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A Historical Parallel?

• President Kennedy:
"I b li th t thi

• CERN Council:
"I believe that this 
nation should 
commit itself to

“We believe that this 
organization should 

commit itself to 
achieving the goal, 
before this decade

commit itself to 
achieving the goal, before this decade 

is out, of landing a 
man on the Moon 

before this decade 
is out, of discovering 

and returning him 
safely to the earth"

the Higgs boson and 
supersymmetry”



The Large Hadron Collider (LHC)g ( )

Proton Proton ColliderProton- Proton Collider

7 T V 7 T V7 TeV + 7 TeV

Design luminosity 1034 cm-2s-1: Primary targets: 
O i i fPossibility of increase by 10: SLHC•Origin of mass

•Nature of Dark Matter
•Primordial Plasma•Primordial Plasma
•Matter vs AntimatterEvans



The LHC Physics Haystack(s)The LHC Physics Haystack(s)

I i i • Cross sections for heavy particlesInteresting cross sections • Cross sections for heavy particles
~ 1 /(1 TeV)2

• Most have small couplings ~ α2• Most have small couplings ~ α2

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

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

1/100 000 000 3

Higgs
~ 1/100,000,000 m3

• Haystack ~ 100 m3

M t l k i 100 000 h t k• Must look in ~ 100,000 haystacks



Status of
Higgs Search
@ T t@ Tevatron

Status of one search channel

Combined search statusCo b ed sea c status

Not very far away …



A la recherche        
du Some Sample Higgs Signals
Higgs perdu …

So e S p e ggs S g s

γγ

γγ

ττZZ* -> 4 leptons



Potential of Initial LHC runningPotential of Initial LHC running

• A Standard Model Higgs 
boson could be discovered 
with 5-σ significance with 
5fb-1, 1fb-1 would be 

ffi i l dsufficient to exclude a 
Standard Model Higgs boson 
at the 95% confidence levelat the 95% confidence level

• Signal would include ττ, γγ, 
bb, WW and ZZbb, WW and ZZ

• Will need to understand 
detectors very welly

Jakobs



Higgs Measurements @ ILC & LHCgg @

For Mh = 140 GeV

For Mh = 120 GeV

Choi



The Higgs and VacuumThe Higgs and Vacuum 
EnergyEnergy

• Must add a 
constant to the 
effective potential p
so that net value 
in true vacuum ~ 0in true vacuum  0

• Physical value 
~ 10-60



Why Supersymmetry (Susy)?

• Intrinsic beauty• Intrinsic beauty
• Hierarchy/naturalness problem 
• Unification of the gauge couplings
• Predict light Higgs < 150 GeVPredict light Higgs < 150 GeV

– As suggested by precision electroweak data
C ld d k tt• Cold dark matter

• Essential ingredient in string theory (?)



Direct Evidence forDirect Evidence for 
Collisionless Dark Matter

Collision of two galaxies:
d k tt l th h

Collision of two galaxies:
tt t k i b tdark matter lumps pass throughgaseous matter stuck in between

Clowe et al, 2006



Dwarf Spheroidal Galaxies:
P bl f th CDMProblems for the CDM 

Paradigm?Paradigm?

Gilmore et al, 2007



Constraints on Supersymmetry

• Absence of sparticles at LEP, Tevatron
selectron, chargino > 100 GeV
squarks, gluino > 300 GeVsquarks, gluino  300 GeV

• Indirect constraints 3.3 σ
effect in

Higgs > 114 GeV, b → s γ
• Density of dark matter

gμ – 2?

y
lightest sparticle χ:
0 094 < Ω h2 < 0 1240.094 < Ωχh2 < 0.124



Quo VadisQuo Vadis
gμ - 2?gμ 2?

• New e+e- data agree• New e e data agree 
with previous
St th• Strengthen 
discrepancy
– now 3.4 σ

• New τ decay data y
apparently disagree 
with previousp

• Still preliminary?
Czarnecki



Possible Nature of LSP

• No strong or electromagnetic interactions
Oth i ld bi d t ttOtherwise would bind to matter
Detectable as anomalous heavy nucleus

P ibl kl i t ti did t• Possible weakly-interacting scandidates
Sneutrino

(Excluded by LEP, direct searches)
Lightest neutralino χ (partner of Z, H, γ)g χ
Gravitino

(nightmare for astrophysical detection)(nightmare for astrophysical detection)



Minimal Supersymmetric Extension of 

P ti l + t

p y
Standard Model (MSSM)

• Particles + spartners

• 2 Higgs doublets, coupling μ, ratio of  v.e.v.’s = tan β
U k t b ki t• Unknown supersymmetry-breaking parameters:

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

• Assume universality? constrained MSSM = CMSSM
Single m0, single m1/2, single Aλ, Bμ: not string?Single m0, single m1/2, single Aλ, Bμ: not string?

• Not the same as minimal supergravity (mSUGRA)
• Gravitino mass, additional relations,

m3/2 = m0, Bμ = Aλ – m0



Current Constraints on CMSSMCurrent Constraints on CMSSM

Assuming the 
lightest sparticle
is a neutralino

Focus-point region above 1 TeV for mt = 171 GeV

Excluded because stau LSP

is a neutralino

Excluded by b s gamma

WMAP constraint on relic density

y g

Preferred (?) by latest g - 2

JE + Olive + Santoso + Spano



Sparticles may not be very lightSparticles may not be very light
Fullu

Model
samples

←
 Sec

Provide
Dark Matter

cond lig

Detectable

Dark Matter ghtest vi

@ LHC

Dark Matter

isible spDark Matter
Detectable
Directly

particle

Lightest visible sparticle →

e

JE + Olive + Santoso + Spano



Global Fit to 
El t k

tan β = 10 tan β = 50

Electroweak
and B decay

Lik lih d

y
Observables

Likelihood
for m1/2

Likelihood
for Mh

JE + Heinemeyer + Olive + Weber + Weiglein, arXiv:0706.0652



More Complete Fit to 
Electroweak and BElectroweak and B 

Observables

More complete 
l i fanalysis of 

parameter space

Larger set of
observables

Better
Graphics!

O. Buchmueller et al, arXiv:0707.3447



Classic SupersymmetricClassic Supersymmetric 
SignatureSignature

Missing transverse energy g gy
carried away by dark matter particles



Search for SUSY @ Tevatron

Limits on squarks, gluinos, trileptons, 
…

Duperrin



The LHC’s First Discovery?



Search for SupersymmetrySearch for Supersymmetry

Light sparticles 
@ low luminosity@ low luminosity

Heavy sparticles y p



Supersymmetrists Beware!Supersymmetrists, Beware!



Supersymmetrists, Beware!Supe sy et sts, e a e

Mangano



Early Search for DileptonsEarly Search for Dileptons

Spiropoulou



CMS SUSY Discovery Plan 
Spiro

Spiropoulou



Implications of LHC Search for LCsImplications of LHC Search for LCs

In CMSSMIn CMSSM LHC gluino
mass reach SLHC reach

CLIC

Corresponding sparticle 

~ CLIC

thresholds @ LC

LHC will tell ILC
where to look

1 ‘year’ @ 10341 ‘year’ @ 1033‘month’ @ 1033‘month’ @ 1032

Blaising, JE et al: 2006



Precision Measurements @Precision Measurements @ 
ILC

• Accurate 
measurements ofmeasurements of 
masses, couplings

• Invaluable synergies• Invaluable synergies 
with LHC

Choi



f ifi i @ C/ CTests of Unification @ LHC/ILC

For gauge couplingsFor gauge couplings

For sparticle massesFor sparticle masses

Choi



Supersymmetrists, Beware!

Preliminary study of 242 models 
with large cross sections @ 

LHC

Lillie //



Prospects for SUSY Higgses @ p gg @
LHC

Cover entire plane at least (only) 
onceonce



Most of (mA, tan β) PlaneMost of (mA, tan β) Plane 
NOT WMAP-Compatible

Olive



Non-Universal Scalar Masses
iff f i i h• Different sfermions with same quantum #s?

e.g., d, s squarks?g , , q
disfavoured by upper limits on flavour-

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

di f d i i GUT d ldisfavoured 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!No reason why not!



WMAP-Compatible (mA, tanβ)p ( A, β)
Surfaces in NUHM

• Within CMSSM, generic choices of mA, 
t β d t h t li d ittanβ do not have correct relic density

• Use extra NUHM parameters to keep p p
Ωχh2 within WMAP range, e.g., 
– m0 = 800 GeV, μ = 1000 GeV, m1/2 ~9/8 mA0 , μ , 1/2 A
– m1/2 = 500, m0 = 1000, μ ~ 250 to 400 GeV

• Make global fit to electroweak and B• Make global fit to electroweak and B 
observables
A l d t t bilit @• Analyze detectability @ 
Tevatron/LHC/ILC



WMAP Surfaces @ Tevatron, LHC, 
ILCILC

Olive



Minimal Supergravity Model (mSUGRA)Minimal Supergravity Model (mSUGRA)

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

Excluded by b s γ
Neutralino LSP

region
stau LSP

LEP constraints

(excluded)

G iti LSPOn mh, chargino Gravitino LSP
stau NLSP

Steffen



Possible Nature of NLSP if GDM
• NLSP = next-to-lightest sparticle
• Very long lifetime due to gravitationalVery long lifetime due to gravitational 

decay, e.g.:

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

• Generic possibilities:
li ht t t li χlightest neutralino χ
lightest slepton, lighter stau or sneutrino?

C t i d b t h i / l• Constrained by astrophysics/cosmology



Triggering on GDM Events
Will be selected by many separate triggers

via combinations of μ, E energy, jets, τ
JE, Raklev, Øye: 2007



Stau Mass Determination

Good mass resolution

JE + Raklev + Oye



Stau Momentum SpectraS u o e u Spec
• βγ typically peaked ~ 2
• Staus with βγ < 1 leave central tracker 

after next beam crossingg
• Staus with βγ < ¼ trapped inside calorimeter
• Staus with βγ < ½ stopped within 10mβγ pp
• Can they be dug out of cavern wall?

De Roeck, JE, Gianotti, Moortgat, Olive + Pape: hep-ph/0508198



Very little room for water tank in LHC caverns,
only in forward directions where few staus

Extract Cores from Surrounding Rock?
U l i i• Use muon system to locate impact point on 
cavern wall with uncertainty < 1cm

• Fix impact angle with accuracy 10-3

B i t ll d f i• Bore into cavern wall and remove core of size 
1cm × 1cm × 10m = 10-3m3 ~ 100 times/year

• Can this be done before staus decay?
Caveat radioactivity induced by collisions!Caveat radioactivity induced by collisions!
2-day technical stop ~ 1/month

• Not possible if lifetime ~104s, possible if ~106s?
De Roeck, JE, Gianotti, Moortgat, Olive + Pape: hep-ph/0508



Bound State EffectsBound-State Effects
• Staus may bind to protons, light nuclei
• Additional effects on light-element abundances

Pospelov

g
• Big changes in 

some interaction ratessome interaction rates
• New nucleosynthesis code

4 3– Recalculate abundances of 4He, D, 3He
– May improve results for 6,7Li abundances

• Potentially very important constraints on parameter 
space in stau NLSP/gravitino LSP scenariosspace in stau NLSP/gravitino LSP scenarios

Steffen



Effects on GDM parameter p
Space

Scenario with fixed
gravitino mass

Including
bound-state

Scenario with varying
effects

gravitino mass

‘Sweet spot’
For LithiumCyburt, JE, Fields, Olive + Spanos



Complexification of CMSSMComplexification of CMSSM

T CP i l ti t• Two new CP-violating parameters: 
– Arg(Mi m), Arg(Af m)

• Loop-induced mixing ~ 
– (h H A) → (H H H ) with indefinite CP– (h,H,A) → (H1,H2,H3) with indefinite CP

• Effects on masses, couplings 

Kraml



Experimental Constraints

From LEP, from electric dipole 
moments

red: n, blue: Tl

Olive et al Kraml



Prospective Searches @ LHC

Kraml



Flavour in the LHC Era: 
Supersymmetric B Physics?

Discrepancies in B decays?
Isospin asymmetry in B →

K* ?K*γ?

Mahmoudi //



Flavour in the LHC Era:Flavour in the LHC Era:
Supersymmetric K Physics?p y y

• Violation of 
i lit i K

• K → π νν decays?
universality in K → e 
ν/μν:



Flavour in the LHC Era:
LFV in SupersymmetricLFV in Supersymmetric 

Seesaw?

Masiero



String Landscape?String Landscape?
Milli (billi ?) f if ld f i• Millions (billions?) of manifolds for string 
compactification
E h h d (h d d ) f l i l l• Each has dozens (hundreds) of topological cycles

• Fluxes through cycles each have O(10) possible 
lvalues

• Enormous number of possible vacua
• Maybe one of them has small vacuum energy?
• How does Universe choose?
• If it happens to choose small vacuum energy, why not 

also choose small mW?W
• No need for supersymmetry?

Linde, Nilles



Unified Approach to 
Alternatives

Cheng



Long Live Metastable Vacua!Long Live Metastable Vacua!

Modern models much more 
elegant

Difficult to get good cosmology!



String adds Value to MSSMString adds Value to MSSM

Nilles



A Possible String Signature:A Possible String Signature:
Mirage Unification?

• Ratio of modulus/anomaly contributions 
to gaugino mass = ρ:

• Gaugino mass unification below GUT 
lscale

Nilles



Effects of Lowering Universality 
S lScale

Sandick //



Effects on Allowed SparticleEffects on Allowed Sparticle 
Spectrap

Sandick //



Search for SupersymmetrySearch for Supersymmetry



/CLICS /CLIC

Masiero


