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Prospects at ILC & CLIC




Gp =1/ my? >> Gy = 1/mp? ?

"« Or, why is

2 2 — 12 2
VCoulomb >> VNewton ? e- >> G m m / mP

* Set by hand? What about loop corrections?
omy w* = O(o/m) A?

— . Need | mpZ —mg?| <1 TeV?
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Dark Matter in the Universe

Astronomers say
that most of the
matter 1n the
Universe 1s
invisible
Dark Matter _
‘Supersymmetric’ particles ? - ‘. —
We shall look for |- R

them with the

LHC
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» Stable in many models because of
conservation of R parity:

 Particles have R = +1, sparticles R = -1:
Sparticles produced 1n pairs

Heavier sparticles = lighter sparticles




Possible Nature of LSP

. - "'""‘“"--.. w}" -_ £ ‘IL .
* No strong or electromagnetlc mteractlons

* Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)

(nightmare for detection)




Particles + spartners + 2 Higgs doublets
Ratio of Higgs v.e.v.’s =

Soft supersymmetry-breaking parameters:
Scalar masses 111, gaugino masses

trilinear soft couplings /., bilinear soft couplings
Often assume universality:
Single 1, single , single : not string?

Called constrained MSSM =

Gravitino mass?
Minimal supergravity: not string?




Constraints on Supersymmetry

—— N
* Absence of sparticles at LEP, Tevatron

e Indirect constraints

* Density of dark matter




Updated Results for gM
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Current Constrain s on CMSSM

Assuming the
lightest sparticle
1s a neutralino

T‘ -

WMAP constraint on relic density

Excluded (?) by latest g - 2
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Current
Constraints

Impact of
Higgs
constraint
reduced

if larger m,
Focus-point
region far up
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Lines in
susy space
allowed by
accelerators,
WMAP data

- K il Specific
| benchmark
Points along

WMAP lines
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LHC and LC
Scapabilities

LHC almost
‘guaranteed’

to discover
supersymmetry

if 1t 1s relevant

to the mass problem

LC oberves
complementary
sparticles

Battaglia, De Roeck, Gianotti, JE, Olive, Pape
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Dark Matter
Detectable
Directly
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Precision Observables 1n Susy
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Global Fits to Present Data
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Global Fits to Present Data
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Different mmm”w
Regions of EElFM
Sparticle
Parameter
Space if
Gravitino

LSP -

Density below
WMAP limit = ™
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Minimal Supergrav1ty Model

More constrained than CMSSM: m3/2 m,, B, A — 1 -

A=231>0
1000

Neutralino LSP
region

LEP constraints
On chargino

Gravitind LSP : |
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Tasks for the TeV L Qi s

 Measure m, to <=x 100 MeV

s 1Ga\n

pin 1t down:

SM Higgs Branching Ratio

Does 1t have standard model

couplings?
. . . 3 iﬁﬁ§%§§ﬂ‘ “{&%§%§§§§% .
What is its precise mass? m o aw
-
. "'#.ﬂ'.t-h asda ﬁ ]
Measure mass and properties W ey -

a0 120
lepton enerpy F, [Ge¥)]

Look for indirect signatures
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Added Value of LC Measurements \
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mspsia  LHC THC+LC MSPSia LHC THCAL.C
h | 1116 0.5 0.05 H | 3996 15
A | 399.1 1.5 H+ | 407.1 1.5
X} | 97.03 438 0.05 X5 1829 47 0.08
X9 | 349.2 4.0 % 3703 5.1 2.3
x% 182.3 055 || xz | 370.6 3.0
§ | 6157 80 6.5
(£, | 411.8 2.0
by | 5208 7.5 5.7 by | 5504 7.9 6.2
@1 | 5510 19.0 60 |4z | 5708 174 9.8
&y 9 : J. - 7.4 9.8
il Determination of CMSSM parameters g 25
N SPSla  StartFit L.C LHC+LC A
M 100 500 | 100.03 4.0 | 100.03 100.04
L My | 250 500 | 249.95 1.8 | 250.02 250.01
2| | tanp 10 50| 987 13| 9.98 9.98
e _L| Aq -100 0| -99.29 31.8 | -98.26 -98.25
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[ CM3SM, p=0

My yspe (GeV)
My yse (GeV)

E LEEST. pu=0
Eowith 10 TeVf constraint

Dark Matter
Detectable
Directly
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Lightest visible sparticle —
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After LHC @ CERN - CLIC? K. )

- Y&

Electron-Positron
collisions up to 3 TeV
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Sec “all” sparticles: measure heavier ones better than LHC $88




Sparticle Mass
Unification ? B

thLrL-hilll y
Accuracy in measuring

ELDQUrtv,BQyT H{Hy

sparticle masses squared

Can test unification
of sparticle masses —
probe of string models?
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Sparticles may not be very light

My yse (GEV)
My yse (GEV)

Dark Matter
Detectable
Directly

Myypyse (GeV)
Myyyse (GaV)

Lightest visible sparticle —

JE + Olive + Santoso + Spanos
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- * There are (still) good reasons to expect
| supersymmetry in the TeV range
" |« Some indications it may not be very heavy,

":" -« We shall not know where before the LHC starts
providing results

K Any LC above a threshold for new physics will
’ provide tremendous added value
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Example of CLIC Sparticle Search %
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Dilepton spectrum in neutralino decay = Reach in parameter space
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J.P.Delahaye: Scientific Policy Committee (SPC) 16-03-04

111 " The CLIC main parameters
S >CLIC

Center of mass Energy (TeV) 0.5 TeV 3 TeV
Luminosity (1034 cm-1s1) 2.1 8.0
Mean energy loss (%) 4.4 21
Photons / electron 0.75 1.5
Coherent pairs per X 700 6.8 108
Rep. Rate (Hz) 200 100
10° ¢t / bunch 4 4
Bunches / pulse 154 154
Bunch spacing (cm) 20 20
H/V €, (103 rad.m) 200/1 68/1
Beam size (H/V) (nm) 202/1.2 60/0.7
Bunch length (Lm) 35 35
Accelerating gradient (MV/m) 150 150
Overall length (km) 10.2 33.2
Power / section (MW) 230 230
RF to beam efficciency (%) 23.1 23.1
AC to beam efficiency (%) 9.3 9.3
Total AC power for RF (MW) 105 319
Total site AC power (MW) 175 410
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Strategles for Detecting Supersymmetric %
Dark Matter o

O LSS
= .f | rf M 4 'rj~'||1.!11.;!;:,'.-_|.-

P -\ e DR
Annihilation 1n galactic halo "

Annihilation 1n galactic centre
Annihilation 1n core of Sun or Earth

Scattering on nucleus 1n laboratory
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Spin-Independent Scattering Cross Sectlon ‘ "

Experimental limits e e

-

i-:

<> s Comparlson Wlth
other susy models |ENGSirgtl - 2\ | our calculations |88

_ \ all tan (3 |
CDMS 11 & + Theorv - GUT scale

Cross—section [cm|

10 10>
WIMP Mass [GeV] =%

- =nl )
s [l GUTconstr .10Ta‘u’nstr I ©UT unconstr ;%
. I tanB=10 1>0] A
our calculations /s :

tan B =10

101

10-2]

Unconstrained [ o ]

10744

Theory = 10 TeV g®
Theory = GUT scale

(10 pb)
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JE + Ohve + Santoso + Spanos
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Scattering Cross Sections 1n

Benchmark Scenarlos
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There are (still) good reasons to expect
supersymmetry in the TeV range

We shall not know where betore the LHC
starts providing results

Time pressing for dark matter searches

Any LC above a threshold for new physics
will provide tremendous added value
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Waiting for the Higgs boson
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o [Ldt=10 ATLAS
= JLdt=30m" (no K-factors)
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m, (GGV) my > 114.4 GeV

Higgs probability distribution: 10’ n é“e;
combining direct, , _ _ ;
o direct ifforma ton ~ How soon will the Higgs be found? ... §
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Direct Detection of Supersymmetrrc Dark Matter

*’ oF ' T

Effective Lagrangian for y — q scattering:

L= XV"VXG(HR+ 027")6 + asiXXGias

.- -
Velocity-dependent = negligible
Spin-

depend on quark contributions to baryon

2= 0.020 £ 0.004 | )= 0.026 £ 0.005

my, [, = (plmeqq|p) = m, B, ) — (118 =+ 0.062
7 = U. 11> VL

Spin-

depend on quark contributions to baryon

Yor oy AR _ N
— A a, =Y ;_‘{ A AP =0.78+£0.02, A} =-0.4840.02
" V20 P V26 AR = 0,15 40.02.

5

T T A AR N
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Dependence
on m,
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Annihilations 1n Solar System ...
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How well
can LC
distinguish
CMSSM
from SM?

Numbers of
standard deviations
in Higgs measurements
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Squark & Glumo Searches @ FNAL \

General
Squarks
& gluinos

search

sbottom

= M(q)»M(9):
" M(g)>M(q): ud

" Exclude: m(q/g) < 292/333 GeV
Gluino and Squark mass limits:

T e VA e

u,d,s,c,b mass equal

! L A
NNNN

400

) 2
scark mass (QV/ic™)

ALEPH q— qy

s,c mass equal

Improves Run I limits:
" Include more data

" 4 b-quarks +

Expect:2.6+0.7
Observe: 4

ICHEP '04_20.08.2004

B-Tagged Events / 15 GeV

-
S,

-
=]

® Scan parameter space

= BR(g->bb)~100% assumed
NS Spectacular signature:

IOMIIdIl” Require b-jets and ﬁ(,r>80 GeV

Inclusive Double B-Tagged Events

CDF Run Il Preliminary, 156pb™

- CDF Data
I QCD-multijet
B Top
WiZ+ets Diboson

T

L L PR N L L
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Missing E, [GeV] ¢

zgg: BR(G—+ b 6)=1009%

1 mixl=a0cevic
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240]
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Gluino mass [ GeV/c2)
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Exclude new parameter
space in gluino vs.
sbottom mass plane
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Exploring the Supersymmetric N\

i :53 . v
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Parameter Space

1.|:|:-+E

Strips allowed by WMAP
and other constraints

|.|J|]

LHC tan[3=10
B gluino B squarks Il sleptons I X

H

Numbers of IElramrs

¥ 2 :

S Sl WV, .

CLIC Vs =3.0 TeV tan =10 =

B gluino M squarks Il sleptons Il X H

sparticle zop
species
detected

at LHC

along WMAP
strip

Numbers of NG

C.
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species :
detected
at CLIC i
along WMAPH
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i — " Basic features of the CLIC scheme
T CLIC

33.2 km - High acceleration gradient (150 MV/m)

MAIN BEAM ]

GENERATION ‘&

RS & - Compact collider - overall length =33 km
i .

e-et * Normal conducting accelerating structures
( e- MAINLINAC  Finag FINAL € *MAINLINAC - High acceleration frequency (30 GHz)

FOCUS FOCUS
— \\ B oerecrors / / ]
LASER 7" LASER M+ Two-Beam Acceleration Scheme
¥
(_\\ /S e e\ ) /_ 4
v/ N\ [ % 4 * RF power generation at high frequency
624 m DRIVE BEAM DRIVE BEAM ~ 460 MWim . . . . 109
DECELERATOR GENERATION 30 GHz RF POWER Cost-effective & efficient (~ 10% overall)
COMPLEX - Simple tunnel, no active elements
5.2 km

- Central injector complex

Overall layout for a center

- modular design, can be built in stages
of mass energy of 3 TeV/c

- Easily expandable in energy

J.P.Delahaye: Scientific Policy Committee (SPC) 16-03-04




T > CLIC

World-wide CLIC collaboration 7

BERLIN Technical University (Germany) : Structure simulations

Finnish Industry (Finland) : Sponsorship of a mechanical engineer

INFN / LNF (Italy): CTF3 delay loop, transfer lines & RF deflectors

JINR & IAP (Russia): Surface heating tests of 30 GHz structures

KEK (Japan): Low-emittance beams in ATF

LAL (France) : Electron guns and pre-buncher cavities for CTF3

LAPP/ESIA (France) : Stabilization studies

LLBL/LBL (USA) : Laser-wire studies

Northwestern University (USA) : Beam loss studies & CTF3 equipment

RAL (England) : Lasers for CTF3 and CLIC photo-injectors

SLAC (USA) : High-6radient Structure testing, structure design, CTF3
drive-beam injector design

e UPPSALA University (Sweden) : Beam monitoring systems for CTF3

J.P.Delahaye: Scientific Policy Committee (SPC) 16-03-04




How Likely’ are La;ge Sparticle \

Masses?

X - N LR

Fine-tuning of EW scale ~~ " Fine-tuning of relic density
tanpf=10, u>0

SI}I}:""I""I""I'"'I"'lll""l""l"" LLULY JLILRLILY |
3 ' 1 ]
i ' E
i my, =114 GeV | E
] 1 1
'/ : i
i 'A =300 ; 1
i \ N
1 [ ] ]
L 100 i 3 it 3
i ! ' ]
I ,I ] ! ]
1 1 ] L} _:
i '\ : B
i ! E "
1 ]
1

Ll S
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My, (GEV}

100 200 300 400 500 00 700 800 900 1000 800 900 1000

my,, (GeV)

Larger masses require more fine-tuning: but how much 1s too much? B
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Example of Benchmark Point

N\ =
R00

m |[GeV|
Too g

Spectrum of
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Battaglia et al
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some need higher E
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Examples of Sparticle Measurements §
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Measure Heavy Sleptons @ CLIC |

ggeeepess==T “\ ‘

Can measure smuon Can measure
decay spectrum spartlcle masses ""O“ \ﬁ m
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Lines 1n
susy space
allowed by
accelerators,
WMAP data
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Largest contributions, errors from low energies
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A Strange Recipe for a Universe
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Neutrinos: 0.1% - 5%

Baryons: 4 1% &

__ CMB: 0.01%

Cold Dark Matter:
29+ 4%

Dark Energy: 67 = 6%
The ‘Concordance Model’ N ;
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prompted by astrophysics & cosmology
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"« What is the origin of particle masses?
due to a Higgs boson? + other physics?
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- * Why so many types of matter particles?

|« Unification of the fundamental forces?
~ " at very high energy ~ 106 GeV?

- * Quantum theory of gravity?

" 4 r - 7 & 1
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Precision electroweak
measurements at LEP,

SLC, etc

Sensitive to mass

LEP Searches for
ete->7+H

Hint seen in late 2000 now
<20

of Higgs boson

Most likely mass:

| Excluded
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5 % -~ 0.0274940.00012
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Current Limit:

Combined indications
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| » Unifies matter and force particles

| » Links fermions and bosons

L« Relates particles of different spins

0 - - 1 - - 2

|+ Could provide astrophysical dark matter
| Essential for string theory
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Missing Energy Detection (@ LHC
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Sensitive to missing transverse energy
carried away by neutral particles:
€.g., neutrinos, neutralinos




Supersymmetry Searches at LHC
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