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A Bitino of Shistory 

•  1967: Impossible to combine internal and 
external (Lorentz) symmetry – Coleman & Mandula 

•  1971: Extend Poincaré symmetry using fernionic 
charges – Gol’fand & Likhtman 

•  1971: Supersymmetry in 2 dimensions (for 
baryons in strings) – Neveu & Schwarz; Ramond 

•  1973: First supersymmetric field theories in 4 
dimensions: nonlinear for ν – Volkov & Akulov 

   renormalizable theories – Wess & Zumino 



More Shistory 
•  1974: No-renormalization theorems –  

    Ferrara, Iliopoulos, Wess & Zumino 
•  1976: Discovery of supergravity –  

 Freedman, van Nieuwenhuizen & Ferrara; Deser & Zumino 
•  1979/1981: Relevance to hierarchy problem –  

  Maiani, Witten 
•  1983: Source of astrophysical dark matter –  

  Goldberg; JE, Hagelin, Nanopoulos, Olive & Nanopoulos 
•  1990: Superunification of gauge couplings –  

   JE, Kelley & Nanopoulos; Langacker & Luo 
•  1995: LEP data favour light Higgs boson 



The First 2 SUSY Papers 

        
                       



1982 Workshop 



Theoretical Introduction 



The LHC Roulette Wheel 
Supersymmetry 



Open Questions beyond the 
Standard Model 

•  What is the origin of particle masses? 
 due to a Higgs boson? 

•  Why so many types of matter particles? 
•  What is the dark matter in the Universe? 
•  Unification of fundamental forces? 
•  Quantum theory of gravity? 
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•  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  (* at what scale?) 
•  Minimal supergravity (mSUGRA) predicts gravitino 

mass:  m3/2 = m0   and relation:  Bµ = Aλ – m0 

Minimal Supersymmetric Extension of 
Standard Model (MSSM) 



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! NUHM 



MSSM: > 100 parameters 
 
 
 
 
 
 
 
 
 

Minimal Flavour Violation: 13 parameters  
(+ 6 violating CP) 

SU(5) unification: 7 parameters 
NUHM2: 6 parameters 

NUHM1 = SO(10): 5 parameters 
CMSSM: 4 parameters 

mSUGRA: 3 
parameters 

String? 



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 à lighter sparticles 

•  Lightest supersymmetric particle (LSP) stable 
 

Fayet	




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 (partner of Z, H, γ) 
  Gravitino 
   (nightmare for astrophysical detection) 



Classic Supersymmetric Signature 

Missing transverse energy  
carried away by dark matter particles 



Constraints on Supersymmetry 

•  Absence of sparticles at LEP, Tevatron 
  selectron, chargino > 100 GeV 
  squarks, gluino > 400 GeV 

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

•  Density of dark matter 
  lightest sparticle χ: 
  0.094 < Ωχh2 < 0.124 

3.3 σ 
effect in 
gµ – 2? 



Quo Vadis ���
gµ - 2?	


•  Strong discrepancy between 
BNL experiment and e+e- data:	

–  now ~ 3.6 σ	


•  Decent agreement between e+e- 

experiments	

•  Increased discrepancy between 

BNL experiment and τ decay 
data	

–  now ~ 2.4 σ	


•  Convergence between e+e- 

experiments  and τ decay data?	

•  More credibility?	




Pre-LHC Constraints on CMSSM 

Excluded because stau LSP 

Excluded by b à s gamma 

Preferred (?) by latest g - 2 

Assuming the  
lightest sparticle 
is a neutralino 

JE + Olive + Santoso + Spanos	


WMAP constraint on relic density 



Global Supersymmetric Fits 

•  Frequentist approach 
•  Data used: 

– Precision electroweak data 
– Higgs mass limit 
–  cold dark matter density 
– B decay data (b → s γ, Bs → µ+µ-) 
–  gµ - 2 (optional) 

•  Combine likelihood functions pre/post-LHC 
•  Analyze CMSSM, NUHM1 (VCMSSM, mSUGRA) 

O.Buchmueller, JE et al: arXiv:0808.4128, 0907.5568, 0912.1036, 1011.6118, 1102.4585 



How Soon Might the CMSSM be 
Detected? 

O.Buchmueller, JE et al: arXiv:0808.4128 

Pre-LHC 



How Soon Might the NUHM1 be 
Detected? 

O.Buchmueller, JE et al: arXiv:0808.4128 

Pre-LHC 



What Happens if gµ - 2 Dropped?	


Solid lines: with gµ - 2  
Dashed lines: without gµ - 2  

Focus-point still disfavoured, e.g., by mW 

O.Buchmueller, JE et al: arXiv:0907.5568 

NUHM1 CMSSM 



Frequentist Fits to VCMSSM & mSUGRA 

Best-fit parameters in different models 

mSUGRA VCMSSM 

O.Buchmueller, JE et al: arXiv:1011.6118 

Pre-LHC 



NUHM1 

Best-Fit Spectra 

CMSSM 

O.Buchmueller, JE et al: arXiv:0808.4128 

Pre-LHC 



Spectra with Ranges: CMSSM & NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 

Pre-LHC 



O.Buchmueller, JE et al: arXiv:1011.6118 

Spectra with Ranges:  
VCMSSM, mSUGRA 

2 mSUGRA solutions: 
- Coannihilation region 
- Higgs funnel region 

 with Δχ2 ~ 4 

Pre-LHC 



Likelihood Function for Bs →µ+µ-  

CMSSM NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 

Standard Model prediction 

Pre-LHC 



Likelihood Functions for Sparticle Masses 
Gluino Neutralino 

Squark - gluino  
mass difference 

Dijet + missing 
energy events? 

Multijet + missing 
energy events? 

O.Buchmueller, JE et al: arXiv:1011.6118 

Pre-LHC 



Likelihood Function for Higgs Mass 

CMSSM NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 

Pre-LHC 



Likelihood Function for Higgs Mass 

VCMSSM mSUGRA 

O.Buchmueller, JE et al: arXiv:1011.6118 
Without LEP constraint With LEP constraint 

Pre-LHC 



Elastic Scattering Cross Sections 

NUHM1 CMSSM 

O.Buchmueller, JE et al: arXiv:0907.5568 

Pre-LHC 



Xenon100 Experiment 

Expect sensitivity to 
~ 10-45 cm2 with 
200 days of data Similar sensitivity 

with 11 days of data 

No events in CDMS II ‘signal’ region 

Aprile et al: arXiv:1005.0380 
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Nov. 20th 2009: Jubilation 



Supersymmetry Search in CMS 

Reach in CMSSM comparable to LEP Higgs search 



Supersymmetry Search in ATLAS 

Reach in CMSSM similar to LEP Higgs search 
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(m0, m1/2) Planes Revisited 
Post-LHC 

CMSSM NUHM1 

VCMSSM mSUGRA 

Pre-LHC: dots, ×, post-LHC, solid ★ + 
New best-fit points inside previous 68% CL regions 
è No significant tension or conflict  

O.Buchmueller, JE et al: arXiv:1102.4585 



(tan β, m1/2) Planes Revisited 
Post-LHC 

CMSSM NUHM1 

VCMSSM mSUGRA 

Pre-LHC: dots, ×, post-LHC, solid ★ + 
Best-fit points migrate to larger tan β: 

reconcile gµ – 2 and LHC 

O.Buchmueller, JE et al: arXiv:1102.4585 



Best-Fit Points Compared 
Post-LHC 

No significant reductions in fit probabilities: 
No significant tension or conflict 

O.Buchmueller, JE et al: arXiv:1102.4585 



Gluino Mass Revisited 
Post-LHC 

CMSSM NUHM1 

VCMSSM mSUGRA 

+ 

Best-fit points migrate to larger masses: 
within previous uncertainties 

O.Buchmueller, JE et al: arXiv:1102.4585 



Higgs Mass Revisited 
Post-LHC 

CMSSM NUHM1 

VCMSSM mSUGRA 

+ 

LHC improves consistency 
with indirect LEP constraint 

O.Buchmueller, JE et al: arXiv:1102.4585 



BR(Bsèµ+µ-) Revisited 
Post-LHC 

CMSSM NUHM1 

VCMSSM mSUGRA 

+ 

Values > Standard Model now less disfavoured 

O.Buchmueller, JE et al: arXiv:1102.4585 



Dark Matter Scattering Revisited 
Post-LHC 

CMSSM NUHM1 

VCMSSM mSUGRA 

+ 

Values ~ 3 or 4 smaller possible if ΣπN smaller 

O.Buchmueller, JE et al: arXiv:1102.4585 



No Issue of Fine-Tuning 

•  Standard measure of fine-tuning: 
    Pre-LHC  After CMS, ATLAS 0l 

 CMSSM   100   120, 140 
 NUHM1   250   230, 310 
 VCMSSM  130   110, 140 
 mSUGRA  250   250, 250 

•  No significant increase 

O.Buchmueller, JE et al: arXiv:1102.4585 Contrast Strumia: arXiv:1101.2195 
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CMSSM (m0, m1/2) Plane Revisited 

O.Buchmueller, JE et al: in preparation 

Post-ATLAS 0L 

CMSSM 

New best-fit point still inside previous 68% CL region 
è No significant tension or conflict  



CMSSM (tan β, m1/2) Plane Revisited 

CMSSM 

Best-fit points migrate to larger tan β: reconcile gµ – 2 and LHC 

O.Buchmueller, JE et al: in preparation 

Post-ATLAS 0L 
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CMSSM Gluino Mass Revisited 

CMSSM 

+ 

Best-fit point migrates to larger masses: 
within previous uncertainties 

O.Buchmueller, JE et al: in preparation 

Post-ATLAS 0L 
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NUHM1 BR(Bsèµ+µ-) Revisited 

NUHM1 

Potential impact of LHCb, CDF and D0 
O.Buchmueller, JE et al: in preparation 

Post-ATLAS 0L 



Dark Matter Scattering Revisited 

CMSSM 

+ 

New results from Xenon100 eagerly expected 
O.Buchmueller, JE et al: in preparation 

Post-ATLAS 0L 



New CMS Jet + MET Analyses 

Less robust for discovery: greater exclusion reach 



Limits on Heavy MSSM Higgses 

Preferred regions in pre-LHC fits 

CMSSM NUHM1 

LHC searches have little impact – so far! 



LHC Sensitivity @ 7 TeV 

O.Buchmueller, JE et al: arXiv:0808.4128 

Compared with ‘most likely’ region for CMSSM 



Conversation with Mrs Thatcher: 1982 

What do you do? 

Think of things for the 
experiments to look for, 

and hope they find 
something different 

Wouldn’t it be 
better if they 
found what 

you predicted? 

Then we would not 
learn anything! 


