SHERSTNEV?, S. SLABOSPITSKY®, J. SOLA%%:67,

A. SOPCZAKS, M. SPIRA*®, M. SPIROPULU*, W.]. STIRLING!, Z. SULLIVAN*,
M. SZLEPERY?, TM.P. TAIT*®, X. TATA™, D.R. TOVEY"!, A. TRICOMI?,

M. VELASCO%, D. WACKEROTH®, C.E.M. WAGNER?*>"?, G. WEIGLEIN',

S. WEINZIERL™, P. WIENEMANNZ?, T. YANAGIDA™*7 , A.F. ZARNECKI?,

D. ZERWAS!3, PM. ZERWAS?, L. ZIVKOVIC#?

Exploratory study

122 authors from
75 Institutions,
472 pages

Has been submitted
to Physics Reports,
CERN Yellow Report
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How far are we?

In order to assess the physics gain of LHC / ILC concurrent
running need to know from both colliders for different
scenarios of new physics:

The LHC and the ILC, G. Weiglein, Stanford 03/2005 — p.9



How far are we?

In order to assess the physics gain of LHC / ILC concurrent
running need to know from both colliders for different
scenarios of new physics:

(1) can a signal be detected?
(2) which properties can be measured; how precisely?

(3) how well are we able to tell what it is?

= Summary given in the report

The LHC and the ILC, G. Weiglein, Stanford 03/2005 — p.9



How far are we?

In order to assess the physics gain of LHC / ILC concurrent
running need to know from both colliders for different
scenarios of new physics:

(1) can a signal be detected?
(2) which properties can be measured; how precisely?

(3) how well are we able to tell what it is?

= Summary given in the report

Main focus of LHC studies so far was on (1), less results
available on (2) and (3)
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How far are we?

o Many possibilities of LHC / ILC synergy have been
highlighted
= LHC / ILC interplay is a very rich field
— great potential for important physics gain

= Needs to be worked out and confirmed in detailed
case studies, experimental simulations

o Many of the analyses so far were mainly LHC analyses
where at the very end some ILC input was injected
(or the other way round)

= Aim should be LHC / ILC analyses that make use of
the interplay from the start
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How far are we?

o ATLAS and CMS are actively preparing for the start of
data taking: CMS writes physics TDR, many new studies
in ATLAS (full simulations, new scenarios)

+ ongoing ILC studies
= Many new results, ideal input for LHC & ILC studies
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How far are we?

o ATLAS and CMS are actively preparing for the start of
data taking: CMS writes physics TDR, many new studies
in ATLAS (full simulations, new scenarios)

+ ongoing ILC studies
= Many new results, ideal input for LHC & ILC studies

o There is a strong demand from our colleagues (within and
outside our field), funding agencies, ...to justify why we
want to start constructing the ILC so soon after the
start-up of the LHC

= A strong case for concurrent running will help

= We cannot afford to slow down in our efforts for exploring
LHC / ILC interplay
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Example from the U.S.

Presentation from M. Turner (NSF) to HEPAP, Sep. 23, 2004

Complementarity

Inevitably, the question will arise of why we need a second, /ess powerful accelerator
to explore the energy frontier. To educate us and to clarify this issue more generally,
we would like HEPAP to form a subpanel to address complementarity, paying
particular attention to the following aspects of LC/LHC complementarity:

«In the context of physics discoveries (e.g., low-energy supersymmetry) made at the
Tevatron or early at the LHC, what is the role of a subTeV Collider?
+In the context of physics discoveries made an LC, what is the role of the LHC
«In the context of “known physics” (e.g., electroweak physics), what are the
synergies and complementaries of these two machines?

You should assume that the LC and LHC (with possible upgrades) will have a
significant period of overlapping operation.

We are looking for a short document (20 pages), accessible to knowledgeable non-
experts (e.g., members of the EPP2010 Study, OSTP Staff and ourselves). We ask
that the report be completed by April 2005.

Finally, to further educate us as well as giving us an opportunity to refine and
discuss the charge with you in more detail, we suggest a half-day session at the next
HEPAP meeting devoted to Complementarity.
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Who should do the work?
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Who should do the work?

The closer the start of the LHC gets the more will the LHC
community focus on the LHC only

= Manpower in LHC community for LHC / ILC combined
studies is very limited
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Who should do the work?

The closer the start of the LHC gets the more will the LHC
community focus on the LHC only

= Manpower in LHC community for LHC / ILC combined
studies is very limited

= Initiative has to come from the ILC community

= from you!
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The idea to explore interplay between different
machines has found wider interest:

New initiative at CERN:

Study the synergy and complementarity of the LHC and
flavour factories

[M. Mangano et al.]

Main goal will be to develop a document similar to the
LHC / ILC report

Want to use existing LHC / ILC studies as guiding framework
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In this talk:

o Some examples of LHC / ILC synergy

# Main emphasis on new results (after completion of first
report), possible topics of future studies
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Example: Higgs coupling determination at LHC

LHC: no absolute measurement of total production cross section
(no recoil method like LEP, ILC: ete™ — ZH, Z — eTe ™, utu™)
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Example: Higgs coupling determination at LHC

LHC: no absolute measurement of total production cross section
(no recoil method like LEP, ILC: ete™ — ZH, Z — eTe ™, utu™)

Measurement of o x BR: narrow-width approximation

H SM F Tro F ecCa
= U(H)><BR(H—>CL+I)):0;31\)4 : p;d k
tot

prod

Observation of different channels (or upper bound from
non-observation) provides information on combinations of
Fga FW? FZ) F’ya FT? Fb: }/;52

Large uncertainty on H — bb, . ..
= Determination of ratios of partial widths

=- Additional theoretical assumptions needed for absolute
determination of partial widths at the LHC
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Use ILC input instead: measurement of the
top Yukawa coupling at LHC ¢ ILC

Only crude measurement of tth coupl. at 500 GeV ILC (light Higgs)
Precision measurement requires ILC with 800—-1000 GeV

LHC measures (o x BR)
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Use ILC input instead: measurement of the
top Yukawa coupling at LHC ¢ ILC

Only crude measurement of ¢th coupl. at 500 GeV ILC (light Higgs)

Precision measurement requires ILC with 800—-1000 GeV

LHC measures (o x BR)

=- Yukawa coupling can
be extracted If precise
measurement of Higgs
BR’s from ILC are used

LHC ¢ ILC (500 GeV):
[K. Desch, M. Schumacher "04]
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Higgs coupling determination at LHC and ILC

Fit of Higgs couplings with input from LHC and ILC NEW!
[M. Diihrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. W., D. Zeppenfeld "05]

— See talk by S. Heinemeyer at LHC / ILC meeting next Wednesday

Higgs coupling determination from combined input of LHC,
LC and photon collider NEW!

P, Niezurawski, M. Krawczyk, A. Zarnecki '04]

—— See talk by A. Zarnecki at LHC / ILC meeting next Wednesday
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C’P-violation and non-standard Higgs physics

Structure of the Higgs sector can be very involved, dificult to
disentangle

Examples: MSSM with CP-violation, non-minimal SUSY
models, Higgs—radion mixing, ...

= LHC / ILC interplay can be crucial to identify the structure
of the Higgs sector

—— See CPNSH meeting next Thursday + Friday
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NMSSM: fine-tuning and observability at the LHC
NMSSM: light Higgs with dominant decay h — aa possible

(blue points) [R. Dermisek, J. Gunion '05] NEW!
tanf=10, M, 5 4(m;)=100,200,300 GeV
250 ||||| | S e B S I N N L L e LWL B WL
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= Points with lowest fine-tuning are most difficult to observe
at the LHC = crucial to have ILC input

— See talks by R. Dermisek at LCWSO05, J. Gunion at LHC / ILC meeting
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Example: SUSY at LHC and ILC

LHC: good prospects for strongly interacting new particles
long decay chains = complicated final states,

e.9.0 §— 4q — qqxs — q47T — qqTTX)
Many states are produced at once, difficult to disentangle
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Example: SUSY at LHC and ILC

LHC: good prospects for strongly interacting new particles
long decay chains = complicated final states,

e.9.0 §— 4q — qqxs — q47T — qqTTX)
Many states are produced at once, difficult to disentangle

= It quacks like SUSY!

But ist it really SUSY? Which particles are actually produced?
Main background for SUSY is SUSY itself!

SUSY phenomenology investigated in detail for SPS 1a
benchmark point: “best case scenario”

more results needed for less favourable points
(in progress at ATLAS & CMS)
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It quacks like SUSY, but ...
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It quacks like SUSY, but ...

does every SM particle really have a superpartner?
do their spins differ by 1/27

are their gauge quantum numbers the same?

are their couplings identical ?

do the SUSY predictions for mass relations hold, ... ?
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Even when we are sure that it is actually SUSY,
we will still want to know:
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Even when we are sure that it is actually SUSY,
we will still want to know:

»# is the lightest SUSY patrticle really the neutralino, or the
stau or the sneutrino, or the gravitinoor...?

o isitthe MSSM, or the NMSSM, or the mNSSM, or the
N2MSSM, or ... ?

# what are the experimental values of the 105 (or more)
SUSY parameters?

o does SUSY give the right amount of dark matter?

o what is the mechanism of SUSY breaking?

We will ask similar questions for other kinds of new physics
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When and how will we find out?

® How much will we learn from the LHC alone?
® How much more will we know once we have ILC data?

o What is the added value of having the LHC and the ILC
run concurrently?
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When and how will we find out?

® How much will we learn from the LHC alone?
® How much more will we know once we have ILC data?

o What is the added value of having the LHC and the ILC
run concurrently?

SUSY at the ILC: clean signatures, small backgrounds

— precise determination of masses, spin, couplings,
mixing angles, complex phases ...,
good prospects for weakly interacting SUSY particles

precision measurement of mass of lightest SUSY particle
(factor 100 improvement)
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Some results from the first report:

# Precise determination of the properties of the SUSY
particles accessible at the ILC

= identify whether or not these particles appear in the
decay cascades at the LHC

#® Precision measurement of the LSP mass at the ILC as
input for LHC analyses

= significantly improves precision of mass determination
of heavier SUSY particles at the LHC

o From part of the SUSY spectrum accessible at the ILC
— can predict the properties of heavier particles
= tell the LHC where to look
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“Telling the LHC where to look™

ILC prediction transforms search for edge in di-lepton mass
spectrum into single hypothesis test

= Increase of LHC statistical sensitivity!
= crucial for extracting statistically marginal signal at LHC

= Optimised searches at the LHC:

Improved selection criteria, modified triggers,
different running strategy, ...
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“Telling the LHC where to look™

ILC prediction transforms search for edge in di-lepton mass
spectrum into single hypothesis test

= Increase of LHC statistical sensitivity!
= crucial for extracting statistically marginal signal at LHC

= Optimised searches at the LHC:

Improved selection criteria, modified triggers,
different running strategy, ...

Compare the situation at LEP, where we had a statistically
marginal excess of Higgs-like events

Suppose a collider running concurrently with LEP had
predicted a Higgs boson with My = 115 &+ 1 GeV

this would have certainly affected the runnin strategy of LEP
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Example of LHC / ILC interplay from first report

SUSY case study where the lightest neutralino and chargino states
(x?, x3, xi) are precisely measured at the ILC

[K. Desch, J. Kalinowski, G. Moortgat-Pick, M. Nojiri, G. Polesello "04]

= |dentification of (x, x9, xi) in LHC decay chains
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(x?, x3, xi) are precisely measured at the ILC

[K. Desch, J. Kalinowski, G. Moortgat-Pick, M. Nojiri, G. Polesello "04]

= |dentification of (x, x9, xi) in LHC decay chains

= Determination of all parameters in neutralino/chargino sector

= Prediction of masses, decay prop. of all neutralinos, charginos

— Prediction of masses of particles that are too heavy to be
produced at the ILC but are produced with low statistics at
the LHGC, e.g. heaviest neutralino: myo = 378.3 + 8.8 GeV
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Example of LHC / ILC interplay from first report

SUSY case study where the lightest neutralino and chargino states
(x?, x3, xi) are precisely measured at the ILC

[K. Desch, J. Kalinowski, G. Moortgat-Pick, M. Nojiri, G. Polesello "04]

= |dentification of (x, x9, xi) in LHC decay chains

= Determination of all parameters in neutralino/chargino sector

= Prediction of masses, decay prop. of all neutralinos, charginos

— Prediction of masses of particles that are too heavy to be
produced at the ILC but are produced with low statistics at
the LHGC, e.g. heaviest neutralino: myo = 378.3 + 8.8 GeV

= With this information the heaviest neutralino can be identified at
the LHC using a dilepton “edge”

The LHC and the ILC, G. Weiglein, Stanford 03/2005 — p.27



Search for the heaviest neutralino at LHC
following the prediction from ILC
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= Determination of m(x!) at LHC with high precision
— Crucial test of the model

The LHC and the ILC, G. Weiglein, Stanford 03/2005 — p.28



Search for the heaviest neutralino at LHC
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= Determination of m(x!) at LHC with high precision
— Crucial test of the model

Feeding information on m(x}) back into ILC analysis
= Improved accuracy of parameter determination at ILC
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New results, possible topics of future studies

Determination of the gluino mass: using ILC input to resolve
ambiguities at the LHC NEW!

[B. Gjelsten, D. Miller, P. Osland "05]

Mass determination from cascade decays: invert endpoint
formulas, fit masses

= yields correct minimum
+ false minima (can be off by 10-20 GeV)
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Determination of the gluino mass: using ILC input
to resolve ambiguities at the LHC

Problem due to compositeness of formulas:

If masses are close to border of ‘region’, may find a
similar-quality or better minimum in ‘other’ region

> i3

s false /
correct ‘ :

Region (1,1) Region (1,2)

/ mass

2 2 2\ /e
mi = (-mﬁj + mgg )/2

ILC input on LSP mass = correct minimum can be identified,
ambiguities resolved

— See talk by P Osland at LCWS05
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Distinguishing between MSSM and NMSSM

Case study of scenario where Higgs sector and light

neutralino / chargino spectra and cross sections are
indistinguishable in the two models

[G. Moortgat-Pick, S. Hesselbach, F. Franke, H. Fraas '05] NEW!

Parameter determination as in MSSM = no contradiction

ILC input = prediction of m

= Detection of y§ at LHC yields contradiction with MSSM
prediction

= Evidence for NMSSM

—— See talks by G. Moortgat-Pick at LCWSO05, LHC / ILC meeting
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Investigation of different scenarios

Gravity-mediated SUSY with non-universal Higgs masses

[H. Baer, A. Belyaev, A. Mustafayev, S. Profumo, X. Tata '05] NEW!

2005/02/14 10.36
NUHM2: tanB=10, A,=0, m,=500GeV, 1 =500GeV, m=178 GeV NUHM2: tanB=10, A,=0, m,=300GeV, 1=300GeV, m=178 GeV
0.094 < Oh*°< 0.129 @ LEP2 excluded

Qh’< 0.094

0.094 < Qh’< 0.129 @ LEP2 excluded
Qh’< 0.094

TITTTT[TITH

320 ]

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10
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= |LC reach can exceed LHC reach

m, (TeV)

— See talk by H. Baer at LHC / ILC meeting
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Determination of SUSY parameters: global fit

Use Fittino to compare the ability of LHC only and
LHC ¢ ILC for SPS1a’ point

[P, Bechtle, K. Desch, P Wienemann "05] NEW!

LHC input:
mass measurements and precision as in LHC / ILC report
+ assumption on ¢; , mass measurement

+ ratios of Higgs branching ratios (see above)
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Fittino: LHC only vs. LHC © ILC
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= precise determination of SUSY parameters only possible

with LHC & ILC
— See talks by P. Bechtle at LCWSO05, LHC / ILC meeting
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Example of a possible future study:

Once the masses of the particles in the decay cascade are
determined, can one do more?

= Insert more ILC results into LHC analysis:
couplings, decay properties, ...

= Coupling determination of heavy particles at the LHC?

The LHC and the ILC, G. Weiglein, Stanford 03/2005 — p.35



Upcoming LHC / ILC activities
» Workshop on LHC / ILC Synergies:

SLAC, March 23, 2005

# Les Houches Workshop: Physics at TeV Colliders
Meeting: May 2—20, 2005

o Snowmass Workshop: August 14-27, 2005
Aspen Workshop: August 14 — September 10, 2005
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Conclusions

o LHC /ILC interplay is a very rich field

LHC / ILC synergy has the potential to greatly enhance
the physics programme of both facilities
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Conclusions

o LHC /ILC interplay is a very rich field

LHC / ILC synergy has the potential to greatly enhance
the physics programme of both facilities

o First LHC / ILC Study Group report is an important step
towards where we want to get

But we cannot afford to slow down now

# Please come and actively participate in the Workshop on
LHC /ILC Synergies on Wednesday
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