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Programme

• Introduction to SUSY and its phenomenology
• open questions in the Standard Model
• motivations for low-energy supersymmetry
• Minimal Supersymmetric Standard Model (MSSM)
• MSSM particle content
• MSSM Higgs sector

• Searching for low-energy supersymmetry
• Accelerators and detectors
• Inclusive searches for supersymmetry
• Exclusive searches and determination of properties
• MSSM Higgs searches

• Searching for dark matter
• SUSY candidates for dark matter
• direct and indirect searches
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Literature

Useful references:

• S. Martin, “A Supersymmetry Primer”  , hep-ph/9709356
• L. Pape and D. Treille, “Supersymmtry facing experiment”,  
  Rept.Prog.Phys.69:2843-3067, 2006

Useful books:

• H. Baer and X. Tata, “Weak-scale Supersymmetry” , 2006
• Drees, Godbole, Roy, 
“Theory and phenomenology of sparticles”, 2005
• I. Aitchinson, “Supersymmetry in Particle Physics” , 2007
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This lecture

Today:

• why go Beyond the Standard Model?

• are there theoretical models for BSM physics?

• are there experiments that may reveal BSM physics?



Supersymmetry facing experiment -- Feb 09 Filip Moortgat (ETH Zurich)

Particle Physics

• What are the fundamental constituents of matter?

• What are the fundamental interactions between them?

There are two basic questions in Particle Physics:
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Elementary Particles

1) Leptons and quarks are the
     fundamental constituents of matter

Leptons and quarks together are 
called fermions
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Basic Forces

2) There exist four fundamental interactions
    between the matter particles

The forces are communicated to the matter 
particles by means of messenger particles

  bosons
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The Standard Model

(works for 3 of the 4 forces, 
gravity is missing)

• (Local) gauge symmetries dictate the form of the fundamental
interactions:

Theory
The Standard Model (SM) describes the fundamental laws of the
Universe in terms of only a few input parameters

• Such a theory must include the two pillars of modern physics:
(special) relativity and quantum mechanics

Has been tested to very high precision

relativistic quantum field theory

U(1) x SU(2) x SU(3)
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Why we’re still not happy with it

Still many open questions:

• Can gravity be included in the theory?

• What about particle masses? Does the Higgs boson exist and
what is its mass? And why is µ2 <0?

• Can the forces be unified to one fundamental force?

• Why is MW,Z << MPlanck ? (hierarchy problem)

• What is dark matter?

• What about neutrino masses?

• Are there 3+1 = 4 dimensions or more?          …
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Where are the masses?

Problem with the Standard Model: all particles are massless.
Introduction of mass terms ruins the gauge invariance. Oops.

Solution proposed by Brout-Englert-Higgs: 

• assume the existence of a scalar field that pervades the universe

• particles interacting with this field acquire mass – the stronger
the interaction, the larger the mass

• the particle associated with the Higgs field is the Higgs boson
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EWSB mechanism
More technically:
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EWSB(2)

H elementary scalar field, Higgs boson 
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EWSB(3)
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Hierarchy problem
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Higgs mass limits

Direct limit  MH  > 114.4 GeV

Indirect constraints < 154 GeV
(95%CL)

MH=84 +34 -26 GeV

From LEP and Tevatron experiments:

If the Higgs boson exists, we will find it with the LHC

Preferred value:

Significant tension!
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Dark matter and energy

Content of the Universe: Main evidence: CMB radiation

Main evidence: rotation curves
Also “direct” observation

Main evidence: 
  telescopic observations
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How to go beyond the SM?

• incorporate the SM
 and extend it

• solve one or several of the 
  SM defects

• describe all (present and 
future) experimental results

A good BSM model should:
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Supersymmetry

A possible extension of the SM :

a symmetry between fermions and bosons
 = supersymmetry 

Solves several problems at once:

• dark matter candidate (= lightest supersymmetric particle)
• opening towards a theory of gravity
• unification of gauge couplings
• hierarchy problem
• allows to explain why the Higgs mechanism works
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New sparticles

Need to introduce new particles :

leptons (f)
quarks (f)
gauge bosons (b)
Higgs bosons (b)

sleptons (b)
squarks (b)
gauginos (f)
higgsinos (f)

neutralinos
charginos

(f = fermion, b = boson)
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Extra dimensions?

What if the Planck scale is actually IS around the EW scale …
but it just looks much further because there are additional
(curved) extra dimensions?

New phenomenology of KK states and/or particles 
that can travel in the extra dimension …

Mplanck  = M*
n-2   Rn

with n the number of  the extra dimension
and R their radius
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Experiment

… and how do we know any of the above is right?

Experimental search for new physics
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Large Large Hadron ColliderHadron Collider

LHC ring:
27 km circumference

ALICE

ATLAS

CMS
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The LHC Collider

(8 T !!)

p

p

 ECM = 14 TeV
40M collisions/s
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The Compact Muon Solenoid
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The CMS detector
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Event selection at the LHC

Per year, the LHC will provide about 1016 pp collisions.

One has to find these 10 events among 1016

non-interesting ones!!

Searching for a needle in a hay stack?

• typical needle: 5 mm3

• typical haystack: 50 m3 needle : haystack = 1 : 1010

Looking for new physics at the LHC is like
looking for a needle in 100000 haystacks …

An observation of ~ 10 events could be a discovery of new physics. 
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Supersymmetry? 

Just the Higgs?
...?

Extra Dimensions?

?

LHC

What will the LHC bring?
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Supersymmetry algebra

J. W ess
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Consequences
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Supermultiplets
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Quantum numbers
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Higgs doubling
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New sparticles

Need to introduce new particles :

leptons (f)
quarks (f)
gauge bosons (b)
Higgs bosons (b)

sleptons (b)
squarks (b)
gauginos (f)
higgsinos (f)

neutralinos
charginos
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Hierarchy solution

SUSY solves the hierarchy problem, even if broken, provided that
superpartner masses are < O(1 TeV)
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Gauge coupling evolution

E.g. QED:

!" 4/
2

ii
g=
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Gauge coupling evolution(2)

E.g. QCD:
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Gauge coupling unification

(GeV) (GeV)

SM MSSM

(1 = electromagnetic, 2 = weak, 3 = strong)

!" 4/
2

ii
g=

• meet in 1 point
• energy scale ok with proton decay
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MSSM gauge couplings
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Supersymmetry breaking

have the same mass
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R-parity
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R-parity(2)
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CMSSW

Simplest assumption: the Constrained MSSM
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CMSSM(2)
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SUSY breaking scenarios
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SUGRA
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CMSSW spectrum
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Squark and slepton masses(1)
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Squark and slepton masses(2)
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Radiative EWSB
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Gaugino mass RGEs
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Chargino/neutralino masses
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GMSB
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AMSB

Summary on SUSY-breaking scenarios:

“We are still far away from a Standard Model of SUSY breaking”
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How heavy?

independent arguments for 1 TeV scale:

        - Gauge coupling unification
        - Hierarchy solution
        - Dark matter (?)
        - EWSB relation

How heavy are the sparticles?
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Higgs potential in MSSM
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Higgs parameters in MSSM
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Higgs mass bounds
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Higgs mass radiative corrections

• Top loop corrections: 1-loop leading log approximation

– Introduces a dependence on top and stop masses
– More accurate calculation:also on stop mixing Xt=At-µcotβ

• In MSSM, mh
0 has upper bound

– Increases with tanβ
– Increases from min Xt/MSUSY=0

To max (Xt/MSUSY)2=6

(for MSUSY = 1 TeV, mt=175 GeV)
 Lower than preferred SM range

tanb= 1 5

tanb= 1
.6m h ≤130 GeV
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MSSM Higgs sector

• masses & couplings depend at tree level only on 2
parameters, say mA & tanβ:

• MSSM contains 2 Higgs doublets, therefore 5 physical
Higgs states: h0, H0, A0, H±

looks like HSM (but mh < 130 GeV)
~ degenerate in mass for high mA

• radiative corrections can be  important (e.g. for h0 !!)

(1< tanβ <60)
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MSSM Higgs masses, summary
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SM versus MSSM
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SM versus CMSSM(2)

Electroweak precision
observables in CMSSM

Less tension than in SM
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Why SUSY is a good idea

One of the most appealing extensions of the Standard Model:

TeV-scale supersymmetry

Solves several problems at once:

• hierarchy problem
• opening towards a theory of gravity
• unification of gauge couplings
• dark matter candidate (=lightest susy particle or LSP)
• allows to explain why the Higgs mechanism works 
                                      (radiative EWSB)

[= a symmetry between fermions and bosons, 
duplicates the SM particle spectrum, but not the couplings]


