__|* Outline of the CLIC project
‘-!  Why an e" e collider with E, =3 TeV?
A significant step beyond the LHC/ILC for
precision measurements at high energies
— Complete study of the Higgs boson(s)?
— Supersymmetric spectra?

— Deeper probes of extra dimensions?
— New gauge bosons, excited quarks,leptons?

 More to add, whatever the LHC offers
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World-Wide CLIC Collaboration

24 members representing 27 institutes involving 17 funding agencies of 15 countries
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Nominal CLIC Parameters

Center-of-mass energy CLIC 500 ceV CLIC 3 TeV

Beam parameters Conservative Nominal Conservative Nominal
Accelerating structure 502 G
Total (Peak 1%) luminosity 0.9(0.6)-10% 2.3(1.4)10% 2.7(1.3)-1034 5.9(2.0)-10%
Repetition rate (Hz) 50
Loaded accel. aradient MV/m 80 ‘
Main linac RF frequency GHz 12
Bunch charge10? 6.8 3.72
Sunsh senaratian (na) s
Beam pulse duration (ns) 177 156
Beam power/beam MWatts 4.9 14
Hor./vert. norm. emitt (108109 3/40 2.4/25 2.4/20 0.66/20
Hor/Vert FF focusing (mm) 10/0.4 8/0.1 4/0.1
Hor./vert. IP beam size (nm) 248/5.7 202/2.3 83/11 40/1
Hadronic events/crossing at IP 0.07 0.19 0.75 2.7
Coherent pairs at IP 10 100 5. 107 3.8 108
BDS length (km) 1.87 2.75
Total site length km 13.0 48.3

| Wallplugtobeam transferteff | 75% | 6.8% _
Total power consumption MW 129.4 415
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A shining example of fruitful
collaboration: Designed at CERN,
Built at KEK,

RF Tested at SLAC
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Technology evaluation and Physics assessment based on LHC results
for a possible decision on Linear Collider with staged construction

starting with the lowest energy required by Physics

2007 | 2008 | 2003 | 2010] 2014 IFi‘{ﬁz 2013|2014 | 2015| 2016] 2017] 2018 2015 2020| 2021 | 2022] 2023 ;ffi
R&D on Feasibility |ssues
Conceptual Design | %
AR&D on Performance and Cost issues i
Technical design :
Engineering Optimisatien&industrialisstion
Construction (in stages) | '.
Construction Detector | i
N |
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Physics at the CLIC Multi-TeV 3
Linear Collider
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‘ How soon will the Higgs be found? ...

—

W

The Tevatron or LHC may soon say the Higgs cannot have an
intermediate mass: must be either LIGHT, or HEAVY .. )




If there 1s a light Higgs
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Large cross section (@ CLIC

Measure rare Higgs decays unobservable at |
LHC or a lower-energy e" e collider

CLIC could measure the effective potential

A W W A ANJ A N\J A A

CLIC could search indirectly for
accompanying new physics up to 100 TeV

CLIC could 1dentify any heavier partners




Large Cross Section
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Large cross section
for HH pair production
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If the Higgs
1s light ...

m, = 176 Qe¥
a (M) = 0.118

lab!, P=0.8, e'e ou'w

AP/P=0.5%

nat allamad

A

CLIC(3 TeV): P, =0.6, Asys=0.5%, AL=0.5%

allamad

E,ﬁ""' not allowed _
ol b Lo Lo 1T

3 1pBg 1p¥ 1plE€ ypl3 jpl8
A [CaY]

LC (ITeV): P, =0.6, Asys=0.2%, AL=0.5%

There must be new physics
. &
Y _ =4 below 1000 TeV ...

-

N ... and CLIC has a

.y _ good chance to find it
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24 - S+B after kinematical fit
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Little Higgs models

extra ‘Top’, gauge bosons, ‘Higgses’

 Interpretation of EW data?
consistency of measurements? heavier Higgs?

* Higgs + higher-dimensional operators? 4
corridors to higher Higgs masses?

* Higgsless models

strong WW scattering, extra D?

L3 L <



UV completion ?

Generic Little sigma model cut-off

colored fermion related to top quark

nggs SpeCtrum new gauge bosons related to SU(2)

new scalars related to Higes

possibly more scalars

200 Ge \L 1 or 2 Higgs doublets,

y
o 'z""_'\
p '

Loop cancellation mechanisms [

Supersymmetry Little Higgs [
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Heretical Interpretation of EW Data |

.. B SOt
= What attitude towards LEP, NuTeV?

Do all the data
Either

tell the Same StOI'y? Anomaly Two 30 Anomalies Statistical
Genuine CL(FH A) = ().02 | Fluctuation

What most
of us think

Statistica

Ay Anomaly
Genuine

vN Systgmatic error

CL(Fit B)=0.17

—  CL(Fit B") =0.067 Fluctuation |
CL(A, ®A,) = 0.004

Ay Systernatic error
Physics
to Ingrease my

CL(my > 114) =0.05 %1
SM
my < 205 95%
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- % % | Comdor to
X heavy H1ggs‘?

I
Dimension six operator ci=—1 ¢ =41 . k

Yy = (HH o )W 0. : e
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Higgs boson is heavier ...
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Can establish its existence p Zf Find resonance 1n strong
beyond any doubt if <1 TeV: © = j WW scattering if > 1 TeV:
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If there 1s no nggs boson ..

e N
The LHC might find a h1nt of strong WW

scattering

* The new physics might be invisible at a lower-
energy € e collider

e CLIC could study strong WW scattering with high
statistics and precision

e CLIC best placed to see/understand scenarios with
composite Higgs/quarks/leptons




Intrinsic beauty
» Hierarchy/naturalness problem

» Unification of the gauge couplings
e Predict licht H10g0 < 150 GeV

— As suggested by precision electroweak data
* Cold dark matter
Essential ingredient in string theory (?)




WMAP constraint on relic density ,,,

Favoured (?) by latest g - 2
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In CMSSM

LHC gluino
mass reach
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Dark Matter
Detectable
Directly

CMSSM, p=0
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LHC and CLIC

Scapabilities
... and Other
Accelerators

LHC almost

‘guaranteed’

to discover
supersymmetry

if 1t 1s relevant

to the mass problem

mm== gluino
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LC+Vs=0.5TeV tan =10
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CLICVs=5.0 TeV tan B=10

CLICVs=3.0TeV tanpB=10 _
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How Soon Might th
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CLIC Sparticle Search |
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Can measure smuon
decay spectrum
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If the LHC discovers supersymmetry

-~ AN

CLIC could comple the spectrum

* CLIC would make many novel, detailed
measurements

 (Cast light on mechanism of supersymmetry
breaking?

Open a window on string physics?




Accuracy in measuring
sparticle masses squared
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with metastable stau as next-to- lightest sparticle Sl
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Cross Section for Stau Productlon n
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Slow-Moving Staus Stop in Detector {

Beam conditions La . Beam conditions

g - . N
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Cross section | Staus with low By |
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Total Rates for Stoppable Stau
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Production in e"e- Annihilation
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Klein exc1tat10ns
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Direct-channel resonances = = \- Angular distribution in graV1t0n decay
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IC can
measure a 7.’
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Physics
Reaches
Of

Various

Colliders

Sleptons

New gauge boson
ZI

Excited quark q*

Excited lepton 1*

Two extra space
dimensions

Strong WLWL
scattering

Triple-gauge
Coupling(TGC)
(95%)

0.00013

0.00008



CLIC will pr0V1de umque physws @ energy
frontier \e

» Beamstrahlung and backgrounds not
insurmountable problems

e Can exnlm‘r ﬁ]]lv hmh C.0.m. energy

* Added value for light Higgs, heavy Higgs,
supersymmetry, extra dimensions,

Whether light or heavy!




high-energy physics

» All scenarios best explored by a high-
energy ¢ ¢ collider

* Should have widest possible technology

S AT AN AN AW W W A AAANJ AN

choice when LHC results appear
 CLIC and ILC are working together

e Determine feasibility of CLIC technology
by the end of this decade

The LHC will define the future course of - .
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TheReachofthem

High-Mass Physics

Amim ~0.1% gaugino/
(heavy higgs) pn AT ~ 5-10%  scalar
Acl/a ~ 10% (tanp=35)

SM Higgs

- Graviton—— 7’ b
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Huge Statistics thanks to High Energy and Lummosﬂy

il N TN
Process Events/s Events per year | Total statistics collected
at previous machines by 2007

W ev 15 108 104LEP / 107 Tevatron
Z— ee 15 107 107 LEP

tt 1 107 104 Tevatron

bb  |LHC-D 08 1012 - 1013 10° Belle/BaBar 2
H m=130 GeV 0.02 10° ?

gg m=1TeV 0.001 104 o
Black holes 0.0001 103 ---
ARSI + lon Qollisions




Event Rates/Year 5 TeV
(1000 fb_l) 10° events | 10° events

ete~ — 1t 20 73
ete™ — bb 11 38
ete = 27 27 11
ete” = WW 490 205

ete™ — hZ/hvv (120 GeV) | 14/530 0.5/690
ete™ — HTH=(1 TeV) 15 0.95
ete” — At~ (1 TeV) 13 1.0

s-Channel Production

et f
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oo 1/s

t-Channel Production
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CLIC 3 TeV e+e- collider with a luminosity ~ 103°cm-2s-! (1 ab-1/year)

Eom [TeV] 0.5 3 3
£ | [10*em%1) | 2.1 | 10.0| 8.0
Logs | [10%%em=% Y| L5 | 3.0 || 3.1
fr [Hz] 200 || 1oo || 1oo
Ny 154 | 154 || 154
Ay [ns] 0.67 || 0.67 || 0.67
N (1019 04 | 04 || 04
a, [ o] 35 30 33
€z [ o] 2 | 0.68 || 0.68
&y (1] 0.01 || 0.02 || 0.0
al [m] 202 || 43 || =60
ay, [num] ~ 121 1 ||=07
5 %) 44 |30 || 20
Ty 07 | 23 || L5
N, 7.2 || 60 || 43
Nitads 0.07 | 4.05 || 2.3
N 0.003 || 3.40 || L5
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Preliminary Results: expect accuracy ‘5—\‘/5 ~ 10~* for
100 fb~!

"9 | uminosity spectrum not as

sharply peaked as e.g. at LEP
or TESLA/NLC
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CLIC
Ens [GeV] 05 | 1.0 3.0 05 | 05
Frep [ Hz] 100 | 75 50 5 | 120
N [107] 40 | 4.0 4.0 2 | 75
€y [nm)] 20 | 20 20 40 | 40
L [10¥em 271 1.07 | 1.79 7.0 20 | 20
Ly |10%em 2571 1.36 | 1.5 20 | 145|128
n, 1.10 | 1.20 24 130126
AE/E 007 | 011 | 031 |0.024|0.046
Nooh 10° 001| 719 |55x10°| — | —
E.n | 10°TeV ] 0.15(216.28 [3.9%x 10°| — | —
Nincoh 108 005| 009 | 044 |01 | ?
Eineon | [10°GeV] | 025 | 130 | 324 |02 | ?
ny 11.5| 171 66 28 | 12
3.2

e Same bunch distance (0.6 nsec)
e 2 X more bunches per train

e Backgrounds similar or somewhat better r » -
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Do not except significant duffer'ences with studies in ‘rhe r'epor"r
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Resonance scans, e.g.a Z"

xample: Resonance rroauctor

100 My (GeV) 3000£.12 £ .15 + 21
800
600 D(Z')/Tey 1. +£.001  +£.003  +.004
4m - ’ : ,ﬁ""#'“' ..--.Z=::
ocll (fb) 1493 £2.0 564+ 17 669 +295 & _—
0

2900 2950 3000 3050

5 | 1abt =3M/M ~ 104 & ST/T = 3. 1o =25 :

Degenera're r'esonances
e.g. D-BESS model
'ﬁ

Smeared Iumn spec’rr‘um allows
still for precision measurement
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Low mass Higgs:
. | 400 000 Higgses/

| IE[H]I B IJ[I-[I-I B I-I-[H]I B Sﬂ-[il - Iilllll B I'.’[iﬂ o e w0 w1 I

M, (GiV) W Mass (GeW)
T SR
B — O(500 K) Higgses/year
¥ Allows to study the decay ¥
| modes with BRs ~ 10-4such
as H—uu and H—bb (>180 GeV) =
Eg: determine gy, to ~4% £

e Large cross sections
e Large CLIC luminosity
—large events statistics
e Keep large statistics
also

for highest Higgs
masses




Cross section as function of Higgs mass

o (e'e” = HH (pb)
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E.G. my» = 1500 GeV, mo = 420 GeV, tan § =20, A =0
GeV, sign(u) > 0 (mSUGRA) (point H)

= M = 1150 GeV

Measure inclusive muon spectrum in ji — "
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Mass measurements | »
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Momentum resolution
op;/py2 ~ 10-4 GeV-1
adequate for this

measurement f
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Evts /1 ab”

~1.5% precision
on X, mass

CLIC3 TeV
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R™' = 500 GeV, AR = 20

2000 3000
Vs (GeV)

Universal extra dimensions: ¥ RS KK r'esonances

= Measure all (pair produced) new B Scan the different states
particles and see the higher level B#

excitations




H — p*p~: Branching Ratio ~ 1074

Not easy to access at a 500 GeV collider

5 =f g _ E
o T o H—> ' o ™
. . - . .
e H— wu E Vs =3TeV E
[ -]
Ve =5 TeV
ED
40
20
e T T T I A l i1 1 ol | | | 1 | 1l | | | \} | | | | | | | |
110 120 123 Ha 150 ¥ 1@ 15 130 435 b 45 150 B85 kL S 120 25 1 435 dd HS 13 155 ed ES
p Mass [Gal) ph Ma=s [(Gal) P W= ey |

Result for /s = 3.0 TeV with f £ = 5 ab™!

My | 120 GeV | 140 GeV | 150 GeV
0BR/BR| 0.072 | 0.121 | 0.210

- 3.5% — 10% I
C AL

—- Precision oh gy,
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Fine-tuning of EW scale .= Fine-tuning of relic density

tan [3 = ll) u> 0
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Covered by LC‘? b
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Scatter plot of two el i
. - CMSSM

lightest observable 2000 _
sparticles: NSP, NNSP :

Reach of 1000 GeV LC
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Why Supersymmetry (Susy)?

- LY LoV
Hierarchy problem why is my, << m; ?

(mp ~ 101° GeV is scale of gravity)
Alternatively, why 1s
G = 1/ my? >> Gy = 1/mp? ?
Or, why 1s
Vv > Vyewton ! €2 >> G m? =m?/ mp’
Set by hand? What about loop corrections?
omy w* = O(a/m) A2
Cancel boson loops <> fermions
Need |mg?—mg? <1 TeV?

TS T A AETEE MR

Coulomb
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T —

[t enables the gauge couplings to unify

T~

It stabilizes the Higgs potential for low massess

my = 176 QeV
a (M) = 0.118
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tan =10, u=>10 tanpPp=10, u<40
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Exploring the Superslmmetnc

Parameter Space

1.'III- . ! T 1388
{ w0 y el
!
Strips allowed by WMAP [ ] T
. £ >
and other constraints »

my eV
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Different
Regions of
Sparticle
Parameter
Space 1f
Gravitino
LSP

Density below
WMAP limit
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Effects on GDM parameter

Space

myg = 100 Ge¥ tan =10, pu>0

My = 100 GeV, tan p=10, u>0 |

Scenario with fixed

gravitino mass gt

100

i .15
[ T s T T
1000 2000

Mz = ]
.

Scenario with varying §

gravitino mass [

i5|  |mam
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Little nggs Modeﬁ

B G
Embed SM 1n larger gauge group |

« Higgs as pseudo-Goldstone boson
 Cancel top loop

A
100G eV

with new heavy T quark > 2w/ ~2f /> 11y

Oy 1oy (SM) ~ (115G eV )

6 A
rmg milog—= 1. 2f?

V22 my
* New gauge bosons, Higgses YRS ERar e e ni:

» Higgs light, other new My- <6 TeV (m; /200 GeV)
M., <10 TeV

Many extra particles accessible to CLIC

Sm3; sopl LH ) ~

physics heavy
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* CLIC could complete the spectrum



boson ...
- W

If there 1s a light Higgs

-\lF

P, [

» Large cross section (@ CLIC

* Measure rare Higgs decays unobservable at b
LHC or a lower-energy e" e collider




bos
- W

If there 1s a light Higgs boson ...

-\lF

P, [

g

» Large cross section (@ CLIC

* Measure rare Higgs decays unobservable at
LHC or a lower-energy e" e collider

e CLIC could measure the effective potential
with 10% precision




Higgsless Models

- - ...F
v w7

* Four-dimensional versions:
Strong WW scattering (@ TeV, incompatible with precision data?

* Break EW symmetry by boundary conditions in extra
dimension: _.
delay strong WW scattering to ~ 10 TeV? —
Kaluza-Klein modes: my, > 300 GeV?
compatibility with precision data?

* Warped extra dimension + brane kinetic terms?

Lightest KK mode @ 300 GeV, strong WW @ 6-7 TeV






