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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? 

SUSY 
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Higgs Search @ Tevatron 

Tevatron excludes Higgs between 158 & 175 GeV 



Combining the Higgs Information 

mH = 121 + 17
-6 GeV 



Prospects for Tevatron Higgs Search 

10/fb per experiment by end 2011  
planned 

16/fb by end 2014 proposed  



Higgs Search @ 7 TeV 

Expected 95 % CL excluded region is 135 GeV < MH < 188 GeV 



Other Reasons to like Susy 

It enables the gauge couplings to unify 

It predicts mH < 150 GeV 

As suggested 
by EW data 



3-Loop SUSY 
SU(5) GUT 

•  Stable prediction for 
coloured Higgs Hc @ 3 
loops 

•  Sensible MHc & MGUT 
for different benchmarks 

•  Sensible MHc & MGUT 
for different m1/2    

Martens, Mihaila, Salomon & Steinhauser: arXiv:1008.3070 



•  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? 



Current Constraints on CMSSM 

Excluded because stau LSP 

Excluded by b  s gamma 

Preferred (?) by latest g - 2 

Assuming the  
lightest sparticle 
is a neutralino 

JE + Olive + Santoso + Spanos

SU(5) universality at 1017 GeV 

JE + Mustafayev + Olive

WMAP constraint on relic density 

JE + Olive + Sandick



Global Supersymmetric Fit 

•  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 
• Analyze CMSSM, NUHM1 (VCMSSM, mSUGRA) 

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



How Soon Might the CMSSM be 
Detected? 

O.Buchmueller, JE et al: arXiv:0808.4128 



Spectra with likely Ranges 

O.Buchmueller, JE et al: arXiv:0907.5568 



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 



Likelihood Function for Higgs Mass 

CMSSM NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 



SUSY Higgs Mass 
@ 3 Loops 

•  Sample diagrams 
•  Renormalization-scale 

dependences @ 1, 2, 3 
loops 

•  Results @ 
– 1 Loop: dotted …… 
– 2 Loops: dashed --------- 
– 3 Loops: solid 

Kant, Harlander, Mihaila & Steinhauser: arXiv:1005.5709 



Geometric Approach to Maximizing 
CP-Violating Observables 

• Maximal CP-violating minimal flavour-violating 
(MCPMFV) SUSY model has 6 phases (+ θQCD) 

• Maximize CP-violating observables compatibly 
with EDM constraints by systematic construction 
– Techniques  
of differential  
geometry 

• Observables  
 may be >>  
 experimental sensitivity  JE, Lee & Pilaftsis: arXiv:1006.3087 



Likelihood Function for Neutralino Mass 

CMSSM NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 



Correlation between  
Gluino & Squark Masses 

CMSSM NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 



Likelihood Function for Bs →µ+µ-  

CMSSM NUHM1 

O.Buchmueller, JE et al: arXiv:0907.5568 

Standard Model prediction 
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The Story so far – and to come 

✔ ✔ 
✔ 
✔ 
? 



Top Pair Candidate in ATLAS 



The LHC Sensitivity Starts to 
Extend Beyond the Tevatron 



Supersymmetry Search in CMS 



Supersymmetry Search in ATLAS 

pre-selection: (~70nb-1,L1 jet trigger) 
• =1, ≥2, ≥3, ≥4 jets with pT>70 (30) GeV   

final selection: 
• ET,miss>40GeV, ΔΦ(ji, ET,miss)>0.2 
• ET,miss/Meff> 0.3-0.2 

Highest discovery potential: in jets + ET,miss + 0 lepton 
channel 



‘Dalitz Plot’ for Supersymmetric Dijets 

Bainbridge, Buchmueller, JE, Gripaios 

CMS selection cut 



LHC Sensitivity @ 7 TeV 

O.Buchmueller, JE et al: arXiv:0808.4128 

Compared with ‘most likely’ region for CMSSM 



Altunkaynak, Holmes, Nath, Nelson & Peim: arXiv:1008.3423 

The LHC may Detect Many 
Sparticles in Many Channels 



LHC Luminosity Reaches 1031/cm2s 



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 



Anomalies in  
e+/e- Spectra? 

•  Shoulder in e+ + e- 

spectrum? 
•  Rising e+/e- ratio 
•  Can be accommodated 

within uncertainties in 
cosmic-ray production, 
propagation 

•  SUSY interpretation 
difficult, unnecessary 

Stawarz, Petrosian & Blandford: arXiv:0908.1094 



AMS on the International Space 
Station (ISS) 



AMS on its way to the ISS 



AMS and Dark 
Matter 

• Measurement of e+ 
spectrum to higher E 

•  Precision measurement 
of antiproton spectrum  



Elastic Scattering Cross Sections 

NUHM1 CMSSM 

O.Buchmueller, JE et al: arXiv:0907.5568 



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 



Long-Lived Gravitino & BBN 

•  Conventional Big-Bang Nucleosynthesis 
calculations agree well with D, 3He, 4He data 

•  Constraints on abundance of long-lived relic 
– Apparent discrepancy for Lithium: 

– Globular clusters: 
– BBN calculation: 

•  Can discrepancy be removed by decays of long-
lived relic, e.g., gravitino?  

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 



•  Relevant interactions 
of non-thermal 
particles from relic 
decay showers 

•  Incorporate errors in 
measurements 

• Make global 
likelihood analysis 

Nuclear 
Reactions 

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 



Improvements in Fit to BBN Data 
•  Standard BBN: χ2 = 31.7 
•  Best fit to halo Li data: χ2 ~ 5.5 

•  Best fit to globular cluster Li data: χ2 ~ 2.7 
• Allowing for higher D/H error: χ2 ~ 1.1 

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 



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! 


