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Physics at New Colliders

Lectures at the Summer School on Particle 
Physics

Abdus Salam ICTP, Trieste, June 2005



Plan of the Lectures

• Status of the Standard Model
• Open issues beyond the Standard Model
• Origin of particle masses
• Search for the Higgs boson
• Supersymmetry
• Searches for supersymmetry
• Possible other new physics at colliders



Summary of the Standard Model
• Particles and SU(3) X SU(2) X U(1) quantum numbers:

• Lagrangian: gauge interactions
matter fermions
Yukawa interactions 
Higgs potential



Status of the Standard Model

• Perfect agreement with all confirmed accelerator 
data

• Consistency with precision electroweak data (LEP 
et al) only if there is a Higgs boson

• Agreement seems to require a relatively light 
Higgs boson weighing < 300 GeV

• Raises many unanswered questions:
mass? flavour? unification?



Precision Tests of the Standard Model
Lepton couplings Pulls in global fit



Open Questions beyond the 
Standard Model

• What is the origin of particle masses?
due to a Higgs boson? + other physics?
solution at energy < 1 TeV (1000 GeV)

• Why so many types of matter particles?
matter-antimatter difference?

• Unification of the fundamental forces?
at very high energy ~ 1016 GeV?
probe directly via neutrino physics, indirectly via masses, 
couplings

• Quantum theory of gravity?
(super)string theory: extra space-time dimensions?

Susy

Susy

Susy



At what Energy is the New Physics?

A lot accessible
To the LHC, ILC

Some accessible
only indirectly

Dark matter

Origin of mass



Some particles have mass, some do not

+1 0 -1

W+ Z 0 W -

Mass 80.419    91.188   80.419

0
photon

Mass 0

Where do the masses 
come from ?

Newton:
Weight proportional to Mass

Einstein:
Energy related to Mass

Neither explained origin of Mass

Are masses due to Higgs boson?
(yet another particle)



The Higgs Mechanism

• Postulated effective Higgs potential:

• Minimum energy at non-zero value:

• Non-zero masses:
• Components of Higgs field:
• π massless, σ massive:



Constraints on Higgs Mass

• Electroweak observables sensitive via quantum 
loop corrections:

• Sensitivity to top, Higgs masses:

• Preferred Higgs mass: mH ~ 126 GeV
• Compare with lower limit from direct searches: 

mH > 114 GeV



Indications on the Higgs Mass
Sample observable:

W mass @ LEP Combined information
on Higgs mass

Sensitivities of
many observables



Higgs Detection at the LHC

mH > 114.4 GeV
here discovery easier 
with H → 4 leptons

The Higgs may be found quite quickly … … in several different channels



Theorists getting Cold Feet
• Composite Higgs model?

conflicts with precision electroweak data
• Interpretation of EW data?

consistency of measurements? Discard some?
• Higgs + higher-dimensional operators?

corridors to higher Higgs masses?
• Little Higgs models?

extra `Top’, gauge bosons, `Higgses’
• Higgsless models?

strong WW scattering, extra D?



Loop Corrections to Higgs Mass2

• Consider generic fermion and boson loops:

• Each is quadratically divergent: ∫Λd4k/k2

• Leading divergence cancelled if

2



Elementary Higgs or Composite?

• Higgs field: 
<0|H|0> ≠ 0

• Quantum loop problems

• Fermion-antifermion
condensate

• Just like QCD, BCS 
superconductivity

• Top-antitop condensate? 
needed mt > 200 GeV

• New technicolour force?
inconsistent with 
precision electroweak data?

• Cut-off Λ ~ 1 TeV with
Supersymmetry?

Cutoff 
Λ = 10 TeV



Heretical Interpretation of EW Data

Do all the data 
tell the same story?
e.g., AL vs AH

What attitude towards LEP, NuTeV?

What most
of us think



Higgs + Higher-Order Operators

Precision EW data suggest they are small: why?

But conspiracies
are possible: mH
could be large, 
even if  believe
EW data …?

Do not discard possibility of heavy Higgs

Corridor to
heavy Higgs?



Little Higgs Models

• Embed SM in larger gauge group
• Higgs as pseudo-Goldstone boson
• Cancel top loop 

with new heavy T quark

• New gauge bosons, Higgses
• Higgs light, other new

physics heavy
Not as complete as susy: more physics > 10 TeV

MT < 2 TeV (mh / 200 GeV)2

MW’ < 6 TeV (mh / 200 GeV)2

MH++ < 10 TeV



Generic Little
Higgs Spectrum

Loop cancellation mechanisms

Supersymmetry Little Higgs



Higgsless Models?

• 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: mKK > 300 GeV?
compatibility with precision data?

• Warped extra dimension + brane kinetic terms?

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



The Large Hadron Collider (LHC)

Proton- Proton Collider

7 TeV + 7 TeV

1,000,000,000 collisions/second Primary targets: 
•Origin of mass
•Nature of Dark Matter
•Primordial Plasma
•Matter vs Antimatter

Total energy over 14,000 proton masses



LHC Progress Dashboard

Main dipoles Cryogenic line



The First Magnets are in the Tunnel



Installation of the First LHC Magnets



Overall View of the Large Hadron Collider (LHC)



CMS Experiment



CMS Under 
Construction

to be completed in
2007

Recycling Russian naval shells



Diameter 25 m
Barrel toroid length 26 m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons

ATLAS Experiment



The ATLAS Cavern



Event rates in ATLAS or CMS  at L = 1033 cm-2 s-1

Huge Statistics thanks to High Energy and Luminosity

LHC is a factory for anything:  top, W/Z, Higgs, SUSY, etc…. 
mass reach for discovery of new particles up to  m ~ 5 TeV

Process                          Events/s Events per year    Total statistics collected
at previous machines by 2007

W→ eν 15 108    104 LEP / 107 Tevatron

Z→ ee 1.5 107 107 LEP

1 107 104 Tevatron

106 1012 – 1013 109 Belle/BaBar ?

gg ~~

tt

bb

H  m=130 GeV 0.02 105 ? 

m= 1 TeV 0.001 104 ---

Black holes                   0.0001 103 ---
m > 3 TeV
(MD=3 TeV, n=4)



The LHC Physics Haystack(s)

Interesting cross sections

Higgs

Susy

• Cross sections for heavy particles
~ 1 /(1 TeV)2

• Most have small couplings ~ α2

• Compare with total cross section 
~ 1/(100 MeV)2

• Fraction ~ 1/1,000,000,000,000
• Need ~ 1,000 events for signal
• Compare needle 

~ 1/100,000,000 m3

• Haystack ~ 100 m3

• Must look in ~ 100,000 haystacks



A Simulated Higgs Event in CMS



Higgs Production at the 
LHC

A la recherche du
Higgs perdu …

… not far away?

Combining direct,
Indirect information



Some Sample Higgs Signals

ttH

bbH

γγ
ZZ* -> llll



Higgs Detection at the LHC

mH > 114.4 GeV
here discovery easier 
with H → 4 leptons

The Higgs may be found quite quickly … … in several different channels



International Linear Collider

• e+e- collisions
up to Ecm = 1 TeV

• Preferred choice
for next collider

• Now subject of 
Global Design Effort

• Hope for decision
2010 – 2012

• To be constructed by
2015 – 2020?



Tasks for the TeV ILC

• Measure mt to < ± 100 MeV
• If there is a light Higgs of any kind, pin it 

down: 
Does it have standard model 
couplings? 
What is its precise mass?

• If there are extra light particles:
Measure mass and properties

• If LHC sees nothing new below ~ 500 
GeV:

Look for indirect signatures



Measuring Properties of Light Higgs

Measuring top-Higgs 
couplings

Some new studies …LC capabilities

bb, ττ, gg, cc, WW, γγ



Measure Little Higgs Decays @ LC



Sensitivity to Strong WW scattering

@ LHC @ 800 GeV LC



Measuring a WW Resonance

Form factor measurements
@ 500 GeV LC

Resonance parameters
@ LHC

Resonance parameters @ 500 GeV LC



After LHC @ CERN - CLIC?

Electron-Positron 
collisions up to 3 TeV



Advantages of Higher 
Energy LC

Larger cross section @ 3 TeV
can measure rare decay modes

H bb

∆g/g = 4% ∆g/g = 2%

mH = 120 GeV mH = 180 GeV



Physics at New Colliders

Lectures at the Summer School on Particle 
Physics

Abdus Salam ICTP, Trieste, June 2005



Plan of the Lectures

• Status of the Standard Model
• Open issues beyond the Standard Model
• Origin of particle masses
• Search for the Higgs boson
• Supersymmetry
• Searches for supersymmetry
• Possible other new physics at colliders



What is Supersymmetry (Susy)?

• Unifies matter and force particles?
• Links fermions and bosons

Exclusion principle vs laser coherence
• Relates particles of different spins

0   - ½ - 1    - 3/2    - 2
Higgs - Electron - Photon - Gravitino - Graviton

• Helps fix masses, unify fundamental forces

1973



Why Supersymmetry (Susy)?

• Hierarchy problem: why is mW << mP ?
(mP ~ 1019 GeV is scale of gravity)

• Alternatively, why is 
GF = 1/ mW

2 >> GN = 1/mP
2 ?

• Or, why is
VCoulomb >> VNewton ?  e2 >> G m2 = m2 / mP

2

• Set by hand? What about loop corrections? 
δmH,W

2 = O(α/π) Λ2

• Cancel boson loops fermions
• Need | mB

2 – mF
2| < 1 TeV2



Loop Corrections to Higgs Mass2

• Consider generic fermion and boson loops:

• Each is quadratically divergent: ∫Λd4k/k2

• Leading divergence cancelled if

2



Other Reasons to like Susy
It enables the gauge couplings to unify

It stabilizes the Higgs
potential for low masses

Approved by Fabiola Gianotti

It predicts mH < 150 GeV



Astronomers say
that most of the
matter in the
Universe is
invisible 
Dark Matter

Astronomers tell us 
that most of the 
matter in the 
universe is 
invisible

We will look for it

with the LHC

Dark Matter in the Universe

Astronomers say
that most of the
matter in the
Universe is
invisible 
Dark Matter

Lightest Supersymmetric particles ?

We shall look for 
them with the 

LHC



Supersymmetry Algebra

• Simply stated:

• Spinorial charges obey algebra:

• Only possible symmetry of S-matrix that combines 
particles of different spins

• Supermultiplets: chiral (0, 1/2), vector (1/2, 1)



Simplest Supersymmetric Field Theory

• Free scalar boson and free spin-1/2 fermion:

• Transform boson to fermion:

• Fermion to boson:
• Lagrangian changes by total derivative:    action A 

= ∫d4x L(x) invariant
• Supersymmetry: QQ = P 



Supersymmetry with Interactions

• General form:
• Variation includes:
• Cannot cancel, so symmetric
• Cancel variation in potential:

→
• Final form:

• Simple case: 



More Supersymmetric Field Theories

• Gauge bosons + adjoint spin-1/2 fermions = 
supersymmetric gauge theory

• Effective potential fixed by Yukawa, gauge 
couplings: V = g2 φ2φ*2 + y2 φ2φ*2

→ prediction for Higgs mass
mh < mZ at tree level, loops

• Graviton minimally coupled to spin-3/2 fermion = 
supergravity



• Particles + spartners

• 2 Higgs doublets, coupling µ, ratio of  v.e.v.’s = tan β
• Unknown supersymmetry-breaking parameters:

Scalar masses m0, gaugino masses m1/2, 
trilinear soft couplings Aλ, bilinear soft coupling Bµ

• Often assume universality:
Single m0, single m1/2, single Aλ, Bµ: not string?

• Called constrained MSSM = CMSSM
• Gravitino mass? Minimal supergravity: not string?

m3/2 = m0, Bµ = Aλ – m0

Minimal Supersymmetric Extension of 
Standard Model (MSSM)



Lightest Supersymmetric Particle

• Stable in many models because of conservation 
of R parity:

R = (-1) 2S –L + 3B 

where S = spin, L = lepton #, B = baryon #
• Particles have R = +1, sparticles R = -1:

Sparticles produced in pairs
Heavier sparticles lighter sparticles

• Lightest supersymmetric particle (LSP) stable



Possible Nature of LSP

• No strong or electromagnetic interactions
Otherwise would bind to matter
Detectable as anomalous heavy nucleus

• Possible weakly-interacting scandidates
Sneutrino

(Excluded by LEP, direct searches)
Lightest neutralino χ
Gravitino

(nightmare for detection)



Constraints on Supersymmetry

• Absence of sparticles at LEP, Tevatron
selectron, chargino > 100 GeV
squarks, gluino > 250 GeV

• Indirect constraints
Higgs > 114 GeV, b -> s γ

• Density of dark matter
lightest sparticle χ:

WMAP: 0.094 < Ωχh2 < 0.124

gµ - 2



Squark & Gluino Searches @ FNAL

General
Squarks

& gluinos

Specific
search

for light
sbottom



zoom
zoom

gµ - 2: e+e- Data vs τ Data

KLOE agrees with CMD-2: discard τ data
Why the 10% 

τ - e+e- discrepancy 
above ρ peak?

Largest contributions, errors from low energies



Updated Results for gµ - 2
(693.4 ± 5.3 ± 3.5) × 10 –10=
(11 659 182.8 ± 6.3had ± 3.5LBL ± 0.3QED+EW) × 10 –10=aµ SM [e+e– ]

aµhad [e+e– ]

Weak contribution : aµweak = + (15.4 ± 0.3) × 10 –10

Hadronic contribution from higher order    : aµhad [(α /π)3] = – (10.0 ± 0.6) × 10 –10

Hadronic contribution from LBL scattering: aµhad [LBL] = + (12.0 ± 3.5) × 10 –10

2.7 standard deviations

= (25.2 ± 9.2) ×
10 –10aµ exp  – aµ SM

not yet published

not yet published

preliminary

BNL E821 (2004):
aµexp = (11 659 208.0 ± 5.8) 10−10



Current Constraints on CMSSM

WMAP constraint on relic density

Excluded because stau LSP

Excluded by b s gamma

Excluded (?) by latest g - 2

Focus-point region above 7 TeV for mt = 178 GeV
Assuming the 

lightest sparticle
is a neutralino

JE + Olive + Santoso + Spanos



Current 
Constraints 
on CMSSM

Impact of
Higgs
constraint
reduced
if larger mt
Focus-point
region far up

Different
tan β
sign of µ

JE + Olive + Santoso + Spanos



Sparticles may not be very light
Full

Model
samples

Detectable
@ LHC

Provide
Dark Matter

Dark Matter
Detectable
Directly

Lightest visible sparticle →

←
Second lightest visible sparticle

JE + Olive + Santoso + Spanos



How ‘Likely’ are Heavy Sparticles?

Fine-tuning of EW scale Fine-tuning of relic density

Larger masses require more fine-tuning: but how much is too much?



Supersymmetry Searches at LHC

`Typical’
supersymmetric
Event at the LHC

LHC reach in 
supersymmetric
parameter space

Can cover most
possibilities for
astrophysical
dark matter



Supersymmetric Benchmark Studies

Specific
benchmark 
Points along
WMAP lines

Lines in 
susy space
allowed by
accelerators,
WMAP data

Sparticle
detectability
Along one
WMAP line

Calculation
of relic
density at a 
benchmark 
point

Battaglia, De Roeck, Gianotti, JE, Olive, Pape



Summary of LHC
Scapabilities
… and Other
Accelerators

LHC almost
`guaranteed’
to discover
supersymmetry
if it is relevant
to the mass problem

Battaglia, De Roeck, Gianotti, JE, Olive, Pape



Sparticle
Signatures

along
WMAP

lines

h

τ 3l

Z

Battaglia, De Roeck, Gianotti, JE, Olive, Pape

Average numbers
of particles per
sparticle event



Erice. Sept. 2, 2003 L. Maiani: LHC Status 14

m (ll) spectrum
end-point : 109 GeV
precision ~ 0.3%

m (llj)min spectrum
end-point: 552 GeV
precision ~1 %

m (l±j) spectrum
end-point: 479 GeV
exp. precision  ~1 %

m (llj)max  spectrum
threshold: 272 GeV
exp. precision  ~2 %

Reconstruction of `Typical’
Sparticle Decay Chain

Msquark = 690
Mχ’ = 232

Mslepton = 157
Mχ = 121

(GeV)

ATLAS

Lq~ → q χ0
2

R
~
l

l χ0
1

l



Example of Benchmark Point

Spectrum of
Benchmark SPS1a
~ Point B of
Battaglia et al

Several sparticles
at 500 GeV LC,
more at 1000 GeV,
some need higher E



Examples of Sparticle Measurements

Spectrum edges
@ LHC

Threshold
excitation
@ LC

Spectra
@ LC



Precision Observables in Susy

mW

sin2θW

Present & possible
future errors

Sensitivity to m1/2
in CMSSM 
along WMAP lines
for different A

tan β = 10 tan β = 50

JE + Heinemeyer + Olive + Weiglein

Can one estimate the scale of supersymmetry?



More
Observables

b → sγ

Bs → µµ

tan β = 10 tan β = 50

gµ - 2

tan β = 10, 50

JE + Heinemeyer + Olive + Weiglein



Global Fits to Present Data

As functions of m1/2 in CMSSM for tan β = 10, 50

JE + Heinemeyer + Olive + Weiglein



Global Fits
to Present 

Data

Preferred
sparticle

masses for
tan β = 10

JE + Heinemeyer + Olive + Weiglein

t1 t2

b1 b2

Ag



Global Fits
to Present 

Data

Preferred
sparticle

masses for
tan β = 10

JE + Heinemeyer + Olive + Weiglein

χ χ2, χ ±

χ3, χ2
± τ1

e2e1



Global Fits to Present Data

(m1/2, A0) planes in CMSSM for tan β = 10, 50

JE + Heinemeyer + Olive + Weiglein



Tasks for the TeV ILC

• Measure mt to < ± 100 MeV
• If there is a light Higgs of any kind,

pin it down:

Does it have standard model 
couplings? 
What is its precise mass?

• If there are extra light particles:
Measure mass and properties

• If LHC sees nothing new below ~ 
500 GeV:

Look for indirect signatures



Sparticles at LC along WMAP Line

Complementary to LHC: weakly-interacting sparticles

Battaglia, De Roeck, Gianotti, JE, Olive, Pape



Added Value of LC Measurements

Determination of CMSSM parameters



Tests of Unification Ideas

For gauge couplings

For sparticle masses



Sparticles may not be very light
Full

Model
samples

Detectable
@ LHC

Provide
Dark Matter

Dark Matter
Detectable
Directly

Lightest visible sparticle →

←
Second lightest visible sparticle

ILC

JE + Olive + Santoso + Spanos



After LHC @ CERN - CLIC?

Electron-Positron 
collisions up to 3 TeV



Sparticles may not be very light
Full

Model
samples

Detectable
@ LHC

Provide
Dark Matter

Dark Matter
Detectable
Directly

Lightest visible sparticle →

←
Second lightest visible sparticle

CLICILC

JE + Olive + Santoso + Spanos



Sparticle Visibility at Higher E

3 TeV 5 TeV

See `all’ sparticles: measure heavier ones better than LHC

CMSSM



Example of CLIC Sparticle Search

Dilepton spectrum in neutralino decay Reach in parameter space

2%



Sparticle Mass
Unification ?

Can test unification 
of sparticle masses –
probe of string models?

E  L  D  Q  U  τ ντ B  Q3 T  H1 H2

Accuracy in measuring 
sparticle masses squared



Physics at New Colliders

Lectures at the Summer School on Particle 
Physics

Abdus Salam ICTP, Trieste, June 2005



Plan of the Lectures

• Status of the Standard Model
• Open issues beyond the Standard Model
• Origin of particle masses
• Search for the Higgs boson
• Supersymmetry
• Searches for supersymmetry
• Possible other new physics at colliders



The Big Collider in the Sky



Strategies for Detecting Supersymmetric
Dark Matter

• Annihilation in galactic halo
χ – χ antiprotons, positrons, …?

• Annihilation in galactic centre
χ – χ γ + …?

• Annihilation in core of Sun or Earth
χ – χ ν + … µ + …

• Scattering on nucleus in laboratory
χ + A χ + A



Annihilation in Galactic Halo

Antiprotons

Benchmark scenarios

Positrons Cosmic-ray
background

Consistent with production by
primary matter cosmic rays



Annihilations in Galactic Centre

Enhancement of rate uncertain by factor > 100!

Benchmark spectra Benchmarks GLAST

JE + Feng + Matchev + Olive



Annihilations in Solar System …

… Sun

Prospective experimental sensitivities Benchmark scenarios

JE + Feng + Matchev + Olive

… Earth



… Earth

Present upper limits > 100/km2/year

Annihilations in Solar System …

… after capture inside …



Scattering Cross Sections in Benchmark 
Scenarios

Spin-dependentSpin-independent

Compared with possible future experimental sensitivities



Elastic Scattering Cross Sections

From global fit to accelerator data

JE + Olive + Santoso + Spanos: hep-ph/0502001

Latest experimental upper limit



Beyond the CMSSM



More General Supersymmetric Models

• MSSM with more general pattern of supersymmetry
breaking: 

non-universal scalar masses m0

and/or gaugino masses m½

and/or trilinear couplings A0

• Nature of the lightest supersymmetric particle (LSP)
• Extended particle content: 

non-minimal supersymmetric model (NMSSM)



Non-Universal Scalar Masses

• Different sfermions with same quantum #s?
e.g., d, s squarks?
disfavoured by upper limits on flavour-

changing neutral interactions
• Squarks with different #s, squarks and sleptons?

disfavoured in various GUT models
e.g., dR = eL, dL = uL = uR = eR in SU(5), all in SO(10)

• Non-universal susy-breaking masses for Higgses?
No reason why not!



Non-Universal 
Higgs Masses

• Generalize CMSSM (+)
mHi

2 = m0
2(1 + δi)

• Free Higgs mixing µ, 
pseudoscalar mass mA

• Larger parameter space
• Constrained by vacuum 

stability



Possible Nature of LSP

• No strong or electromagnetic interactions
Otherwise would bind to matter
Detectable as anomalous heavy nucleus

• Possible weakly-interacting scandidates
Sneutrino

(Excluded by LEP, direct searches)
Lightest neutralino χ
Gravitino

(nightmare for detection)



Possible Nature of NLSP

• NLSP = next-to-lightest sparticle
• Very long lifetime due to gravitational decay, 

e.g.:

• Could be hours, days, weeks, months or 
years!

• Generic possibilities:
lightest neutralino χ
lightest slepton, probably lighter stau

• Constrained by astrophysics/cosmology



Light Nuclei: BBN vs CMB

Good agreement for D/H, 4He: discrepancy for 7Li?

Cyburt + Fields + Olive + Skillman

Observations Calculations



Constraints on Unstable Relics

• 7Li < BBN?
• Effect of relic decays?
• Problems with D/H
• 3He/D too high!
• Interpret as upper 

limits on abundance
of  metastable heavy

relics

JE + Olive + Vangioni



Density below
WMAP limit

Decays do not affect
BBN/CMB agreement

Different
Regions of 
Sparticle
Parameter
Space if

Gravitino LSP

JE + Olive + Santoso + Spanos

χ NLSP

stau NLSP

Different
Gravitino
masses



Minimal Supergravity Model

Excluded by b s γ

LEP constraints
On mh, chargino

Neutralino LSP
region

stau LSP
(excluded)

Gravitino LSP
region

JE + Olive + Santoso + Spanos

More constrained than CMSSM: m3/2 = m0, Bλ = Aλ – 1

tan β fixed by vacuum conditions



Slepton Trapping at the LHC?

If stau next-to-lightest sparticle (NLSP)
may be metastable
may be stopped in detector/water tank

Feng + SmithHamaguchi + Kuno + Nakaya + Nojiri

Kinematics
Trapping

rate



Regions Allowed
in Different 

Scenarios for
Supersymmetry

Breaking

CMSSM
Benchmarks

NUHM
Benchmarks

GDM
Benchmarks

with stau NLSP

with neutralino NLSP

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Spectra in
NUHM and GDM

Benchmark
Scenarios

Typical example of 
non-universal Higgs masses:

Models with stau NLSP

Models with gravitino LSP

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Properties of NUHM and GDM Models

• Relic density ~ WMAP in NUHM models
• Generally < WMAP in GDM models

Need extra source of gravitinos at high 
temperatures, after inflation?

• NLSP lifetime: 104s < τ < few X 106s
De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Neutralino Masses and Decay Modes

χh, χZ small
in CMSSM

χh, χZ may be
large in NUHM

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Final States in GDM Models with Stau NLSP

• All decay chains 
end with lighter stau

• Generally via χ
• Often via heavier 

sleptons
• Final states contain 

2 staus, 2 τ, 
often other leptons

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Stau Momentum Spectra
• βγ typically peaked ~ 2
• Staus with βγ < 1 leave central tracker 

after next beam crossing
• Staus with βγ < ¼ trapped inside calorimeter
• Staus with βγ < ½ stopped within 10m
• Can they be dug out?

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Kinematic Distributions: Point ε

• Staus come with 
many jets & leptons
with pT hundreds of GeV,
produced centrally

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Kinematic Distributions: Point ζ

• Staus come with 
many jets & leptons
with pT hundreds of GeV,
produced centrally

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Stau Mass Measurements 
by Time-of-Flight

• Event-by-event 
accuracy < 10%

• < 1% with full sample

De Roeck, JE, Gianotti, Moortgat, Olive + Pape



Potential Measurement Accuracies

Measure stau mass to 1%
Measure m½ to 1%
via cross section, other masses?
Distinguish points ζ, η

De Roeck, JE, Gianotti, Moortgat, Olive + Pape

Gravitino Dark Matter even more interesting 
than Neutralino Dark Matter!



Extra Dimensions at Colliders?



Problems of Quantum Gravity

• Gravity grows with energy:
• Two-graviton exchange is infinite:

• Gravity is a non-renormalizable theory
• Pure states evolve to mixed states?

Incompatible with
Conventional
Quantum mechanics



String Theory

• Point-like particles → extended objects
• Simplest possibility: lengths of string
• Open and/or closed
• Quantum consistency fixes # dimensions:
• Bosonic string: 26, superstring: 10
• Must compactify extra dimensions, scale ~ 1/mP?
• Perturbative string unification scale:

Close to GUT scale, but larger?



Scenario for String Unification

• Extra dimension below GUT scale: gravity grows 
faster with energy, unify 

at 1016 GeV?
• E.g., in M theory with

large 11th dimension

4 large dim’ns6 small dim’ns

11th dim’n



How large could extra Dimensions be?

• 1/TeV?
could break supersymmetry, electroweak

• micron?
can rewrite hierarchy problem

• Infinite?
warped compactifications

• Look for black holes, Kaluza-Klein 
excitations @ colliders?



And if gravity becomes strong at the TeV scale …

Black Hole Production at LHC?

Multiple jets,
leptons from
Hawking
radiation



Black Hole Production

Cambridge: al et Webber



Black Hole Decay Spectrum

Cambridge: al et Webber



Measuring Extra Dimensions

Cambridge: al et Webber



Identifying a Graviton Resonance

Cambridge: al et Webber



Summary

• There are good prospects for new physics discoveries 
with upcoming colliders

• Reasons to expect new physics @ TeV
Higgs, supersymmetry, extra dimensions (?)

• Distinctive experimental signatures
• The LHC @ CERN will open new energy range
• Linear e+e- colliders could explore in more detail

LHC will tell us the optimal energy




