New Physics at TeV Scale

| R/,

N/

N
==y

b

coerimentaFCidlete e

/ @mu{tn KaZ@D@@w




ELEMENTARY
PARTICLES




\HEP Paradox




Grand Unified Theories

Mass is a form Unification Theories

of enel'qyl Electricity and magnetism are different
manifestations of a unified "electromagnetic”
force. Electromagnetism, gravity, and the
nuclear forces may be parts of a single
unified force or interaction. Grand
Unification and Superstring theories

attempt to describe this unified

force and make predictions

which can be tested with

the Tevatron.

107 m

4—’~  Unification of strong, weak and electromagnetic

Ve interactions within Grand Unified Theories 1s the new
/ step 1n unification of all forces of Nature

D=10 * Creation of a unified theory of everything based on

string paradigm seems to be possible 4



Physics beyond the SM

Low Energy Supersymmetry
Extra gauge bosons

Axions

Extra dimensions

Deviation from Unitarity triangle
Modification of Newton law
Free quarks

New forces / particles
Violation of Baryon number
Violation of Lepton number
Monopoles

Violation of Lorentz invariance
Compositeness

Not found so far ..
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The Higgs mechanism

Alternatives




The SM Higgs Boson

o Indirect limit from radiative corrections 22 versus M, for SM Fit
e Direct limit from Higgs non observation +M, =89 +42-30 @68%CL

at LEP II (CERN)
e Precision measurement of M,, and m, +M, <165 GeV @35%CL
orm =172.5 GeV

— LEP1 and SLD
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SM:Testing Quantum Fluctuations

Time evolution of experimental-limits on the Higgs boson mass
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Tevatron...

Higes mass limit {(95% CLY "M#GeV"N#

/ knowledge obtained

N only through combination of
. > results from different
accelerator types

1996 1998

1n particular:
Lepton and Hadron Collider

M, between 114 and ~160 GeV



Search for Higgs Boson at LHC

Production mechanisms & cross section
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The Higgs Boson at ILC

Dominant production processes at ILC:

Task at the ILC:

- determine properties
of the Higgs-boson

- establish Higgs mechanism
responsible for the origin

of mass

800 Gev "

. . . together with LHC
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The HiggsMass

Recoil mass spectrum

ee -> HZ with Z -> I*I-

i = 120 GEV

Number of Events / 1.5 GeV

Dm ~ 50 MeV

Recoil Mass [GeV]
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Precision physics of Higgs bosons

ee -> HZ diff. decay channels
my = 120 GeV

— bbqq

Number of Events / 1.0 GeV
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Yukawa Couplings Precision
Measurement

Coupling Precision LHC 3wm'x2 § Coupling Precision
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Alternatives to SM Higgs

e Two-Higgs Doublet Models
e Inert Higgs Model

e Little Higgs Models

e Twin Higgs Model

® Gauge-Higgs Unification Models
e Higgsless Models

® Collective Higgs Model
o ..
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Task # 2

New physics at the TeV scale:

® Supersymmetry
e Extra Dimensions

® Unknown ?
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gravity within a singe framework

Q| boson >=| fermion > Q| fermion >=| boson >

6.61=0. {/./}=0 = (0 0} =25"(a"),, P,

* Modern views on supersymmetry in particle physics
are based on string paradigm, though low energy
manifestations of SUSY can be found (?) at modern
colliders and in non-accelerator experiments




" What is SUSY?

SUSY is boson-fe

Bosons and Fermions ¢

jon symmetry

e in pairs

Spin 0

&\\



Particle Content of the MSSM

Superfield Bosons Fermions SU.3) SU,(2) U,(1)
Gauge

G“ gluon g°

yk Weak WX(W*,Z7)
v’ Hypercharge B(y)
Matter

: i L =(v,e)
sleptons < ’ e
| . leptons { B=a

( Qi — (M, d)L
. squarks < (&4 quarks { U, =u,
L D, =d,

Higgs

H, - {Hl e { 70
129S1NO0S
H, 5% g, = 790




SUSY Shadow World

¢

€ Supersymmetric
"shadow " particl&pﬂ

One half 1s observed! One half 1s NOT obseryed!
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SUSY Production and Decay in
Cascade Processes at LHC

Typical SUSY signature: Missing energy and transverse moments



SUSY Cross-Sections at LH

[ cross sectionpptoga | | cross section p-p to ¥. %»




SUSY Searches at LHC
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5 o reach 1n jets + Z( r channel h
at 100 fb
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SUSY Production and Cascade
Processes at IHC

charginos S-muons

Lightest supersymmetric particle stable in most models

‘ candidate for dark matter

Experimental signature: missing energy
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Supersymmetry

Mass spectra depend on choice
of models and paramefters...

Huge research area at ILC:

-measure sparticle properties
(masses, cross sections, JFC |
coupling strength, chirality,
mixing) with high precision

- use these + LHC to determine
underlying SUSY model and
SUSY breaking mechanism




SUSY Particle Masses at ILC
gif:fa‘;;i?llreased
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Mixing Parameter Determination

Gaugino-higgsino mixing Top squark mixing

R/G for L[11] and B for R*[11] Analogously for staus and sbottoms
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Spin Determination
LHC
T
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Target #

What is Dark Matter ?

TRANSPARENT INVISIBLE

What is it made of ? 28



meq‘or Dark Matter

e Dark Matter in the Universe

The flatrotation curves of spiral

v (km/s)

observed

galaxies provade the most direct

100 - . 5
e evidence for the'eXistence of large

expected
from

-—_. _wmrasaisc | amount of the dark matter

10 R (kpo)

" M33 rotation curve

Spiral galaxies consist of a central
bulge and a very thin disc, and

surrounded by an approximately E g

spherical halo of dark matter SUSY provides a candidate for the
Dark matter — a stable neutral partf¢




Cosmological Constraints

New precise cosmological data

thzl ~ p:pcrit

Qvacuum = 73%
f] M
QDarkMatter = 2 3 i 4% (news '
~ /A0
$2piryon = 470 Hot DM
(not favoured by
Dark Matter in the Universe: galaxy formation)

.,

Cold DM <+

% (rotation curves
%@%ﬁ of Galaxies)



The Origin of Dark Matter

The Dark Matter is made of:
@ Macro objects —
© New particles — axion (axino)
/ - neutralino
- sneutrino
- right neutrino
- gravitino

A

- heavy photon
- heavy pseudo-goldstone
- light sterile higgs Inert Higgs Model

Non from the SM

\



mh\fest Superparticle
g \@DP P

preperty signature

jets/leptons + ,E( 7

E;

s/jets +,E(T

~0
» Gravity mediation LSP= y, stable

* Gauge mediation [SP=_ stable
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) ~0
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e Anomaly mediation [ SP=<{ !
~ stable
\ VL

* R-parity violation 1 SP is unstable & SM particles §

* Modern limit Neutrinoless double B de




M Detection

Direct detection Indirect detection

e EGRET -> GLAST

Diffuse Gamma Rays

o HEAT, AMS01 -> PAMELA
Positrons in Cosmic Rays

e BESS -> AMS02
Antiprotons in Cosmic Rays

DAMA, Zeplin,
CDMS, Edelweiss

A

No convincing evidence so far First Evidence of DM annihilation!
Hope for new results soon
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Dark Matter and SUSY

- 1s Dark Matter linked to the LLSP?

PLANCK =

-~
-

a match between collider and

95 100 105 110 115 astrophysical measurements
My (GeV) would provide overwhelming

evidence that the observed

particle(s) is dark matter
34



LHC & ILC <& Neutralino CDM

[WMAP] : Qh% = 0.10473-87 ~ 10% = 1.4% [PLANCK]

character channel sensitivity
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The Role of the ILC

Explore new Physics through high precision at high energy

Precision Machine

Discovery Machine

ee > X (+Y,)

new

Study the properties of
new particles

Study known SM processes
to look for tiny deviations

(cross sections, BR's, through virtual effects

quantum numbers)

Precision measurements will allow
» distinction of different physical models

e extrapolation tom higher energies
36



 TheILC Physics Case

0. Top quark at threshold

1. ‘Light’ Higgs (consistent with precision

= verify the Higgs mechanism is at work in.all elements

2. ‘Heavy’ Higgs (inconsistent with precision EW)
= verify the Higgs mechanism is at work in all el
= find out why prec. EW data are inconsistent

3. New states (SUSY, XD, little H, Z’, ...)
= precise spectroscopy of the new states
= precision measurements of couplings of SM&new state
properties of new particles above kinematic limit

4. No Higgs, no new states (inconsistent with precision EW)

= find out why precision EW data are inconsistent
= look for threshold effects of strong/delayed EWSB

—



mkyond the SM

What the future may bring?



